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preface

Leonardo da Vinci. You have probably learned
that he was a famous Italian artist during the
Renaissance. You may even subscribe to some of
the conspiracy theories about him that have
surfaced recently regarding secret codes and
societies. What you may not know about him is
that he was one of the very first engineers. (In
fact, many people consider him to be the first
engineer.) Some even say he was really an engi-
neer who sometimes sold a painting in order to
put food on the table. Artists played a promi-

nent role at the birth of modern-day engineering, and
some of the first artist-engineers included Francesco di
Giorgio, Georg Agricola, and Mariano Taccola. These were
the individuals who could visualize new devices that
advanced the human condition. Their creativity and their
willingness to try seemingly “crazy” ideas propelled tech-
nology forward at a much faster pace than had occurred
in the previous thousand years. 

This marriage between art and engineering has dimin-
ished somewhat since the early beginnings of the profes-

sion; however, creativity in engineering is still of
paramount importance. Would the Apollo
spaceship have landed on the moon without the
creative thinking of hundreds of engineers who
designed and tested the various systems neces-
sary for space travel? Would we be able to
instantaneously retrieve information and com-
municate with one another via the World Wide
Web without the vision of the engineers and sci-
entists who turned a crazy idea into reality?
Would the modern-day devices that enrich and
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simplify our lives such as washing machines, televisions, telephones, and automobiles
exist without the analytical skills of the engineers and technologists who developed and
made successive improvements to these devices? The answer to all of these questions is
“no.” The ability to think of systems that never were and to design devices to meet the
changing needs of the human population is the purview of the engineering profession.

Graphical communication has always played a central role in engineering, perhaps
due to engineering’s genesis within the arts or perhaps because graphical forms of com-
munication convey design ideas more effectively than do written words. Maybe a pic-
ture really is worth a thousand words. As you might expect, the face of engineering
graphics has evolved dramatically since the time of da Vinci. Traditional engineering
graphics focused on 2-dimensional graphical mathematics, drawing, and design; knowl-
edge of graphics was considered a key skill for engineers. Early engineering programs
included graphics as an integral topic of instruction, and hand-drawn engineering
graphics from 50 years ago are works of art in their own right. 

However, in the recent past, the ability to create a 2-D engineering drawing by hand
has become de-emphasized due to improvements and advances in computer hardware
and software. More recently, as computer-based tools have advanced even further, the
demand for skills in 3-D geometric modeling, assembly modeling, animation, and data
management has defined a new engineering graphics curriculum. Moreover, three-
dimensional geometric models have become the foundation for advanced numerical
analysis methods, including kinematic analysis, kinetic analysis, and finite-element
methods for stress, fluid, magnetic, and thermal systems. 

The engineering graphics curriculum has also evolved over time to include a
focus on developing 3-D spatial visualization ability since this particular skill has
been documented as important to the success of engineers in the classroom and
in the field. Spatial visualization is also strongly linked to the creative process.
Would da Vinci have imagined his various flying machines without well-honed
visualization skills? 

We have come full circle in engineering education through the inclusion of topics
such as creativity, teamwork, and design in the modern-day graphics curriculum. The
strong link between creativity, design, and graphics cannot be overstated. Gone is the
need for engineers and technicians who robotically reproduce drawings with little
thought involved. With modern-day computational tools, we can devise creative solu-
tions to problems without concern about whether a line should be lightly penciled in
or drawn thickly and displayed prominently on the page. 

It is for this new, back-to-the-future graphics curriculum that Visualization,
Modeling, and Graphics for Engineering Design has been designed. This text is a mixture of
traditional as well as modern-day topics, a mixture of analytical and creative thinking,
a mixture of exacting drawing technique and freeform sketching. Enjoy.
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Development of the Text
Many of the current graphics textbooks were written several years ago with
modern-day topics such as feature-based solid modeling included as a sepa-
rate add-on to the existing material. In these texts, modern-day computer-
based techniques are more of an afterthought: “Oh, by the way, you can
also use the computer to help you accomplish some of these common
tasks.” In fact, some of the more popular texts were written nearly a cen-
tury ago when computer workstations and CAD software were figments
of some forward-looking engineer’s imagination. Texts from that era
focused on drawing technique and not on graphic communication
within the larger context of engineering design and creativity. 

Modern engineering graphics curricula—and texts—must follow
what is happening in the field. Modern product development tech-

niques allow engineers to use computer hardware and software to examine the proper
fit and function of a device. Engineers can “virtually” develop and test a device before
producing an actual physical model, which greatly increases the speed and efficiency
of the design process. The virtual, computer-based model then facilitates the creation
of the engineering drawings used in manufacturing and production—an activity that
required many hours of hand drafting just a few short decades ago.  

In the real world, modern CAD practices have also allowed us more time to focus
on other important aspects of the engineering design cycle, including creative think-
ing, product ideation, and advanced analysis techniques. Some might argue that
these aspects are, in fact, the most important aspects of the design process. The engi-
neering graphics curricula at many colleges and universities have evolved to reflect
this shift in the design process. However, most engineering graphics textbooks have
simply added CAD sections to cover the new topics. Thick textbooks have gotten even
thicker. As a wise person has said, “Engineering faculty are really good at addition,
but are miserable at subtraction.”

When we sat down to plan this text, we wanted to produce the engi-
neering graphics benchmark of the future—an engineering graphics
approach that teaches design and design communication rather than a
vocational text focused on drafting techniques and standards. We wanted to
integrate modern-day design techniques throughout the text, not treat these
topics as an afterthought.

A strength of this textbook is its focus not only on “what” to do, but also
on “why” you do it (or do not do it) that way—concepts as well as details. This
text is intended to be a learning aid as well as a reference book. Step-by-step
software-specific tutorials, which are too focused on techniques, are very poor
training for students who need to understand the modeling strategies rather
than just which buttons to push for a particular task. In fact, we believe that
mere training should be abandoned in favor of an education in the fundamentals.
Students need to learn CAD strategy as well as technique. Students need to
develop their creative skills and not have these skills stifled through a focus on
the minutiae. In order to prepare for a lifelong career in this fast-changing tech-
nological world, students will need to understand fundamental concepts. For
example, in the current methods-based approach to graphics training, students
learn about geometric dimensioning and tolerancing. Many texts describe what the
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symbols mean, but do not explain how, why, and when they should be used. Yet, these
questions of how, why and when are the questions with which most young engineers
struggle and the questions that are directly addressed in this text. They are also the
important questions—if a student knows the answer to these questions, s/he will under-
stand the fundamental concepts in geometric dimensioning and tolerancing. This fun-
damental understanding will serve far into the future where techniques, and possibly
the symbols themselves, are likely to change.

Organization of the Text
The unabridged version of this textbook is organized into twenty-one main chapters;
a number of supplementary chapters are available to create custom versions for spe-
cific course needs. In organizing the chapters of this text, we were careful to group
topics in a way that reflects the modern engineering design process. We purposely did
not mimic the decades-old graphics classical texts, which were written in an era when
the design process was based on drawings and not computer models, an era when
physical and not virtual models were analyzed for structural integrity. For this reason,
the order of topics in this text will not match that of the traditional graphics texts
where Lettering was often the first topic of instruction. 

In this text, we start with foundational topics such as sketching and visualization
since these are useful in the initial or “brainstorming” step in the design process 
and since these are fundamental topics on which many other topics hinge. Also
included are chapters on creativity, design, and teamwork—you cannot work in the
real world without being a good team member. From there we move to 3-D modeling
because, in the real world, design typically begins with the production of a computer
model. In the next stage of the modern design process, a computer model is analyzed
either virtually or sometimes physically, and these topics are covered next. Once your
model is complete and thoroughly analyzed, engineers move into the design docu-
mentation stage where drawings are created and annotated. Topics such as manufac-
turing processes are included in the text in order to help you answer the “why”
questions surrounding drawing creation and annotation. For example, many dimen-
sions are placed on drawings based on how the part will eventually be manufactured,
so it makes sense to understand manufacturing processes before moving on to
dimensioning practice. The text is organized into five major sections as described
subsequently. Supplemental chapters cover topics in traditional graphics instruction
as well as some modern-day, “not quite ready for primetime” topics such as HTML
and Web Utilization.

Section 1 – Laying the Foundation
The materials presented here focus on the needs of today’s first-year engineering stu-
dents who might have well-developed math and computer skills and less-developed
hands-on mechanical skills. Incoming engineering students likely no longer work on
their cars or bikes in the garage or may not have taken shop and drafting classes in
high school. Hands-on tinkering is probably an activity of the past replaced by hands-
on web page design and text messaging. (Engineering students of today in all proba-
bility have much greater dexterity in their thumbs from “texting” than do the authors
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of this text!) Although many engineering students enter college having spent time in
a virtual computer environment, the lack of hands-on experiences that involve more
than just the thumbs and that also involve real-life physical objects, often results in
poorly developed three-dimensional visualization skills. In this section, these skills
are explored and developed. This section also includes a project-oriented approach
with inclusion of topics in design, creativity, and teamwork to prepare students for a
lifetime of professional engineering practice.

Section 2 – Modern Design Practice and Tools
The modern topics found in this section reflect the current state of design in indus-
try. Solid modeling has revolutionized engineering graphics. The widespread avail-
ability of computers has made 3-dimensional modeling the preferred tool for engi-
neering design in nearly all disciplines. Solid modeling allows engineers to easily
create mathematical models parts and assemblies, visualize and manipulate these
models in real time, calculate physical properties, and inspect how they mate with
other parts. The modern-day design process is characterized by computer methods
that take advantage of the efficiency and advantages offered by workstations and
feature-based modeling software. These new technologies have revolutionized the
design process and have enabled around-the-clock engineering. By this model, engi-
neers in Europe hand-off (via the Internet) a design project when they leave work to
American engineers. The Americans, in turn, hand-off the design as they leave the
office at the end of the day to Asian engineers. The Asian engineers complete the cycle
by passing the design back to the Europeans at the end of their day. The sun never
sets on an engineering design. Over your lifelong engineering career, the details of the
design process may change again in ways that are unimagined today, but the funda-
mentals, as described in this section, will migrate from system to system with each
advance in technology.

Section 3 – Setting up an Engineering Drawing
This section contains material found in most conventional textbooks on engineering
graphics; however, the content is presented in novel ways and with a fresh approach
to problem solving. The topics and techniques in this section are in wide use in engi-
neering graphics classrooms today and are likely to continue to be invaluable into the
foreseeable future. These traditional graphics topics continue to be important for sev-
eral reasons. First, many legacy designs out there were produced prior to the feature-
based solid modeling revolution. You may be asked to examine these designs, so it is
important that you thoroughly understand drawings. Second, not every company has
the capability to go directly from a computer model to a manufactured part, and
drawings are still important in these environments. Finally, while the computer can
usually automatically generate a drawing for you, certain conventions and dimen-
sioning practices do not translate well. You will need to be able to verify the integrity
of drawings that the computer generates for you and make changes where needed.
For all of these reasons, no matter how sophisticated the computer design, hardware
and software, or the manufacturing system, engineers must still be able to visualize a
three-dimensional object from a set of two-dimensional drawings and vice versa. 
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Section 4 – Drawing Annotation and Design
Implementation
The ultimate goal of the engineering design process is to develop devices where every-
thing fits together and functions properly. The sizes of the features that define an
object are crucial to the overall functionality of the system. The chapters in this sec-
tion describe how sizes and geometries of entities are specified. Since no part can be
made to an “exact” size even with the best in computer technologies, the allowable
errors for part sizes are also described in this section. The final drawings produced in
preparation for fabrication must meet exacting criteria to ensure that they are prop-
erly cataloged and interpreted for clear communication among all parties. If your
drawing includes non-standard annotations, the machinist or contractor who uses
those drawings to produce an engineered system may unknowingly misinterpret the
drawing, resulting in higher project costs or even failure. The chapters in this section
detail standard practice in drawing annotation to help you avoid making blunders.
The ability to make proper, 100% correct drawing annotations will likely take you sev-
eral years to develop. Be patient and keep learning.

Section 5 – Advanced Topics in Engineering Graphics
The final section of the text includes chapters on additional topics in graphic com-
munication. These chapters are on the CD in the back of the textbook. A chapter is
included to assist you with communicating your thoughts, ideas, analyses and con-
clusions through animation, graphs, and charts. You may think that this type of
communication is a “no brainer” with modern tools such as a spreadsheet. However,
many times the automatically generated graph from a spreadsheet does not follow
standard engineering practice for graphic communication and must be edited in
order to meet these standards. For example, spreadsheets typically leave axis labels
and titles off a graph resulting in a pretty, but meaningless, picture. A picture may be
worth a thousand words, but sometimes it takes a few words to describe what a pic-
ture is illustrating. For communication with non-technical (or sometimes even tech-
nical) audiences, tremendous amounts of information can be conveyed through the
use of animation. If a picture is worth a thousand words, than an animation is surely
worth a million.

Optional Chapters
These additional chapters are available for purchase at www.iChapters.com:
Supplemental Chapter 1.  2-D Instrument Drawing Techniques
Supplemental Chapter 2.  More Working Drawings and Drawing Formats
Supplemental Chapter 3.  Linkages, Cams, Gears, Springs, and Bearings.
Supplemental Chapter 4.  Welding
Supplemental Chapter 5.  Descriptive Geometry
Supplemental Chapter 6.  HTML and Web Utilization
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Tools for Developing Your Idea
Many tools have been developed for creating accurate images of an object as an aid in
analyzing its function, recording its history, or visualizing its appearance. One of the
simplest tools is a pencil, which is used to make sketches of an object on paper. More for-
mal tools include rulers, protractors, compasses, and various types of manually operated
drafting machines. These tools are used to make more accurate, standardized drawings
according to precise rules and conventions, as discussed in a previous chapter.

CAD systems are among the most sophisticated graphics and design tools avail-
able to engineers and designers. Many types of CAD systems are on the market today.
The simplest systems are general purpose drawing or drafting packages that can be
used to create 2-D images, similar to the way pencil images are created on paper (except
faster and easier). More complex packages allow you to create simulations of 3-D mod-
els that can be used not only to generate conventional 2-D drawings of a design but
also to create 3-D images for visualization. The core of a CAD model is a geometric
database. The database includes information about the geometry and other engi-
neering properties of an object. The CAD software uses the database to display the
model and to conduct further engineering analysis. A short discussion of CAD history
will demonstrate how these systems evolved and provide some insight into the model-
ing processes used by designers with various CAD systems.

6-4 sectiontwo Modern Design Practice and Tools

S olid modeling is a computer-based simulation that produces a visual display
of an object as if it existed in three dimensions. Solid models aid in forming
a foundation for the product development process by providing an accurate

description of a product’s geometry and are used in many phases of the design
process and life cycle of the product. This chapter will focus on methods for creat-
ing robust solid models of mechanical parts; however, these methods can be
applied to other domains as well.

Solid models are created with specialized software that generates files for indi-
vidual as well as assembled parts. These models are then used in a variety of appli-
cations throughout the design and manufacturing processes, as shown
schematically in Figure 6.01. During the product concept stage, solid models are
used to visualize the design. As the product is refined, engineers use solid models
to determine physical properties such as the strength of the parts, to study how
mechanisms move, and to evaluate how various parts fit together. Manufacturing
engineers use solid models to create manufacturing process plans and any special
tools or machines needed to fabricate or assemble parts. Solid models also can be
used to generate formal engineering drawings to document the design and com-
municate details of the design to others. People responsible for the product life
cycle may depend on solid models to help create images for service manuals and
disposal documentation. Even sales and marketing functions use graphics gener-
ated from solid models for business presentations and advertising. Thus, it is very
important not only to learn how to create solid models but also to understand
how others will use the models. Solid models must be built with sound modeling
practices if they are to be useful in downstream applications. In this chapter, you
will learn how to create robust solid models that not only look like the real thing
but also support the entire product life cycle. You also will learn about the history
of CAD tools and the importance of solid modeling as part of an engineering
design graphics system.

6.01
introduction

6.02

Visualization3

3-1

objectives
After completing this chapter, you should be able to
● Recognize that 3-D spatial skills are necessary for success in

engineering. 
● Describe how a person’s spatial skills develop as they age.
● Examine the types of questions used to assess a person’s

spatial skill level. 
● Show how you can improve your 3-D spatial skills through

techniques that include
■ Drawing different corner views of an object.
■ Rotating objects about one or more axes.
■ Sketching object reflections and making use of symmetries.
■ Considering cross sections of objects.
■ Combining two objects to form a third object through

Boolean operations.

A

C

F F'

B'

D'

A'

E'C'

5. For sketched features, sketch and constrain or otherwise specify the feature pro-
files; then extrude, rotate, sweep, or blend to create the feature.

6. For standard features such as holes and edge features, specify the desired param-
eters and placement on the existing geometry.

7. Array or mirror the feature if necessary to create identical features.

8. Repeat steps 4–9 until the model is complete.

Once the model is complete, it can be modified to become more robust. For exam-
ple, additional associative constraints may be added in place of dimensional con-
straints or design tables may be created for families of parts.

6.11.01 Step-by-Step Example 1—The Guide Block
Consider the guide block in Figure 6.67 as an example. How would you build a solid
model for this part? What should be its base feature? What are its secondary features?

One reasonable base feature would be an extrusion made with the profile shown in
Figure 6.68. This extrusion would capture many details of the part in a single operation
and is representative of the general shape of the part. The sketch is made on one of the
basic planes and is geometrically and dimensionally constrained. Note the use of hori-
zontal and vertical geometry constraints, which would likely be applied automatically
if the segments were sketched approximately in the orientations shown. Also note that
a corner of the profile is grounded by constraining the vertex to be coincident with the
origin of the coordinate system; therefore, dimensional constraints locating the profile
on the plane are not needed. Note the use of the colinear constraint on the two short
horizontal sketch segments, which eliminates the need to place separate dimensional
constraints on the height of the segments. Once the profile is complete, it can be
extruded to the width of the part, as shown in Figure 6.68(d).
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15.00FIGURE 6.67. A solid model of
this part is to be created. What
operations should be per-
formed, and in what sequence
should they be made?

Chapter Structure
With a few exceptions, each chapter is organized along similar lines. The material is
presented with the following outline:

1. Objectives

Chapter-opening objectives alert students to the chapter’s fundamental concepts.

2. Introduction 

This section provides an overview of the material that will be presented in the
chapter, and discusses why it is important. 

3. The Problem

Each chapter directly addresses a certain need or problem in graphical communi-
cation. That problem is presented here as if the student had to face such a problem
in the field. The presence of a real problem that needs to be solved gives a student
added incentive to learn the material in the chapter to solve that problem.

4. Explanation and Justification of Methods

Engineering graphics has evolved and continues to evolve at an increasingly fast
pace due to advances in computer hardware and software. Although new meth-
ods associated with new technologies exist, these modern methods must remain
compatible with conventional graphics practices. This consistency is required to
eliminate possible confusion in the interpretation of drawings, maintain suffi-
cient flexibility to create designs unencumbered by the tools available to docu-
ment them, and reduce the time and effort required to create the drawings.

5. Guide to Problem Solving

Sample problems of various types are presented throughout each chapter with
detailed, step-by-step solutions. 
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chapter 10 Orthogonal Projection and Multiview Representation 10-67

adjacent views: Orthogonal views presented on a sin-
gle plane that are created immediately next to each other.
anchor edge: The same edge that can be easily and
confidently located on multiple views and on a pictorial
for an object.
anchor point: The same point, usually a vertex, that
can be easily and confidently located on multiple views
and on a pictorial for an object.
anchor surface: The same surface that can be easily
and confidently located on multiple views and on a pic-
torial for an object.
centerline: A series of alternating long and short dashed
lines used to identify an axis of rotational symmetry.
centermark: A small right-angle cross that is used to
identify the end view of an axis of rotational symmetry.
edge tracking: A procedure by which successive edges
on an object are simultaneously located on a pictorial
image and on a multiview image of that object.
first-angle projection: The process of creating a view
of an object by imprinting its image, using orthogonal
projection, on an opaque surface behind that object.
foundation space: The rectilinear volume that repre-
sents the limits of the volume occupied by an object.
glass box: A visualization aid for understanding the
locations and orientations of images of an object pro-
duced by third-angle projection on a drawing. The
images of an object are projected, using orthogonal pro-
jection, on the sides of a hypothetical transparent box
that is then unfolded into a single plane.
hidden lines: The representation, using dashed lines,
on a drawing of an object of the edges that cannot be
seen because the object is opaque.

multiple views: The presentation of an object using
more than one image on the same drawing, each image
representing a different orientation of the object.
multiview: Refers to a drawing that contains more than
one image of an object and whose adjacent images are
generated from orthogonal viewing planes.
orthogonal projection: The process by which the
image of an object is created on a viewing plane by rays
from the object that are perpendicular to that plane.
point tracking: A procedure by which successive ver-
tices on an object are simultaneously located on a picto-
rial image and a multiview image of that object.
preferred configuration: The drawing presentation
of an object using its top, front, and right-side views.
six standard views (or six principal views): The
drawing presentation of an object using the views pro-
duced by the glass box (i.e., the top, front, bottom, rear,
left-side, and right-side views).
surface tracking: A procedure by which successive
surfaces on an object are simultaneously located on a
pictorial image and a multiview image of that object.
tangent edge: The intersection line between two sur-
faces that are tangent to each other.
third-angle projection: The process of creating a view
of an object by imprinting its image, using orthogonal
projection, on translucent surface in front of that object.
viewing plane: A hypothetical plane between an object
and its viewer onto which the image of the object, as
seen by the viewer, is imprinted.

10.11 glossary of key terms

1. What is orthogonal projection?

2. What are the advantages and disadvantages of using
pictorial images, such as isometric images, for the
graphical representation of an object?

3. What is a multiview presentation?

4. What are the advantages and disadvantages of using
a multiview presentation for the graphical represen-
tation of an object?

5. How are different views located with respect to each
other on the same drawing?

6. Why should features be aligned between views in a
multiview presentation?

7. Why is it important that different views have the
same scale?

8. What are the advantages of having features of an
object aligned between views?

9. What are the standard (or principal) views?

10. What is the preferred configuration?

11. When should extra orthogonal views be used?

12. When should hidden lines be used?

10.12 questions for review

6-83 sectiontwo Modern Design Practice and Tools

1. Create the following closed-loop profiles using the 2-D drawing capabilities of your solid modeling software. Define
the geometry and sizes precisely as shown, using the necessary geometric constraints. Do not over- or undercon-
strain the profiles.

6.16 problems

(a)

(c)

(b)

(d)

(e) (f )

6. Caution

Often, people learn more from their mistakes than from their successes. The
most common errors—and their potential consequences—are presented as
examples in this section.

7. Summary

This section distills the most important information contained in the chapter.

8. Glossary of Key Terms

Formal definitions of the most important terms or phrases for the chapter
are provided. Each term or phrase is highlighted the first time it is used in
the chapter. 

9. Questions for Review

These questions test the student’s understanding of the chapter’s main
concepts.

10. Problems

A variety of problems and exercises help to develop skill and proficiency of the
material covered in the chapter.

When identifying angled planes of symmetry, be careful. Sometimes an angled plane

produces two halves that look similar to each other but are not mirror images across the

plane. For example, Figure 3.79 shows a potential plane of symmetry for an object.

The two halves of the object appear to be identical halves; however, they are not mirror

images across the plane. Therefore, the plane identified is not a plane of symmetry.

chapter 3 Visualization 3-51

FIGURE 3.79. An object with a potential plane of symmetry identified.

Chapter Summary
In this chapter, you learned about Gardner’s definitions of basic human intelligences

(including spatial intelligence) and the way spatial intelligence is developed and

assessed. Spatial intelligence is important for engineering success, especially in engi-

neering graphics and solid modeling courses. The chapter outlined several exercises

that help develop spatial skills, including:■ Constructing isometric sketches from different corner views.
■ Rotating 3-D objects about one or more axes.■ Reflecting objects across a plane and recognizing planes of symmetry.

■ Defining cross sections obtained between cutting planes and objects.
■ Combining two objects to form a third object by cutting, joining, or intersecting.

3.13

Boolean operations: In early versions of 3-D CAD
software, commands used to combine solids.combining solids: The process of cutting, joining, or

intersecting two objects to form a third object.corner views: An isometric view of an object created
from the perspective at a given corner of the object.

cross-section: The intersection between a cutting
plane and a 3-D object.cut: To remove the volume of interference between two

objects from one of the objects.cutting-plane: An imaginary plane that intersects with
an object to form a cross section.

3.14 glossary of key terms

xxx preface

Inexperienced engineers, designers, and drafters can unwittingly introduce errors

to their drawings. Despite the errors, the person reading the drawing probably will

interpret it as intended because the necessary information is contained on the views

not having an error. Nevertheless, errors can cause confusion and slow down interpre-

tation of the drawing. A more serious case of errors can result with an ambiguity that

makes the drawing impossible to interpret correctly. In a worst-case scenario, the errors

may cause the object to be interpreted as an entirely different object than what was

desired. The following sections are a compilation of the most common beginners’

errors and ways to fix them.

Missing Lines

A common problem with hand-created or 2D CAD-created drawings is that one or

more line segments may be missing from one or more of the orthogonal views. This

error is especially difficult to correct when someone else made the drawing. As an

example, examine the drawing shown in Figure 10.73, which shows the top, front, and

right-side views of an object. Two lines are missing from the side view, and one line is

missing from the front view.

The general procedure for locating a missing line is to examine the vertices in the

adjacent views, as shown in Figure 10.74. Vertices are formed when surfaces or edges

intersect as features on the object. A vertex in one view means there must be a corre-

sponding vertex or edge in its adjacent views. Also, vertices representing the same point

or edge on the object must be aligned horizontally or vertically in adjacent views. To

discover any missing features, you can start with any view; but eventually you have

to examine all of the views. From each vertex in a view, create horizontal or vertical

alignment lines into the adjacent view. In the adjacent views along each alignment line,

you should see the meeting of two surfaces to form an edge or the meeting of multiple

surfaces to form another vertex.

Two vertices in the front view are missing some corresponding feature in the side

view. The top view reveals that these vertices are the intersections of perpendicular edges.

A horizontal line representing an edge must be added to the side view to keep the

chapter 10 Orthogonal Projection and Multiview Representation 10-51

CAUTION

Top

Front

Right Side

FIGURE 10.73. Are any lines missing from this

multiview drawing? If so, insert them into the

views at their correct locations with their correct

visibilities.

FIGURE 10.74. These vertices do not have corre-

sponding features (i.e., another vertex or edge) in

all views.
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Key Features of the Presentation
We believe that this text will have a broad appeal to engineering graphics students
across a wide spectrum of institutions. The following are key features of the text:
■ A focus on learning and fundamental skill development, not only on definitions, tools, and

techniques. This approach prepares students to apply the material to unfamiliar
problems and situations rather than simply to regurgitate previously memorized
material. In the fast-changing world we live in, an understanding of the fundamen-
tals is a key to further learning and the ability to keep pace with new technologies.

■ Formal development of visualization skills as a key element at an early stage of the curriculum.
Development of these skills is important for students who have not had the oppor-
tunity to be exposed to a large number of engineering models and physical devices.
Further, the link between visualization and creativity is strong—tools for success
over a lifelong career.

■ Use of a problem-based approach. This approach presents the student with real prob-
lems at the beginning of each chapter, shows the graphics solutions, then general-
izes the solutions. 

■ A casual tone and student-friendly approach. It is a proven fact that students learn the
material better if they are not fast asleep!

■ Examples of poor practices and the potential consequences of these errors. People seem to
learn the most from mistakes. By showing students the mistakes of others, per-
haps they can minimize their own. 

■ Several common example threads and a common project that are presented in most chapters.
The text shows how the material contained in each chapter was actually applied in
the context of product development.

One of the case studies to be presented, for example, is the Hoyt AeroTec™
Olympic style recurve target bow. The unique geometry of this bow was brought to
prominence after it was part of the equipment package used to win the Gold Medal in
target archery at the summer Olympic Games in Sydney, Australia. The design history
of the development of this product is traced starting from its ideation as an improve-
ment to all other target bows on the market at that time. As a student moves through
the chapters of this book, the progress of the development of this product will be doc-
umented. This product was selected as an example for these reasons: 

1. It was a very successful design that accomplished all of the goals set forth by its
engineers. 

2. It was also a product that is relatively unencumbered by the complexity of mech-
anisms or electronics, which are not the focus of this book. 

3. The design is mature, having made it to the consumer market; this means it offers
an opportunity to study some of the non-technical issues that play an important
role in engineering design.

preface xxxi
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Final Remarks
This textbook contains a “core” of material covered in a traditional engineering graph-
ics course and also a number of other chapters on modern graphics techniques. The
collected material represents over 50 combined years of personal experience in the
learning, application, and teaching of engineering graphics. The result is a text that
should appeal to both traditional and contemporary graphics curricula. We, the
authors, would like to thank you for considering this text.

Dennis K. Lieu
Professor of Mechanical Engineering
University of California, Berkeley

Sheryl Sorby
Professor of Civil and Environmental Engineering
Michigan Technological University

Contributors
Holly K. Ault, Worcester Polytechnic Institute (Chapter 6 and 17 and

Supplemental Chapter 4)
Ron Barr, The University of Texas at Austin (Chapters 5 and 8)
Judy Birchman, Purdue University (Chapter 21)
Ted Branoff, North Carolina State University (Chapters 16 and 17)
Pat Connolly, Purdue University (Supplemental Chapter 6)
Frank Croft, The Ohio State University (Chapter 12)
La Verne Abe Harris, Purdue University (Chapter 21)
Kathy Holliday-Darr, Penn State Erie (Chapter 14 and Supplemental Chapter 5)
Tom Krueger, The University of Texas at Austin (Chapters 5 and 8)
Ann Maclean, Michigan Technological University (Chapter 20)
Kellen Maicher, Purdue University (Supplemental Chapter 6)
Jim Morgan, Texas A&M University (Chapter 4)
Bill Ross, Purdue University (Chapter 19)
Mary Sadowski, Purdue University (Chapter 21)
Tom Singer, Sinclair Community College (Supplemental Chapter 1)
Kevin Standiford, Consultant (Supplemental Chapters 2 and 3)

What is iChapters.com?
iChapters.com, Cengage Learning’s online store, is a single destination for more than
10,000 new print textbooks, e-books, single e-chapters, and print, digital and audio
supplements. 

Choice. Students have the freedom to purchase a-la-carte exactly what they need when
they need it.

Savings. Students can save 50% for the electronic textbook, and can pay as little as
$1.99 for an individual chapter. 

Get the best grade in the shortest time possible! Visit www.iChapters.com to
receive 25% off over 10,000 print, digital and audio study tools. 
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sectionone
Laying the Foundation

The materials presented in this section focus on
the needs of today’s beginning engineering stu-
dents, who typically have well-developed math
and computer skills but less-developed hands-on
mechanical skills compared to students of earlier
generations. Incoming engineering students may
no longer be people who work on their cars or
bikes in the garage and who took shop and
drafting classes in high school. Although many
engineering students enter college having spent
time in a virtual computer environment, the lack
of hands-on experience often results in a lack of
three-dimensional visualization skills. So in addi-
tion to the classical material on standard engi-
neering graphics practices, these students need
to enhance their visualization skills. Prior to the
advent of CAD, the graphics classroom featured
large tables topped with mechanical drafting
machines and drawers full of mechanical draw-
ing instruments. Engineering students and engi-
neers now have additional time to focus on
aspects of the engineering design cycle that are
more worthy of their talents as engineers. These
aspects include creative thinking, product ideation,
and advanced analysis techniques to ensure a man-
ufacturable and robust product. Formalization of
the design process allows designers to focus their
energies on certain areas in the process and gain
more meaningful results.

CHAPTER 1
An Introduction to
Graphical
Communication in
Engineering ■ 1-1

CHAPTER 2
Sketching ■ 2-1

CHAPTER 3
Visualization ■ 3-1

CHAPTER 4
Working in a Team
Environment ■ 4-1

CHAPTER 5
Creativity and the
Design Process ■ 5-1
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An Introduction to
Graphical Communication
in Engineering

objectives
After completing this chapter, you should be able to
● Explain and illustrate how engineering graphics is one of the

special tools available to an engineer
● Define how engineering visualization, modeling, and graphics

are used by engineers in their work
● Provide a short history of how engineering graphics, as a per-

spective on how it is used today, was used in the past

1

1-1
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A Short History
The way things are done today evolved from the way things were done in the past. You
can understand the way engineering graphics is used today by examining how it was
used in the past. Graphical communications has supported engineering throughout
history. The nature of engineering graphics has changed with the development of new
graphics tools and techniques.

1.02.01 Ancient History
The earliest documented forms of graphical communication are cave paintings, such as
the one shown in Figure 1.01, which showed human beings depicting organized social

1-2 sectionone Laying the Foundation

B ecause engineering graphics is one of the first skills formally taught to
most engineering students, you are probably a new student enrolled in an
engineering program. Welcome! 

You may be wondering why you are studying this subject and what it will do
for you as an engineering student and, soon, as a professional engineer. This chap-
ter will explain what engineering is, how it has progressed over the years, and how
graphics is a tool for engineers.

What exactly is engineering? What does an engineer do? The term engineer
comes from the Latin ingenerare, which means “to create.” You may be better able
to appreciate what an engineer does if you consider that ingenious also is a deriva-
tive of ingenerare. The following serves well enough as a formal definition of
engineering:

The profession in which knowledge of mathematical and natural sciences, gained by
study, experience, and practice is applied with judgment to develop and utilize economi-
cally the materials and forces of nature for the benefit of humanity.

A modern and informal definition of engineering is “the art of making things
work.” An engineered part or an engineering system does not occur naturally. It is
something that has required knowledge, planning, and effort to create.

So where and how does graphics fit in? Engineering graphics has played three
roles through its history:

1. Communication
2. Record keeping
3. Analysis
First, engineering graphics has served as a means of communication. It has

been used to convey concepts and ideas quickly and accurately from one person to
another without the use of words. As more people became involved in the develop-
ment of products, accurate and efficient communication became increasingly nec-
essary. Second, engineering graphics has served as a means of recording the
history of an idea and its development over time. As designs became more com-
plex, it became necessary to record the ideas or features that worked well in a
design so they could be repeated in future applications. And third, engineering
graphics has served as a tool for analysis to determine critical shapes and sizes, as
well as other variables needed in an engineered system.

These three roles are still vital today, more so than in the past, because of the
technical complexity required to make modern products. Computers, three-
dimensional modeling, and graphics software have made it increasingly effective
to use engineering graphics as an aid in design, visualization, and optimization.

1.01
introduction

1.02
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behavior, such as living and hunting in groups. The use of tools and other fabricated
items for living comfort and convenience were also communicated in cave paintings.
However, these paintings typically depicted a lifestyle, rather than any instructions for
the fabrication of tools, products, or structures. How the items were made is still left to
conjecture.

The earliest large structures of significance were the Egyptian pyramids and Native
American pyramids. Some surviving examples are shown in Figure 1.02. The Egyptian
pyramids were constructed as tombs for the Pharaohs. The Native American pyramids
were built for religious ceremonies or scientific use, such as observatories. Making these
large structures, with precision in the fitting of their parts and with the tools that were
available at the time, required much time, effort, and planning. Even with modern tools
and construction techniques, these structures would be difficult to re-create today. The
method of construction for the pyramids is largely unknown—records of the construc-
tion have never been found—although there have been several theories over the years.

chapter 1 An Introduction to Graphical Communication in Engineering 1-3

FIGURE 1.02. Mayan pyramid, Yucatan, Mexico (left), and Pharaoh Knufu and Pharaoh Khafre Pyramids, Giza, Egypt (right).
Sources: Brand X Pictures/Alamy, above; DIOMEDIA/Alamy, below.
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Egyptian hieroglyphics, which were a form of written record, included the documen-

tation of a few occupational skills, such as papermaking and farming, although, for the

most part, they documented lifestyle. An example of a surviving record is shown in

Figure 1.03. As a result of those records, papermaking and farming skills could be main-

tained and improved over time. Even people who were not formally trained in those skills

could develop them by consulting the written records.

Two engineering construction methods helped the Roman Empire expand to
include much of the civilized European world. These methods were used to create the
Roman arch and the Roman road.

The Roman arch, shown in Figure 1.04, was composed of stone that was precut to
prescribed dimensions and assembled into an archway. The installation of the keystone
at the top of the arch transferred the weight of the arch and the load it carried into the
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FIGURE 1.03. Ancient Egyptian
hieroglyphics describing a 
life story.
Source: © Bettmann/CORBIS

FIGURE 1.04. Pont-du-Gard Roman aqueduct (left) built in 19 BC to carry water across the Gardon Valley to Nimes. Spans of the
first- and second-level arches are 53–80 feet. The Ponte Fabricio bridge in Rome (right) built in 64 BC spans the bank of the River
Tiber and Tiber Island.
Photos by William G. Godden. Reprinted with permission from EERC Library, Univ. of California, Berkeley.
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remaining stones that were locked together with friction. This structure took advan-
tage of the compressive strength of stone, leading to the creation of large structures
that used much less material. The Roman arch architecture was used to create many
large buildings and bridges. Roman era aqueducts, which still exist today in Spain and
other countries in Europe, are evidence of the robustness of this design.

The method used to construct Roman roads prescribed successive layers of sand,
gravel, and stone (instead of a single layer of the native earth), forming paths wide
enough for commercial and military use. In addition to the layered construction meth-
ods, these roads were also crowned to shed rain and had gutters to carry away water.
This construction method increased the probability that the roads would not become
overgrown with vegetation and would remain passable even in adverse weather. As a
result, Roman armies had reliable access to all corners of the empire.

The Roman Empire is long gone, but the techniques used for the construction of
the Roman arch and the Roman road are still in use today. The reason for the pervasive-
ness of those designs was probably due to Marcus Vitruvius, who, during the Roman
Empire, took the trouble to carefully document how the structures were made.

The Archimedes screw, used to raise water, is an example of a mechanical invention
developed during the time of the Greek Empire. Variations of the device were used for
many centuries because diagrams depicting its use were (and still are) widely available.
One of those diagrams is shown in Figure 1.05. These early documents were precursors
to modern engineering drawings. Because the documents graphically communicated
how to build special devices and structures, neither language nor language translation
was necessary.

1.02.02 The Medieval Period
Large building construction helped define the medieval period in Europe. Its architec-
ture was more complicated than the basic architecture used for the designs of ancient
buildings. The flying buttress, a modification of the Roman arch, made it possible to
construct larger and taller buildings with cavernous interiors. This type of structure
was especially popular in Europe for building cathedrals, such as the one shown in
Figure 1.06. The walls of fortresses and castles became higher and thicker. Towers were
included as an integral part of the walls, as shown in Figure 1.07, to defend the inhabi-
tants from many directions, even when attackers had reached the base of a wall.
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FIGURE 1.05. An engraving
showing the operation of an
Archimedes screw to lift water.
Courtesy of Time Life
Pictures/Getty Images
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FIGURE 1.06. Flying buttress
construction used to support
the exterior walls of Notre
Dame Cathedral in Paris.
Courtesy of Getty Images

FIGURE 1.07. Warwick Castle,
England, circa 1350, is an
example of a medieval style
fortification.
Source: © Royalty-Free/CORBIS
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In Asia, large fortifications, shrines, and temples, as shown in Figure 1.08, were
built to last hundreds of years. The complexity of techniques to build those structures
required planning and documentation, especially when raw materials had to be trans-
ported from long distances. Building structures of such sizes required an understand-
ing of the transmission of forces among the supporting members and the amount of
force those members could withstand. That knowledge was especially important when
wood was the primary building material.

Large-scale civil engineering projects were begun during the medieval era. Those
projects were designated by a civilian government to benefit large groups or the general
population, as opposed to projects constructed for private or military use. The wind-
mills of Holland, shown in Figure 1.09, are an example of a civil engineering project.
The windmills harvested natural wind energy to pump large amounts of water out of
vast swampland, making the land suitable for farming and habitation.

Windmills and waterwheels were used for a variety of tasks, such as milling
grain and pumping water for irrigation. Both inventions were popular throughout
Europe and Asia; a fact that is known because diagrams showing their construction
and use have been widely available.

1.02.03 The Renaissance
The beginning of the Renaissance in the 1400s saw the rise of physical scientific think-
ing, which was used to predict the behavior physical systems based on empirical
observation and mathematical relationships. The most prominent person among the
scientific physical thinkers at that time was Leonardo da Vinci, who documented his
ideas in drawings. Some of those drawings, which are well known today, are shown in
Figure 1.10. Many of his proposed devices would not have worked in their original
form, but his drawings conveyed new ideas and proposals as well as known facts.

Prior to the Renaissance, nearly all art and diagrams of structures and devices
were records of something already in existence or were easily extrapolated from some-
thing already tried and known to work. When inventors applied physical science to
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FIGURE 1.08. The Great Wall of
China, built during the
medieval period, used simple
engineering principles despite
the large scale of the project.
Source: Nigel Hicks/Alamy
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FIGURE 1.09. The network of
windmills in Holland, used to
drain water from flooded land,
is an example of an early large-
scale civil engineering project. 
Source: © PaulAlmasy/CORBIS

FIGURE 1.10. Images of original da Vinci drawings: a machine used for canal excavation (left) and a flying ship (right). Codex
Atlanticus, folio 860; drawing from Il Codice Atlantico di Leonardo da Vinci nella biblioteca Ambrosiana di Milano, Editore
Milano Hoepli 1894–1904; the original drawing is kept in the Biblioteca Ambrosiana in Milan.
Sources: © Bettmann/CORBIS
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engineering, they could conceive things that theoretically should have worked with-
out having been previously built. When inventors did not understand the science
behind the proposed devices, the devices usually did not work. The many perpetual
motion machines proposed at that time, as shown in Figure 1.11, are evidence of
inventors’ lack of understanding of the physical science and their resultant failed
attempts to build the machines.

Engineers began to realize that accurate sizing was an element of the function of a
structure or device. Diagrams made during the Renaissance paid more attention to
accurate depth and perspective than in earlier times. As a result, drawings of proposed
and existing devices looked more realistic than earlier drawings.

Gunpowder was introduced during the Renaissance, as was the cannon. The can-
non made obsolete most of the fortresses built during the medieval era. The walls could
not withstand impact from cannon projectiles. Consequently, fortresses needed to be
redesigned to survive cannon fire. In France, a new, stronger style of fortification was
designed. The fortification was constructed with angled walls that helped to deflect
cannon fire and did not crumble as flat vertical walls did when struck head on. The new
fortresses were geometrically more complicated to build than their predecessors with
vertical walls. Further, the perimeter of the fortress had evolved from a simple rectan-
gular shape to a pentagonal shape with a prominent extension at each apex. That
perimeter shape, coupled with the angled walls, resulted in walls that intersected at odd
angles that could not be seen and measured easily or directly. Following is a list of ques-
tions that builders of earlier fortresses could easily answer but that builders of the
angled wall fortresses could not:
■ What is the surface area of a wall?
■ What is the fill volume?
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FIGURE 1.11. A perpetual
motion machine by medieval
inventors: an Archimedes screw
driven by a waterwheel is used
to mill grain.
Source: Timewatch Images/Alamy
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■ What are the specific lengths of timbers and beams needed to construct and brace
the walls?

■ What are the true angles of intersection between certain surfaces?
■ What are the distances between lines and other lines, between points and lines, and

between points and surfaces?

Fortunately, the French had Gaspard Monge, who developed a graphical analysis
technique called descriptive geometry. Analytical techniques using mathematics
were not very sophisticated at that time, nor were machines available to do mathemati-
cal calculations. But mechanical instruments, such as compasses, protractors, and
rulers, together with the graphical method, were used to analyze problems without the
need to do burdensome math. Descriptive geometry techniques enabled engineers to
create any view of a geometric object from two existing views. By creating the proper
view, engineers could see and measure an object’s attributes, such as the true length of
its lines, the true shape of planes, and true angles of intersection. Such skills were nec-
essary, especially for the construction of fortifications, as shown in Figure 1.12. The
complex geometry, odd angles of intersection, and height of walls were intended to
maximize the cross fire on an approaching enemy, while not revealing the interior of
the fortress. Another objective was to construct the ramparts and walls by moving the
minimum amount of material for maximum economy.

The astuteness of the French at building fortifications kept France the prime mili-
tary power in Europe until the 1700s. At that time, descriptive geometry was consid-
ered a French state secret; divulging it was a crime punishable by death. As a result of
the alliance between France and the newly constituted United States, many U.S. fortifi-
cations used French designs. An example is Fort McHenry (shown in Figure 1.13),
which was built in 1806 and is exquisitely preserved in Baltimore, Maryland. Fort
McHenry survived bombardment by the British during the War of 1812 and is signifi-
cant because it inspired Francis Scott Key to write “The Star Spangled Banner.”

By the 1800s, most engineering was either civil engineering or military engineer-
ing. Civil engineering specialized in the construction of buildings, bridges, roads, com-
merce ships, and other structures, primarily for civilian and trade use. Military
engineering specialized in the construction of fortifications, warships, cannons, and
other items for military use. In both fields of engineering, as projects became more
complicated, more people skilled in various subspecialties were needed. Clear, simple,
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and universal communication was necessary to coordinate and control the efforts of
specialists interacting on the same project. Different people needed to know what other
people were doing in order for various parts and assemblies to fit together and func-
tion properly. To fill that need, early forms of scaled drawings began to be used as the
medium for communications in constructing a building or device.

1.02.04 The Industrial Revolution
The industrial revolution began in the early 1800s with the new field of mechanical
engineering. This revolution was, in part, a result of the need for new military weapons.
Before the 1800s, ships and guns were fabricated one at a time by skilled craftsmen. No
original plans of any ships from the Age of Discovery exist, because shipwrights did not
use plans drawn on paper or parchment. The only plans were in the master shipwright’s
mind, and ships were built by eye. As the demand for ships grew, production methods
changed. It was far more economical to build many ships using a single design of com-
mon parts than to use a custom design for each ship. Constructing from a common
design required accurate specifications of the parts that went into the design.

The hardware products that general and military consumers needed then were no
longer produced by skilled craftsmen but were mass-produced according the tech-
niques and machines specified by engineers. Mass production meant that each product
had to be identical to all other products, had to be fabricated within predictable and
short production times, had to be made from parts that were interchangeable, and had
to be produced economically in volumes much larger than in the past. The consistent
and repetitive motions of machines required efficient, large-scale production which
replaced manufacturing operations that had needed the skilled motions of craftsmen.
Also, engines, boilers, and pressure vessels were required to provide power to machines.
An early manufacturing facility with machine tools and an early steam engine are
shown in Figure 1.14 and Figure 1.15, respectively.

Creating not only a product but also the machines to produce it was beyond the
abilities of individual craftsmen—each likely to have a different set of skills needed for
the production of a single product. The high demand for creating machines as well as
products meant that the existing master-apprentice relationship could no longer sup-
ply the demand for these skills. To meet the growing demand, engineering schools had
to teach courses in basic physics, machine-tool design, physical motion, and energy
transfer.
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FIGURE 1.13. French fortification design principles (left) and Fort McHenry (right) in Baltimore, Maryland, whose design was
based on those principles.
Courtesy of The National Archives, College Park, Maryland, left; Courtesy of The National Park Service, Fort McHenry NMHS, right. 
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Communication was necessary to coordinate and control the efforts of different
people with different skills. Each craftsman, as well as each worker, on a project needed
to know what others were doing so the various pieces, devices, structures, and/or sys-
tems would fit together and function properly. The ideas of the master designer had to
be transferred without misinterpretation to those who worked at all levels of support-
ing roles. In the design stage, before things were actually built, the pictorial diagrams
once used were soon found to be insufficient and inaccurate when new structures with
new techniques were being built. More accurate representations, which would provide
exact sizes, were needed. That need eventually led to the modern engineering drawing,
with its multiple-view presentation, identification of sizes, and specification of allow-
able errors.

Around the time of the industrial revolution, patents started to become impor-
tant. As a method of stimulating innovation in an industrialized society, many govern-
ments offered patents to inventors. The owners of patents were guaranteed exclusive
manufacturing rights for the device represented in the patent for a prescribed number
of years in exchange for full disclosure of how the device operated. Since a single suc-
cessful patented invention could make its owner rich, many people were inspired to cre-
ate new products. From the start, the difference between patent drawings and
engineering has been that engineering drawings are made to be viewed by those for-
mally trained in engineering skills and to show precise sizes and locations. Patent draw-
ings, on the other hand, are made to teach others how and why a device operates.
Consequently, patent drawings often do not show the actual or scaled sizes of the parts.
In fact, sizes are commonly distorted to make the device more difficult for potential
competitors to copy. An example of a patent drawing is shown in Figure 1.16.

1.02.05 More Recent History
As technology advanced over time, additional engineering specialties were born. In the
late 1800s, as electric power became more popular and more available, electrical engineer-
ing was born. Electrical engineering at that time was concerned with the production,
distribution, and use of electrical energy. The information derived from the study of
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FIGURE 1.14. A photo showing early factory conditions during the indus-
trial revolution.
Courtesy of Time Life Pictures/Getty Images
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electric motors, generators (shown in Figure 1.17), power conversion, and transmission
lines needed for their design was more than other engineers—not specifically electrical
engineers—could be expected to know and use. Chemical engineering, as a special engi-
neering discipline, emerged at the beginning of the twentieth century with the need for
large-scale production of petroleum products in refineries, as shown in Figure 1.18, and
the production of synthetic chemicals.

During the 1950s, industrial engineering and manufacturing engineering emerged
from the necessity to improve production quality, control, and efficiency. Nuclear engi-
neering emerged as a result of the nuclear energy and nuclear weapons programs.

Some of the more recent engineering disciplines include bioengineering, informa-
tion and computational sciences, micro-electro-mechanical systems (MEMS), and
nano-engineering. The design of a MEMS device (for example, the valve shown in
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FIGURE 1.16. A U.S. patent
drawing showing function but
not necessarily the true sizes of
the parts.
Courtesy of D. K. Lieu

FIGURE 1.18. The demand for chemical and petroleum prod-
ucts led to the construction of sophisticated plants and
refineries and the disciplines of chemical and petroleum
engineering.
Courtesy of DOE/NREL, photo by David Parsons.
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Figure 1.19) requires skills from both electrical and mechanical engineering. A nano-
engineered device cannot be seen with conventional optics. Its presumed appearance,
such as that shown in Figure 1.20, and function are based on conjecture using engi-
neering graphics tools.

With the emergence of a new discipline comes formal intensive training, specifically in
the specific discipline, as opposed to subspecialty training within an existing discipline.
Most complex engineering projects today require the combined skills of engineers from a
variety of disciplines. Engineers from any single discipline cannot accomplish landing an
astronaut on the moon or putting a robotic rover, shown in Figure 1.21, on Mars.
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FIGURE 1.19. This MEMS valve was
designed with a solid modeler and was
fabricated using semiconductor processing
techniques.
Courtesy of the Berkeley Sensor and Actuator
Center, University of California.

FIGURE 1.20. This nano-device for sorting mole-
cules does not actually appear as shown, but the
use of graphics aids in understanding its operating
principles.
Courtesy of Kenneth Hsu.
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The People and Their Skills 
Today few engineering projects exist where a single person or a small group of people is
responsible for all aspects of the project from beginning to end. Many people with many
different types of technical and nontechnical skills participate in the development and
production phases of a project. Whether that person is the engineer who conceives the
overall idea or the fabricator who makes the individual pieces or the technician who
assembles the parts to make the system operate, they all have common questions:
■ What is this part, device, or structure supposed to do?
■ What is it supposed to look like?
■ What are the precise geometries and sizes of its features?
■ What is it made of?
■ How is it made?
■ How does it fit into other parts, devices, or structures?
■ How do I know if everything is made the way it was supposed to be made?

To answer these questions, a clear, unbroken, and unambiguous flow of communi-
cation must take place, as depicted in each diagram in Figure 1.22.

The object envisioned by the engineer must be the same object produced by the
fabricator and the same object assembled into the working system by the technician.
Graphical communication that follows universally accepted standards for representing
shapes and sizes makes that happen.
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FIGURE 1.22. In conventional product design (above), phases of the development cycle
occur sequentially. Concurrent engineering (below) combines two or more phases to acceler-
ate the cycle.
Courtesy of D. K. Lieu
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1.03.01 Organization of Project Life Phases
An engineering project may be as simple as a one-piece can opener or as complex as an
interplanetary space mission—or anything in between. The number of people involved
can be as few as one to as many as several thousand. Regardless of the complexity of the
project or the number of people involved, any project can be broken into several phases
over its lifetime. These life phases are as follows:
■ Concept
■ Design
■ Fabrication
■ Installation
■ Operation
■ Disposal

For example, consider the wind-powered electric generation facility located at
California’s Altamont Pass approximately 100 km east of San Francisco. This facility,
composed of about 7,200 large wind turbines covering an area of several hundred
square kilometers, is one of the largest wind-energy-producing facilities in the world.
Many of the lessons learned in the construction and operation of the Altamont facility
were incorporated into the plans to build a new wind-powered generation facility for
the Solano County area, which is near the Sacramento River delta in California. A small
portion of the Solano facility is shown in Figure 1.23.
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FIGURE 1.23. A few of the 
100-meter-high wind turbines at
the Solano Wind Power
Generation Facility (above) and
one of the turbines on the
ground before mounting 
(below).
Courtesy of D. K. Lieu
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Before the facility could be built, it had to be decided during the Concept Phase
whether the project would be economically viable and socially and environmentally
acceptable. Other decisions involved the size and density of turbines.

During the Design Phase, the types of turbines were selected. The shapes and sizes
of the various parts for the turbines and their supporting structures were developed, as
was a scheme for collecting, controlling, and distributing the electric power that would
be produced.

Parts that could not be purchased as finished units were custom-built during the
Fabrication Phase. During the fabrication of custom parts for any project, the appro-
priate manufacturing processes are selected to reduce costs as much as possible. For
large projects, it is just as common to use foreign and domestic suppliers for prefabri-
cated as well as custom-fabricated parts.

The Installation Phase involves taking the individual parts and putting them
together to create individually operating turbines. The individual turbines needed to be
networked to supply power as an entire system.

The Operation Phase includes not only the control of the system but also the
maintenance of the individual turbines and the networked power grid. When parts
wear out or are damaged, they must be repaired or replaced.

Finally, when the entire facility has reached the end of its useful life, there must be
a plan in the Disposal Phase for removal of the facility, disposal or recycling of its com-
ponents, and return of the land to other uses.

1.03.02 Organization of Functional Groups
The larger the number people within each phase and between phases, the greater the
need for effective communication. In a complex engineering project, the work needs to
be divided into many subspecialties that are usually performed by different organiza-
tions. The personnel involved in each phase of a project generally can be organized into
the following functions:
■ Research and Development
■ Design
■ Manufacturing
■ Sales and/or Buying
■ Service
■ Subcontractors

Depending on the complexity of the project, the same person can handle each
function as a specialty, or an entire group of people may be responsible for each func-
tion. In the case of the Solano wind-powered generation facility, let’s examine one of
the project phases. During the Design Phase, certain people were responsible for seek-
ing and evaluating new materials, devices, and technologies that would be of immedi-
ate use in designing and building the turbines. Those people filled the Research and
Development function. Other people in the Design function were responsible for spec-
ifying the shapes and sizes of premade and custom parts so the parts would fit and
function as intended. The people who actually made the parts or assembled them into
operating prototypes filled the Manufacturing function. Any premade items or raw
materials that had to be purchased were done by people in the Buying function. People
in the Service function were responsible for operating the prototypes and, if necessary,
to collect data needed to evaluate the design for improvement. Subcontractors sup-
plied items or services that could be produced more quickly and efficiently by third
parties. For the project life phases, similar responsibilities could be identified for each
of the functions just mentioned.
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1.03.03 Organization of Skills
Within each function of each project phase, the responsibility of the engineering per-
sonnel can be further subdivided as follows:
■ Engineers
■ Designers
■ Drafters
■ Fabricators
■ Inspectors
■ Technicians

Engineers are responsible for ensuring that systems and devices are specified to
operate within their theoretical limits, specifying the materials and sizes of parts and
assemblies so that failures do not occur, specifying the methods in which the devices
are maintained and operated, and evaluating and preparing the environment in which
large projects are to be placed.

Designers are responsible for the project’s fit and finish, that is, specifying the
geometry and sizes of components so they properly mate with each other and are
ergonomically and aesthetically acceptable within the operating environment. 

Drafters are responsible for documentation—the formal graphical records of parts
and assemblies that are required not only for record keeping but also for unambiguous
communication between people working on the project. 

Fabricators are responsible for making the parts according to the specifications of
the engineers and designers, using the documentation provided by the drafter as a guide.

Inspectors are responsible for checking; they take parts made by the fabricators
and compare the actual sizes of the parts’ features to the desired sizes. This is done to
ensure that the parts are properly made and will fit and function as intended. Some
projects are installed over large pieces of land. In those cases, inspectors ensure that the
land has been properly prepared and that the various elements that compose the proj-
ect have been made and installed according to the specifications of the engineers.

Technicians are responsible for operation and maintenance; they typically assem-
ble various components to create working devices or structures, operate them, and
maintain them.

Depending on the particular phase of the project and the particular function
group within that phase, a group will have different combinations of engineering per-
sonnel. For example, the Design Phase of the wind-powered generation facility had
many engineers and designers but few technicians. However, during the Operation
Phase, the facility had mostly technicians, with only a few engineers. One interesting
problem that engineers faced during the Operation Phase of the Altamont Pass wind
power facility was how to reduce the number of birds, including large raptors, that were
killed every year by the spinning turbine blades. No one foresaw this problem during
the earlier phases of the project. Special avian experts had to be consulted during the
Operation Phase to assist the engineers with possible solutions. Those same avian
experts were consulted during the Design Phase of the Solano wind power facility. The
new turbines at Solano were designed to have slower blade rotation speeds, and their
towers were designed to make bird nesting difficult.

Regardless of the makeup of the engineering group, whenever a number of people
participate in any aspect of a project, such as designing and constructing a part, every-
one must know what that part is supposed to look like, what the part is made of, and
what the part is supposed to do.

1.03.04 Concurrent Engineering
You should not finish the preceding section thinking that the only way engineering
projects are done, or even the preferred way to get them done, is through formally
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organizing functional groups and separating skills. Separate functions and skills may
be the classic way to do things, but many modern products use concurrent engineering
to reduce the time needed for the product design and production cycles. Concurrent
engineering is a process where the design and certain aspects of the fabrication phases
are combined. The engineers responsible for the design of a product and the engineers
responsible for manufacturing or construction work together closely. Thus, as a part is
being conceived, its method of fabrication and assembly into other parts is being given
careful consideration. The design of the part is then altered to facilitate its fabrication
and, when economically feasible, its assembly into a larger system. Concurrent engi-
neering also considers the method of disposal once the part has reached the end of its
useful life.

As an example of concurrent engineering, consider the support tower for one of
the wind turbines at the Solano facility. This structure supports the turbine, transmis-
sion gearbox, and generator; it also provides access (via a very long stairway) to these
devices for maintenance, shown in Figure 1.24. Assume you are the designer of this
structure and you want it made from steel.

Since several thousands of these structures may be needed for the many wind power
installations around the world, you need to consider the economics of fabricating them.
Using a conventional engineering timeline approach, you need to determine the required
material and geometry, then make the drawings for the structure. You would have a pro-
totype fabricated, installed on a prototype wind turbine, and tested to prove that it will do
what you designed it to do and, especially, that it will not fail. Then you would turn the
part and its drawings over to a manufacturing engineer to figure out the best and most
economical way to fabricate large numbers of the structures to satisfy the worldwide
needs of wind-power generation installations. For example, one way of fabricating the
tower would be to make it from many small curved plates of steel, with all of the plates
welded together. But it may be more economical to produce large sections of complete
tubes that are the diameter of the tower and then connect those sections. However, the
cost of any special tooling required to make and transport the large tubes would need to
be included in the final cost of the structure. Different fabrication processes are possible
for making the sections. Each process has different advantages and disadvantages in
terms of cost and efficiency.
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FIGURE 1.24. Entering the
maintenance hatch in one of the
Solano wind turbine towers.
Courtesy of D. K. Lieu
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With concurrent engineering, engineers from all phases of the project work
together. Engineers who ordinarily become involved later in the process get together
with the designer at the early stages of the design. For example, the manufacturing
engineer would advise the part designer on how to change a part so it would be easier to
fabricate or handle. At nearly the same time, the manufacturing engineer would begin
to design any specialized tools that would be needed to fabricate, handle, and assemble
the part in large numbers. As the part prototype is being fabricated, these special tools
also would be built. The advantage of concurrent engineering is that product develop-
ment is reduced. The disadvantage is that large errors in design are expensive because
any changes in design also require changes to the production tooling.

Engineering Graphics Technology
Mechanical drawing instruments have been a tremendous aid for the creation of
engineering graphics. These instruments greatly improve the precision with which
graphics can be produced and reproduced, reducing any distortion and making
analyses easier and more accurate. The improvement of engineering graphics tech-
nology over the years has been a major factor in the improvement of engineering
design and communication.

1.04.01 Early Years
Up until the time of the Renaissance, most drawing was done by hand without
mechanical devices, because none were available. As a result, many of the drawings that
were made to depict some sort of engineering device were distorted. The amount of dis-
tortion depended on the skill of the person making the drawing. Two-dimensional
(2-D) drawings were common because they were easy to make. Attempts at drawing
objects showing depth had mixed results. Leonardo da Vinci was one of few people who
was good at it, but he was also a skillful artist. In general, though, handmade drawings
were good for conveying ideas and some rough sizing. They were poor when precision
was necessary, mostly because it was not possible to determine exact sizes from them.
In fact, the inch and foot as units of measurement in Europe were not standardized
until the twelfth century, and the meter was not defined until the eighteenth century.
As a result, when different craftsmen built the same item, the sizes of the parts would
be slightly different. Those differences made part interchangeability, and thus mass
production, extremely difficult.

1.04.02 Instrument Drawing
Early instruments used to make drawings included straightedges with graduated
scales, compasses and dividers, and protractors. They were generally custom-made
items for the convenience of those who could afford them. Mechanical instruments for
drawing did not become widely available until the industrial revolution, when, for a
reasonable cost, machines could produce accurate instruments for both drawing and
measuring. Both standardized units and accurate drawings made it possible for differ-
ent fabricators to make the same part. With careful specifications, those parts would be
interchangeable between the devices in which they functioned. Now that engineering
drawing made it possible to fabricate the same part at different manufacturers, engi-
neering drawing became a valuable means of communication.

From the industrial revolution to the late twentieth century, drawing instruments
slowly improved in quality and became less expensive. Drawing instrument technology
reached its most effective and highest level of use during the 1970s. Some companies
and individuals today still retain, and even prefer, to use mechanical instruments for
making engineering drawings. Classic drawing instruments, some of which are shown
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in Figure 1.25, are available from architecture, art, and engineering supply shops; these
instruments include the following:
■ Drafting board—a large, flat table with straight, square edges for alignment of

drawing instruments
■ Drawing vellum—a tough, dimensionally stable, and age-resistant paper on which

drawings are made when placed on the drafting board
■ T square—an instrument used to make horizontal and vertical lines by using the

edges of the drafting board for reference
■ Triangle—an instrument used to make lines at common angles
■ Protractor—an instrument used to measure angles or make lines at arbitrary angles
■ Scale—an instrument used to measure linear distances
■ Drafting machine—a special machine used to hold scales at arbitrary angles while

the scales are allowed to translate across the drawing, thus replacing many of the
previously listed instruments

■ Compass—an instrument used to make circles and arcs
■ French curve—an instrument used to make curves
■ Template—an instrument used to make common shapes

Using pencil or ink, engineers use instruments to draw directly on the desired sized
vellum sheet. Large drawings are reproduced on special copy machines. Up until the 1980s,
engineering students often were burdened with having to learn how to use the drawing
instruments.

1.04.03 The Computer Revolution
During the 1970s, many large companies, particularly those in the automotive and
aerospace industries, recognized the advantages of computer-based drawing and
graphics: ease of storage and transmission of data, precise drawing data, and ease of
data manipulation when drawings needed to be changed. Several large companies
began developing computer-aided drawing (CAD) tools for their own use. Mainframe
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computers were just reaching the point where their cost, computation power, and stor-
age capability would support computer-based drawing. The CAD systems consisted of
computer terminals connected to a mainframe computer. However, the conversion to
computer-based drawing was slow. Mainframe computers were expensive, the user had
to have some computer skills, computer hardware and software were not very reliable,
and special input and output devices were necessary. Thus, the average engineer or
drafter still had a difficult time making the transition from mechanical tools to com-
puter-based tools.

In the late 1970s and early 1980s, several companies specializing in CAD developed
freestanding computer-drawing stations based on small independent computers called
workstations. Those companies marketed the computer hardware and software as a
complete, ready-to-operate unit known as a turnkey system. The workstation approach
to CAD made the software more affordable for smaller companies. Also, CAD software
became more sophisticated and easier to use. It began to grow in popularity. As personal
computers (PCs) began to proliferate in the 1980s, CAD software made specifically to
run on PCs became popular. One company that became a leader in this application was
Autodesk, with its AutoCAD software. Companies that formerly supplied mainframe
computer-based or turnkey CAD systems either quickly adapted their products for PC
use or went out of business. As PCs became more powerful, cheaper, easier to use, and
more prolific, CAD software did the same. Drafting boards were quickly replaced by
PCs. An example of a PC-based CAD system is shown in Figure 1.26.
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1.04.04 Graphics as a Design Tool
Computer-based three-dimensional (3-D) modeling as an engineering design tool
began in the 1980s. CAD was a great convenience, but it produced only drawings. In
this sense, CAD was just a very accurate instrument for making drawings. A drawing’s
representation of an object in three dimensions had to be visualized by the person read-
ing the drawing. It was the same for any fit or function of an assembly—the person
reading the drawing had to visualize it. One problem was that not all readers visualized
a drawing the same way. Three-dimensional modeling addressed those problems
directly. Unlike a 2-D CAD drawing, which was a collection of 2-D objects used to rep-
resent specified views of an object, computer-based solid models had 3-D properties.

The field of mechanical engineering quickly adopted 3-D modeling, calling it
solid modeling, for the design and analysis of mechanical parts and assemblies.
Extrusion or revolution of 2-D shapes created simple 3-D geometries. More complex
geometries were created by Boolean operation with simple geometries. The computer
calculated a 3-D pictorial image of the part, which the engineer could see on a com-
puter monitor. The biggest advantage of solid modeling over CAD was that it permit-
ted viewing a 3-D object from different perspectives, greatly easing the visualization
of a proposed object. Multiple parts could be viewed together as an assembly and exam-
ined for proper fitting. With solid modeling, graphics became more of an engineering
design tool, rather than merely a drawing tool. An example of a solid model for a sin-
gle part is shown in Figure 1.27. An assembly model is shown in Figure 1.28.
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FIGURE 1.27. Solid modeling allows a proposed
part to be easily visualized in a variety of
orientations.
Courtesy of D. K. Lieu

FIGURE 1.28. An assembly model of an Omnica 3.2-liter 
V-6 engine made from a collection of solid model parts.
Courtesy of SolidWorks Corporation
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As you may have realized, solid modeling required more computation power and
memory to process files than CAD did. That is why solid modeling was originally intro-
duced on computer workstations using UNIX operating systems, which were relatively
costly at the time. In the late 1980s, a new software algorithm increased the utility of
solid modeling by making it possible to link the sizes and locations of features on an
object to variables that could be input and changed easily. The process was known as
parametric design. Those products made it easy for an engineer to add, delete, or
change the geometry and sizes of features on a part and see the results almost immedi-
ately. Dynamic viewing, which enabled the engineer to twist and turn the part image in
real time, was also a powerful software feature. A particular facility of that software—
the quick and easy extraction of engineering drawings from the 3-D model—made the
total software package a valuable drawing tool as well as a modeling tool.

As PCs continued to become more powerful, in the 1990s solid modeling was
introduced as a PC software product. The migration of solid modeling from expensive
workstations to less expensive PCs made the software popular among small companies
and individuals. The later development of new graphical user interfaces, such as the
one shown in Figure 1.29, as opposed to the text menus prevalent at the time, made
solid modeling easy to use, even for casual users. PC-based solid modeling with graphi-
cal user interfaces soon became a standard.

1.04.05 Graphics as an Analysis Tool
Prior to the 1970s, before the days of inexpensive digital computers and handheld cal-
culators, many types of mathematical problems were solved using graphical tech-
niques. Those types of problems included graphical vector analysis, roots and
intersections of nonlinear functions, and graphical calculus. Numerical techniques
now solve these problems more quickly and easily than graphical techniques, so graph-
ical techniques are not used much anymore. Although solid modeling has decreased
the usefulness of descriptive geometry as an analytical tool in many mechanical engi-
neering applications, descriptive geometry still has useful applications in some large-
scale civil, architectural, and mining projects. For the most part, drafting boards have
been replaced with computers and CAD software, considerably improving accuracy as
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FIGURE 1.29. The graphical
user interface of a solid model-
ing software program.
Courtesy of SolidWorks Corporation
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well as ease of use. However, the classical methods of finding distances, areas, inclines,
and intersections used for land characterization and modifications are still used. Many
recent large-scale construction and landscaping projects, such as the one shown in
Figure 1.30, used classical 2-D graphical analysis and presentation methods.

Using solid modeling, the calculation of important mechanical properties of parts
and assemblies can be done easily. The volume that a part or assembly occupies usually
can be calculated with a single command after the computer model has been built.
Properties of volume, such as mass, center of mass, moments of inertia, products of
inertia, and principal axes, can also be calculated. Without a solid modeler, the calcula-
tion of these properties would be laborious, especially for complex geometries.

The analysis capability of 3-D modeling also has made it popular for certain types
of analyses in civil engineering applications. Two-dimensional topographic maps, such
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FIGURE 1.30. Design of many
large structures, such as the
Forth Road Bridge, Scotland,
shown here, still requires the
use of classical two-dimensional
drawing and analysis 
techniques.
Sources: Photo by William G.
Godden. Reprinted with permission
from EERC Library, Univ. of
California, Berkeley, above. Photo
by Fredrick T. Godden. Reprinted
with permission from EERC
Library, Univ. of California,
Berkeley, below.
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as the one shown in Figure 1.31, shows land elevations at development sites for pro-
posed residential areas before and after the addition of roads and building pads. The
elevation contours of the land change, because certain locations are excavated while
other locations are filled with earth to accommodate the roads and pads.

The use of 3-D land models, shown in Figure 1.32, generated from surveying data
has made it easier for both engineers and nonengineers to visualize the appearance of a
landscape before and after a proposed development. Further, the analytical capability
of 3-D modeling in civil engineering applications has made it possible to quickly calcu-
late the volumes of earth that must be removed or added to accommodate the develop-
ment. It is even possible to match the total addition to the total removal of earth to
minimize the volume changed from the site.
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FIGURE 1.31. Classical 
two-dimensional presentation
of land-height contours, 
natural landscape (top) and
development for roads and
housing (bottom). 
Images courtesy of Autodesk
Corporation.
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1.04.06 Graphics as a Presentation Tool
An engineer must be able to communicate not only ideas and designs but also precise
engineering data. Whether this data is empirical, as collected from experiments, or ana-
lytical, as calculated from mathematical models, they must be presented so other
people can understand them quickly and easily. Traditional methods of data presenta-
tion are in the form of charts and graphs. Charts include familiar items such as pie
charts and bar charts commonly used for presenting data to the general public.
Graphs, which are usually more technical, show data trends when the relationship
between two or more variables is plotted on orthogonal axes. Examples of these types of
data presentation are shown in Figure 1.33.

chapter 1 An Introduction to Graphical Communication in Engineering 1-27

FIGURE 1.32. Three-
dimensional images of the
contours shown in the previous
figure, original land (top) and
modifications to accommodate
roads and buildings (bottom).
Courtesy of Autodesk ® Civil 3D ©
2005 software.
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FIGURE 1.33. Data presenta-
tion and analysis is a vital part
of engineering.
Courtesy of D. K. Lieu 
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Three-dimensional modeling software is also used to build geometric models that
can be exported for finite element analysis (FEA). FEA is a numerical analysis method
used to calculate results such as stress distribution, temperature distribution, or defor-
mation in a part. Although FEA usually is not considered a formal part of engineering
graphics, one of the most efficient and effective methods of presenting FEA results is to
show the predicted contours of variables such as stress, deflection, or temperature atop
a pictorial of the object. Different colors are used to represent different magnitudes of a
variable. For example, Figure 1.34 shows how a solid model of the teeth, steel, and mag-
nets of a small electric motor are created for geometry analysis. The same model is then
used to generate a FEA mesh in preparation for an analysis of the magnetic-flux density
distribution in the structure. The flux densities are calculated and their contours are
plotted directly atop the original solid model image to show the location and magnitude
of the flux densities in the motor.

A popular and effective data presentation method is to show the stress distribution
in a part by plotting stress contours directly on the part image, as shown in Figure 1.35.
In this way, the location and level of the highest stress in the part can be located easily.
The same technique can be used for plotting the temperature distribution and mag-
netic flux densities in a part.
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FIGURE 1.34. A three-
dimensional model (top) of an
electric motor is used to create a
FEM mesh (center) from which
magnetic flux densities can be
calculated and presented 
(bottom).
Courtesy of D. K. Lieu
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The Modern Role of Engineering Graphics
Although the role of engineering graphics has evolved over the years, many aspects
remain the same. Graphics remains the medium for communicating ideas and techni-
cal information. The best way to communicate an idea for a part or device is to show a
picture of it. In the past, the pictures were crude handmade drawings, which required
time and skill to create. Now pictures are computer-generated images of 3-D models
that can be turned and rotated so they are viewable from any direction, providing more
accurate depictions. Because the models are easy to create, many variations can be cre-
ated and viewed in a short time. This advantage makes 3-D modeling useful not only as
a means of communication but also as a means of design.

Recording the history of a design also remains an important role of engineering
graphics. In the past, recording the history of designs usually meant saving master
hard-copy drawings in cabinets in some sort of vault. The smallest change in a design
meant changing the master copy and then sending updated copies of the master to
whoever needed them. Copies commonly suffered distortion or reduced resolution due
to the machines that made the copies. While hard-copy drawings are still necessary,
most drawing data are now stored as electronic files. There are enormous advantages in
the cataloging, retrieval, and transmission of data stored in this manner. Today model
and drawing data and their updates can be sent across the world in a fraction of a sec-
ond with no loss in resolution.

Engineering graphics remains an analysis tool, but the type of analysis has
changed. Graphical means are no longer used to solve vector algebra, mathematics, or
calculus problems. Instead, graphical models are now used to do things like examine
the proper fit and function of parts within assemblies. Using 3-D models, engineers
can examine parts in their final assembled state for proper motion and location.
Engineers can extract the volumetric and inertial properties of the parts and assem-
blies, to ensure that they fit as specified. Based on externally applied forces, the stresses
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FIGURE 1.35. Graphical repre-
sentation of stress, such as that
produced by forces applied to
the part shown, is an important
part of presenting the results of
a finite element analysis.
Courtesy of SolidWorks Corporation

1.05
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and deflections in the material also can be examined to ensure that failure of the device
does not occur.

Formal engineering drawing remains a part of the overall design process. The tra-
ditional role of formal engineering drawings was to ensure that parts would be fabri-
cated to specified sizes, that they would appear as specified, and that various parts
would fit together properly. Prior to the 1990s, most engineering graphics classes con-
centrated on drawing technique and accuracy and on proper use of mechanical draw-
ing instruments. Since engineering drawings can now be created easily and accurately
with computers and software tools, the effort required by the formal drawing process is
greatly reduced from what it was in the past. Since most computer graphics tools are
easy to master, modern graphics classes concentrate mainly on visualization, analysis,
function, and optimization of designs.

The development of visualization skills is a particular goal of modern engineering
graphics courses. Developing visualization skill is necessary for envisioning, specifying,
and creating complex designs with functional features in the three-spatial dimensions.
Traditionally, these skills are developed through hand-eye coordination involving physi-
cal parts. Hands-on experience, such as repairing an automobile or a bicycle, constructing
models, or playing with building toys, is helpful for developing visualization skills. In an
engineering graphics curriculum, these skills can be developed by doing special visualiza-
tion exercises and by building and working with solid models. Another method of
developing visualization skills is to disassemble and reassemble engineered devices in a
process known as mechanical dissection. During this process, students examine the oper-
ating concepts and their practical implementation, as shown in Figure 1.36.

Sketching also has proven to be a valuable technique for developing visualization
skills, as shown in Figure 1.37. Sketches, which can be prepared quickly, provide a sim-
ple graphical representation of an idea with a great deal of information on concepts
and appearance, without the need for formal drawing tools. For this reason, even
though powerful computers and software are available, sketching remains a part of
engineering graphics, both as a learning tool and as a practical skill, as you will see
throughout this textbook.
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FIGURE 1.36. The construction
and function of a device can be
learned from its disassembly,
examination, and reassembly in
a process known as mechanical
dissection.
Courtesy of D. K. Lieu
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Chapter Summary
The history of graphical communication has shown it to be vital in nearly all aspects of
engineering. The development of technology, tools, and techniques used for engineering
graphics has advanced, with all of the developments supporting each other. Technological
tools have made the tasks associated with classical engineering graphics much easier. The
technical sophistication and simple human interface of new tools have enabled engineers
to concentrate on learning and developing the techniques offered by the tools, instead of
merely operating the tools. Advances in computing, modeling, and display tools have
increased the speed and accuracy with which communication, visualization, and analytical
problems are performed. More complex designs can be produced more quickly with better
functionality and fewer errors than in the past. Engineering drawing has become quicker
and simpler; making it possible for engineers to concentrate on what they do best, which is
to examine the functionality of a design and to optimize it for its intended environment.
Engineers have new responsibilities associated with the new tools, including following
protocols for the construction of proper computer models, the electronic transmission of
data, and data management.
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FIGURE 1.37. Sketching is not
only a useful skill but also an
excellent exercise for developing
spatial reasoning abilities.
Courtesy of D. K. Lieu

1.06

assembly: A collection of parts that mate together to
perform a specified function or functions.
CAD: Computer-aided drawing. The use of computer
hardware and software for the purpose of creating,
modifying, and storing engineering drawings in an elec-
tronic format.
descriptive geometry: A two-dimensional graphical
construction technique used for geometric analysis of
three-dimensional objects.

design (noun): An original manifestation of a device
or method created for performing one or more useful
functions.
design (verb): The process of creating a design (noun).
drawing: A collection of images and other detailed
graphical specifications intended to represent physical
objects or processes for the purpose of accurately re-cre-
ating those objects or processes.

1.07 glossary of key terms
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engineer (verb): To plan and build a device that does
not occur naturally within the environment.
engineer (noun): A person who engages in the art of
engineering.
engineering: The profession in which knowledge of
mathematical and natural sciences gained by study,
experience, and practice is applied with judgment to
develop and utilize economically the materials and
forces of nature for the benefit of humanity.
fabricate: To make something from existing materials.
image: A collection of printed, displayed, or imagined
patterns intended to represent real objects, data, or
processes.
instruments: In engineering drawing, mechanical
devices used to aid in creating accurate and 
precise images.
model: A mathematical representation of an object or a
device from which information about its function,
appearance, or physical properties can be extracted.
optimization: Modification of shapes, sizes, and other
variables to achieve the best performance based on pre-
defined criteria.

part: A single object fabricated to perform one or more
functions.
project: In engineering, a collection of tasks that 
must be performed to create, operate, or retire a system
or device.
solid modeling: Three-dimensional modeling of parts
and assemblies originally developed for mechanical
engineering use but presently used in all engineering
disciplines.
system: A collection of parts, assemblies, structures,
and processes that work together to perform one or
more prescribed functions.
three-dimensional (3-D) modeling: Mathematical
modeling where the appearance, volumetric, and inertial
properties of parts, assemblies, or structures are created
with the assistance of computers and display devices.
two-dimensional (2-D) drawing: Mathematical
modeling or drawing where the appearance of parts,
assemblies, or structures are represented by a collection
of two-dimensional geometric shapes.
visualization: The ability to create and manipulate
mental images of devices or processes.

1.07 glossary of key terms (continued)

1. Why are most cave drawings and hieroglyphics not
considered to be engineering drawings?

2. In what ways did the design of military fortifications
change after the discovery of gunpowder and the
invention of the cannon?

3. Why did engineering drawings need to become more
precise during the industrial revolution?

4. What were the three traditional roles of engineering
graphics?

5. What are some of the new roles of engineering
graphics created by computer graphics?

6. What are some of the advantages and disadvantages of
using mechanical drawing instruments, as opposed to
mathematical tools, for problem solving?

7. What are some of the advantages and disadvantages of
using mechanical drawing instruments, as opposed to
computational tools, for problem solving?

8. How is solid modeling different from CAD?

9. What is visualization?

10. In what ways can visualization skills be developed?

1.08 questions for review

Graphical communications makes the lives of engineers
easier in many ways. The following exercises are intended
to give you a feeling of what communication and analysis
would be like without the tools and techniques used in
engineering graphics. Do not become discouraged if you
find these exercises to be difficult or cumbersome or if 

you find that the results are not accurate, which is the
point of these exercises. In the chapters that follow, you
will be introduced to methods of addressing the difficul-
ties you encounter here.
1a. Do this exercise with one of your classmates. Select

one or more of the objects shown in Figure P1.1, but

1.09 problems
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do not show the object(s) to your partner. Using only
words, give your partner a complete description of
the objects you selected. Then have your partner
sketch a picture of the objects based on your verbal
descriptions. Reverse roles using different objects.
What errors occurred between the objects that were
being described and the objects that were envi-
sioned? What can be done to reduce these errors?

1.09 problems (continued)

(a) (b)

(c) (d)

(e) (f)

FIGURE P1.1. (a)–(f)  Verbally describe these objects to your
partner; then have your partner sketch a picture of the object.
Courtesy of D. K. Lieu

but do not show the figure(s) to the rest of the
group. Make sketches of the object(s) you have
selected, give them to the first person in the group,
have that person examine them carefully, and then
retrieve your sketches. Have that person use the
memory of your sketches to make new sketches.
Then give the new person’s sketches to the second
person in the group. Do not show the previous
sketches to the new person. Repeat for all of the
classmates in the group. When the last person is
done, compare the final set of sketches to the
objects selected by the first person in the original
figure. What errors occurred between the final
sketches and the objects that were selected? What
happens to the sketches with each revision? What
can be done to reduce these errors?

(a) (b)

(c) (d)

(e) (f)

FIGURE P1.2. (a)–(f)  Show one or more of these objects to
your partner and have your partner sketch the object(s) from
memory. Repeat the process with the newly created sketch.
Compare the sketch to the original object.
Courtesy of D. K. Lieu

1b. Give a third classmate the sketches made in Part A of
this exercise. Without revealing what the original
objects in the figure look like, give a complete
description of the errors in the sketches and have
this person make corrections to the sketches.
Reverse roles using different objects. How much
closer are the sketches to representing the objects
shown in the figure? What additional problems
occur when a third person is involved?

2. Do this exercise with a group of classmates. Select
one or more of the objects shown in Figure P1.2
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3. For the geometric elements shown in each of the
three panels of Figure P1.3, develop formulas for
finding the length, angle, area, or volume, whichever
is required in each panel, using analytical methods.
Generalize the solution in terms of x-, y-, and 
z-coordinates of the points given. What problems
do you envision if the person making the calcula-
tions has no access to computers, calculators, or
any other computational aids? What happens to
the solution formulas as the geometries become more
complicated or are rotated and translated in space?

1.09 problems (continued)

x y

z

x y

z

x y

z

(a) Shortest distance between the lines and equation of the connector.

(b)  Area and center-of-mass of the plane.

(c)  Volume and center-of-mass of the solid.

a b

c

d

ef

g

(x1,y1,z1)

(x2,y2,z2)

(x3,y3,z3)

(x1,y1,z1)

(x2,y2,z2)

(x3,y3,z3)

(x4,y4,z4)

FIGURE P1.3. (a)–(c)  Find the specified geometric properties
of the objects.
Courtesy of D. K. Lieu
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Sketching

objectives
After completing this chapter, you should be able to
● Explain the importance of sketching in the engineering

design process
● Make simple sketches of basic shapes such as lines, circles,

and ellipses
● Use 3-D coordinate systems, particularly right-handed

systems
● Draw simple isometric sketches from coded plans
● Make simple oblique pictorial sketches
● Use advanced sketching skills for complex objects

2

2-1
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Sketching in the Engineering Design Process
As you may remember from Chapter 1, engineers communicate with one another pri-
marily through graphical means. Those graphical communications take several forms,
ranging from precise, complex drawings to simple sketches on the back of an envelope.
Most of this text is focused on complex drawings; however, this chapter focuses on sim-
ple sketches.

Technically speaking, a sketch is any drawing made without the use of drawing
instruments such as triangles and T squares. Some computer graphics packages allow
you to create sketches; however, you will probably be more creative (and thus more
effective) if you stick to hand sketching, particularly in the initial stages of the design
process. In fact, carefully constructed, exact drawings often serve as a hindrance to cre-
ativity when they are employed in the initial stages of the design process. Typically, all
you need for sketching are a pencil, paper, an eraser, and your imagination.

Your initial sketches may be based on rough ideas. But as you refine your ideas, you
will want to refine your sketches, including details that you left out of the originals. For
example, suppose you were remodeling the bathroom in your house. Figure 2.01 shows
two sketches that define the layout of the bathroom, with details added as ideas evolve.
Once you have completed the layout to your satisfaction, you can create an official
engineering drawing showing exact dimensions and features that you can give to the
contractor who will perform the remodeling work for you.

When engineers sit down to brainstorm solutions to problems, before long, one
of them usually takes out a sheet of paper and sketches an idea on it. The others in the

2-2 sectionone Laying the Foundation

S ketching is one of the primary modes of communication in the initial stages
of the design process. Sketching also is a means to creative thinking. It has
been shown that your mind works more creatively when your hand is

sketching as you are engaged in thinking about a problem.
This chapter focuses on one of the fundamental skills required of engineers

and technologists—freehand sketching. The importance of sketching in the initial
phases of the design process is presented, as are some techniques to help you cre-
ate sketches that correctly convey your design ideas. The definition of 3-D coordi-
nate systems and the way they are portrayed on a 2-D sheet of paper will be
covered, along with the difference between right-handed and left-handed coordi-
nate systems. The chapter will investigate how to create simple pictorial sketches.
Finally, the advanced sketching techniques of shading and cartooning will be pre-
sented with a framework for creating sketches of complex objects. You will begin
to explore these topics in this chapter and will further refine your sketching abili-
ties as you progress through your graphics course.

2.01 
introduction

2.02 

Tub L.C.

Sink Toilet

Door

7'

8'
FIGURE 2.01. Sketches for a
bathroom remodel. 
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discussion may add to the original sketch, or they may create sketches of their own.
The paper-and-pencil sketches then become media for the effective exchange of ideas.
Although few “rules” regulate the creation of sketches, you should follow some gen-
eral guidelines to ensure clarity.

Sketching Lines 
Most of your sketches will involve basic shapes made from lines and circles. Although
you are not expected to make perfect sketches, a few simple techniques will enable you
to create understandable sketches.

When drawing lines, the key is to make them as straight as possible. If you are right-
handed, you should sketch your vertical lines from top to bottom and your horizontal
lines from left to right. If you are sketching an angled line, choose a direction that
matches the general inclination of the line—for angled lines that are mostly vertical,
sketch them from top to bottom; for angled lines that are mostly horizontal, sketch
them from left to right. If you are left-handed, you should sketch your vertical lines from
top to bottom, but your horizontal lines from right to left. For angled lines, left-handed
people should sketch from either right to left or top to bottom, again depending on the
inclination of the line. To keep your lines straight, focus on the endpoint as you sketch.
The best practices for sketching straight lines are illustrated in Figure 2.02.
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2.03 

For right-handed people:

For left-handed people:

eyes focused
on end

eyes focused
on end

eyes focused
on end

eyes focused
on end

FIGURE 2.02. Techniques for
sketching straight lines.
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You also can try rotating the paper on the desk to suit your preferences. For exam-
ple, if you find that drawing vertical lines is easiest for you and you are confronted with
an angled line to sketch, rotate the paper on the desk so you can sketch a “vertical” line.
Or you can rotate the paper 90 degrees to sketch a horizontal line. Figure 2.03 illus-
trates rotation of the paper to create an angled line.

One last point to consider when sketching lines is that you initially may have to
create “long” lines as a series of connected segments. Then you can sketch over the
segments in a continuous motion to make sure the line appears to be one entity and
not several joined end to end. Using segments to define long lines is illustrated in
Figure 2.04.

Sketching Curved Entities
Arcs and circles are other types of geometric entities you often will be required to
sketch. When sketching arcs and circles, use lightly sketched square bounding boxes
to define the limits of the curved entities and then construct the curved entities as tan-
gent to the edges of the bounding box. For example, to sketch a circle, you first lightly
sketch a square (with straight lines). Note that the length of the sides of the bounding
box is equal to the diameter of the circle you are attempting to sketch. At the centers of
each edge of the box, you can make a short tick mark to establish the point of tan-
gency for the circle, then draw the four arcs that make up the circle. Initially, you may
find it easier to sketch one arc at a time to complete the circle; but as you gain experi-
ence, you may be able to sketch the entire circle all at once. Figure 2.05 shows the pro-
cedure used to sketch a circle by creating a bounding box first.

One problem you may have when using a bounding box to sketch a circle occurs
when the radius of the circle is relatively large. In that case, the arcs you create may be
too flat or too curved, as shown in Figure 2.06. To avoid this type of error, you might
try marking the radius at points halfway between the tick marks included on the
bounding box. Using simple geometry, when you draw a line between the center of
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Piece of paper
rotated

Angled line
on paper

FIGURE 2.03. Rotating the
paper to draw an angled line.

Lightly sketch
line in segments

Darken line in one
continuous motion

FIGURE 2.04. Sketching long
lines in segments.

2.04 
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Bounding box
with circle center

Radial tick
marks added to
boundary box

First arc drawn Second arc drawn Circle complete

FIGURE 2.05. Sketching a circle using a bounding box.

Cricle arcs too "flat" Circle arcs too "curved"

FIGURE 2.06. Circles sketched either too flat or too curved.

the circle and the corner of the bounding box, the radius is about two-thirds of the
distance (technically, the radius is 0.707, but that number is close enough to two-
thirds for your purposes). Then you can include some additional tick marks around
the circle to guide your sketching and to improve the appearance of your circles. This
technique is illustrated in Figure 2.07.

Sketching an arc follows the same general procedure as sketching a circle, except
that your curved entity is only a portion of a circle. Sketching an ellipse follows the
same general rules as sketching a circle, except that your bounding box is a rectangle
and not a square. Sketching arcs and ellipses is illustrated in Figure 2.08.

1/3

2/3

Boundary box
with intermediate
tick marks

Circle drawn
correctly

FIGURE 2.07. Using intermediate radial tick marks for large circles.
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Construction Lines 
Similar to the way you used bounding boxes to create circles and ellipses, other con-
struction lines help with your sketching. Using construction lines, you outline the shape
of the object you are trying to sketch. Then you fill in the details of the sketch using the
construction lines as a guide. Figure 2.09 shows the front view of an object you need to
sketch. To create the sketch, you lightly draw the construction lines that outline the
main body of the object and then create the construction lines that define the promi-
nent features of it. One rule of thumb is that construction lines should be drawn so
lightly on the page that when it is held at arm’s length, the lines are nearly impossible to
see. The creation of the relevant construction lines is illustrated in Figure 2.10.

Using construction lines as a guide, you can fill in the details of the front view of
the object until it is complete. The final result is shown in Figure 2.11.

Another way you can use construction lines is to locate the center of a square or
rectangle. Recall from your geometry class that the diagonals of a box (either a rectan-
gle or a square) intersect at its center. After you create construction lines for the edges
of the box, you sketch the two diagonals that intersect at the center. Once you find the
center of the box, you can use it to create a new centered box of smaller dimensions—a
kind of concentric box. Locating the center of a box and creating construction lines for
a newly centered box within the original box are illustrated in Figure 2.12.

Once you have created your centered box within a box, you can sketch a circle using
the smaller box as a bounding box, resulting in a circle that is centered within the larger
box as shown in Figure 2.13. Or you can use these techniques to create a square with
four holes located in the corners of the box as illustrated in Figure 2.14.
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FIGURE 2.09. The front view of
an object to sketch.

FIGURE 2.10. Construction lines
used to create a sketch.

FIGURE 2.11. Completed sketch
using construction lines as a guide.

2.05

Sketching an ellipseSketching an arc

FIGURE 2.08. Using boundary boxes to sketch arcs and ellipses.
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New box centered
within original box

Diagonals of box

Box center

FIGURE 2.12. Creating concentric bounding boxes.

Circle centered in squareConcentric bounding boxes

FIGURE 2.13. Sketching a circle in a box.

Final sketch of rectangle
with 4 circles in corners

Diagonals added
to locate centers of
smaller circles

Diagonals locate
box center

Horizontal and vertical line
create 4 smaller boxes

FIGURE 2.14. Using diagonal construction lines to locate centers.
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Coordinate Systems
When sketching, you often have to portray 3-D objects on a flat 2-D sheet of paper. As
is usually the case with graphical communication, a few conventions have evolved over
time for representing 3-D space on a 2-D sheet of paper. One convention, called the 
3-D coordinate system, is that space can be represented by three mutually perpen-
dicular coordinate axes, typically the x-, y-, and z-axes. To visualize those three axes,
look at the bottom corner of the room. Notice the lines that are formed by the intersec-
tion of each of the two walls with the floor and the line that is formed where the two
walls intersect. You can think of these lines of intersection as the x-, y-, and z-coordinate
axes. You can define all locations in the room with respect to this corner, just as all
points in 3-D space can be defined from an origin where the three axes intersect.

You are probably familiar with the concept of the three coordinate axes from your
math classes. In Figure 2.15, a set of coordinate axes, notice the positive and negative
directions for each of the axes. Typically, arrows at the ends of the axes denote the pos-
itive direction along the axes.

For engineering, the axes usually define a right-handed coordinate system. Since
most engineering analysis techniques are defined by a right-handed system, you should
learn what this means and how to recognize such a system when you see it. A right-
handed system means that if you point the fingers of your right hand down the pos-
itive x-axis and curl them in the direction of the positive y-axis, your thumb will point
in the direction of the positive z-axis, as illustrated in Figure 2.16. This procedure is
sometimes referred to as the right-hand rule.

Another way to think about the right-hand rule is to point your thumb down the
positive x-axis and your index finger down the positive y-axis; your middle finger will
then automatically point down the positive z-axis. This technique is illustrated in
Figure 2.17. Either method for illustrating the right-hand rule results in the same set of
coordinate axes; choose the method that is easiest for you to use.

2.06 

x

y

z

negative
z direction

negative
x direction

negative
y direction

FIGURE 2.15. The x-, y-, and z- coordinate axes.
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(a)

(b) (c)

FIGURE 2.16. Curling the fingers to check for a right-handed coordinate system in (a) and
alternative presentations of right-handed coordinate systems in (b) and (c).

x

y

z

FIGURE 2.17. An alternative method to check for a right-handed coordinate system.
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Notice that if you try either technique with your left hand, your thumb (or middle
finger) will point down the negative z-axis, as illustrated in Figure 2.18.

A left-handed system is defined similarly to a right-handed system, except that
you use your left hand to show the positive directions of the coordinate axes. Left-
handed systems are typically used in engineering applications that are geologically
based—positive z is defined as going down into the earth. Figure 2.19 illustrates left-
handed coordinate systems. (Use the left-hand rule to verify that these are left-handed
coordinate systems.)

The question remains about how to represent 3-D space on a 2-D sheet of paper
when sketching. The answer is that the three coordinate axes are typically represented as
oblique or isometric, depending on the preferences of the person making the sketch.
You are probably most familiar with oblique representation of the coordinate axes,
which seems to be the preferred method of many individuals. With this method, two
axes are sketched perpendicular to each other and the third is drawn at an angle, usually
45 degrees to both axes. The angle of the inclined line does not have to be 45 degrees, but
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FIGURE 2.19. Left-handed coor-
dinate systems.
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(a)

(b)

FIGURE 2.18. The result of
using the left hand to test for a
right-handed coordinate system.
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it is usually sketched that way. Your math teachers probably sketched the three coordi-
nate axes that way in their classes. Figure 2.20 shows multiple sets of coordinate axes
drawn as oblique axes. Notice that all of the coordinate systems are right-handed sys-
tems. (Verify this for yourself by using the right-hand rule.)

Another way of portraying the 3-D coordinate axes on a 2-D sheet of paper is
through isometric representation. With this method, the axes are projected onto the
paper as if you were looking down the diagonal of a cube. When you do this, the axes
appear to be 120 degrees apart, as shown in Figure 2.21. In fact, the term isometric comes
from the Greek iso (meaning “the same”) and metric (meaning “measure”). Notice that
for isometric axes representations, the right-hand rule still applies.

Isometric axes also can be sketched with one of the axes extending in the “oppo-
site” direction. This results in angles other than 120 degrees, depending on the orienta-
tion of the axes with respect to the paper, as shown in Figure 2.22.
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FIGURE 2.20. An oblique repre-
sentation of right-handed coor-
dinate systems.
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120˚120˚

120˚

FIGURE 2.21. An isometric representa-
tion of a right-handed coordinate system.
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60˚

60˚

FIGURE 2.22. An isometric
representation of axes with
angles less than 120 degrees.
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Grid or dot paper can help you make isometric sketches. With isometric dot
paper, the dots are oriented such that when you sketch lines through the dots, you
end up with standard 120 degree axes. With grid paper, the lines are already drawn at
an angle of 120 degrees with respect to one another. Isometric grid paper and isometric
dot paper are illustrated in Figure 2.23.

Isometric Sketches of Simple Objects
Creating isometric drawings and sketches of complex objects will be covered in more
detail in a later chapter; however, this section serves as an introduction to the topic for
simple objects. Mastering the techniques used to create isometric sketches of simple
objects may help as you branch out to tackle increasingly complex objects. Figure 2.24
shows how isometric grid paper is used to sketch a 3 × 3 × 3 block. Notice that there is
more than one orientation from which the block can be sketched on the same sheet of
grid paper. Ultimately, the orientation you choose depends on your needs or preferences.

Coded plans can be used to define simple objects that are constructed entirely out
of blocks. The numerical values in the coded plan represent the height of the stack of
blocks at that location. The object then “grows” up from the plan according to the num-
bers specified. Figure 2.25 shows a coded plan on isometric grid paper and the object
that results from it.

The object shown in Figure 2.25 clearly outlines all of the blocks used to create it.
When isometric sketches of an object are made, however, standard practice dictates
that lines appear only where two surfaces intersect—lines between blocks on the same
surface are not shown. Figure 2.26 shows the object from Figure 2.25 after the
unwanted lines have been removed. Notice that the only lines on the sketch are those
formed from the intersection of two surfaces. Also notice that object edges hidden
from view on the back side are not shown in the sketch. Not showing hidden edges on
an isometric pictorial also is standard practice in technical sketching.
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FIGURE 2.23. Isometric grid
and dot paper.

2.07

FIGURE 2.24. Using isometric
grid paper to sketch a block.
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Sometimes when you are creating an isometric sketch of a simple object, part of
one surface is obscured by one of the more prominent features of the object. When cre-
ating the sketch, make sure you show only the visible part of the surface in question, as
illustrated in Figure 2.27.

Figure 2.28 shows several coded plans and the corresponding isometric sketches.
Look at each isometric sketch carefully to verify that it matches the defining coded
plan: those lines are shown only at the edges between surfaces (not to define each
block), that no hidden edges are shown, and that only the visible portions of partially
obscured surfaces are shown.

1
1

3
2

CODED PLAN
OBJECT CREATED
WITH BLOCKS

FIGURE 2.25. A coded plan and
the resulting object.

1
1

3
2

CODED PLAN
ISOMETRIC 
SKETCH

Edge where two
surfaces intersect

FIGURE 2.26. A properly drawn
isometric sketch of the object
from the coded plan.

1
3

2

CODED PLAN

ISOMETRIC 
SKETCH

Partially
obscured
surface

FIGURE 2.27. The partially
obscured surface on an isomet-
ric sketch.
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2.07.01 Circles in Isometric Sketches
Look back at the 3 × 3 × 3 block shown in Figure 2.24. In reality, you know that all of
the surfaces of the block are 3 × 3 squares; yet in the isometric sketch, each surface is
shown as a parallelogram. The distortion of planar surfaces is one disadvantage of cre-
ating isometric sketches. The isometric portrayal of circles and arcs is particularly diffi-
cult. Circles appear as ellipses in isometric sketches; however, you will not be able to
create a rectangular bounding box to sketch the ellipse in isometric as described earlier
in this chapter. To create an ellipse that represents a circle in an isometric sketch, you
first create a square bounding box as before; however, the bounding box will appear as
a parallelogram in the isometric sketch. To create your bounding box, locate the center
of the circle first. From the center, locate the four radial points. The direction you move
on the grid corresponds to the lines that define the surface. If you are sketching the cir-
cle on a rectangular surface, look at the sides of the rectangle as they appear in isomet-
ric and move that same direction on the grid. Figure 2.29 shows a 4 × 4 × 4 cube with a
circle center and four radial points located on one of the sides.

Once you have located the center of the circle and the four radial points, the next
step is to create the bounding box through the radial points. The edges of the bound-
ing box should correspond to the lines that define this particular surface. The edges
will be parallel to the edges of the parallelogram that define the surface if that surface
is square or rectangular. Figure 2.30 shows the cube with the circle center and the
bounding box located on its side.
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FIGURE 2.28. Four coded plans and the resulting isometric sketches.
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Circle
center

Parallel lines

Parallel lines

FIGURE 2.29. A cube with a circle center and radial points located.

Bounding box
through radial points

FIGURE 2.30. A cube with the circle center and bounding box on the side.

Four arcs that go through the radial points define the ellipse, just like an ellipse
drawn in a regular rectangular bounding box. The difference is that for the isometric
ellipse, the arcs are of varying curvatures—two long arcs and two short arcs in this case.
The arcs are tangent to the bounding box at the radial points, as before. It is usually
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best if you start by sketching the long arcs, and then add the short arcs to complete the
ellipse. Sketching the arcs that form the ellipse is illustrated in Figure 2.31.

Creating ellipses that represent circles on the other faces of the cube is accom-
plished in a similar manner, as illustrated in Figure 2.32 and Figure 2.33.
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Two
long arcs
sketched first

Short arcs added
to complete ellipse

FIGURE 2.31. Sketching arcs to form an ellipse.

Circle center
and radial 
points located

Bounding box
through radial points

Long arcs
sketched

Short arcs added
to complete ellipse

FIGURE 2.32. Sketching an ellipse on the top surface of a cube.

Circle center
and radial 
points located

Bounding box
through radial points

Long arcs
sketched

Short arcs added
to complete ellipse

FIGURE 2.33. Sketching an ellipse on the side face of a cube.
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2.07.02 Circular Holes in Isometric Sketches
One of the most common occurrences that produces a circular feature in an isometric
sketch is a hole in the object. You will learn more about circular holes and object features
in a later chapter, but a short introduction follows here. A circular hole usually extends
all the way through an object. In an isometric pictorial, a portion of the “back” edge of a
circular hole is often visible through the hole and should be included in your sketch. As
a rule of thumb, the back edge of a hole is partially visible when the object is relatively
thin or the hole is relatively large; when the object is thick or the diameter of the hole is
small, the back edge of the hole is not visible. Figure 2.34 shows two blocks with circular
holes going through them. Notice in the “thin” block that you can see a portion of the
back edge of the hole; in the thicker block, though, the back edge is not visible.

To determine whether a part of the back edge of a hole is visible in an isometric
sketch, you first need to locate the center of the back hole. To locate the back center,
start from the center of the hole on the front surface and move in a direction perpendi-
cular to the front surface toward the back of the object a distance equal to the object’s
dimension in that direction. Figure 2.35 shows the location of the center of the two
back circles for the objects in Figure 2.34.

chapter 2 Sketching 2-17

FIGURE 2.34. Blocks with circular holes in them.

Center of
back circle

Center of
back circle

FIGURE 2.35. Centers of back circles located.
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Starting from the back center point, lightly sketch the radial points and the
bounding box for the back circle similar to the way you did for the front circle. Then
add the long arc that is visible through the hole. (Note that only one of the long arcs is
typically visible through the hole.) Add segments of the short arcs as needed to com-
plete the visible portion of the back edge of the hole. Conversely, if after you sketch the
back bounding box you notice that no portion of the ellipse will be visible on the
sketch, do not include any arcs within the hole on the sketch and erase any lines associ-
ated with the bounding box. Figure 2.36 illustrates the inclusion and noninclusion of
segments of the back edges of holes for the objects in Figure 2.34 and Figure 2.35.

Oblique Pictorials
Oblique pictorials are another type of sketch you can create to show a 3-D object.
Oblique pictorials are usually preferred for freehand sketching because a specialized grid
is not required. With oblique pictorials, as with oblique axes, the three dimensions of
the object are shown with the height and width of the object in the plane of the paper
and the third dimension (the depth) receding off at an angle from the others. Although
the angle is usually 45 degrees, it can be any value.

The advantage that oblique pictorials have over isometric pictorials is that when
one face of the object is placed in the plane of the paper, the object will appear in its
true shape and size in that plane—it will be undistorted. This means that squares
remain squares, rectangles remain rectangles, and circles remain circles. Figure 2.37
shows two pictorial representations of simple objects—one in isometric and one in
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2.08 

ISOMETRIC PICTORIAL OBLIQUE PICTORIAL

FIGURE 2.37. A comparison of isometric and oblique pictorials.

Bounding box
for back circle

Bounding box
for back circle

Visible long arc

No arcs visible
through hole

FIGURE 2.36. Determining visibility of back circles.
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oblique. Notice that the rules established for isometric pictorial sketches also hold true
for oblique pictorial sketches—you do not show the hidden back edges, you show lines
only where two surfaces intersect to form an edge, and you show only the visible parts
of partially obstructed surfaces.

When making oblique sketches, the length of the receding dimension is not
too important. In fact, oblique pictorials typically look better when the true length of
the receding dimension is not shown. When the true length of an object’s receding
dimension is sketched, the object often appears distorted and unrealistic. Figure 2.38a
shows the true length of a cube’s receding dimension (use a ruler to make sure), and
Figure 2.38b shows the same cube with the receding dimension drawn at about one-
half to three-fourths its true length. Notice that the sketch in Figure 2.38a appears
distorted—it does not look very much like a cube—whereas the sketch in Figure 2.38b
looks like a cube.

Other conventions pertain to the way the receding dimension is portrayed in an
oblique sketch; you will learn about them in a later chapter. For now, you will concen-
trate on trying to make a sketch that looks proportionally correct.

When creating oblique pictorials, you can choose to have the receding dimension
going back and to the left or back and to the right. The direction you choose should
be the one that produces the fewest obstructed surfaces in the resulting sketch.
Figure 2.39 shows two possible sketches of the same object—one with the receding
dimension to the left and one with the receding dimension to the right. Notice that
the first sketch (Figure 2.39a) is preferable since none of the surfaces are obscured as
they are with the second sketch (Figure 2.39b).
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(a) Receding dimension drawn true length. (b)  Receding dimension drawn
        less than true length.

FIGURE 2.38. Oblique pictorials of a cube.

(a) (b)

FIGURE 2.39. Two possible orientations for an oblique pictorial.
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When creating an oblique pictorial, you should put the most irregular surface in
the plane of the paper. This is particularly true about any surface that has a circular fea-
ture on it. Figure 2.40 shows two different oblique pictorials of the same object. In the
first sketch (Figure 2.40a), the most irregular surface is placed in the plane of the paper
as it should be; in the second sketch (Figure 2.40b), the irregular surface is shown in the
receding dimension. Notice that the first sketch shows the features of the object more
clearly than the second sketch does.

2.08.01 Circular Holes in Oblique Pictorial Sketches
When circular holes appear in an oblique pictorial sketch, as with isometric sketches,
you show the partial edges of the back circle where they are visible through the hole.
Once again, partial circles are visible when the object is relatively thin or when the hole
has a relatively large diameter; otherwise, partial edges are not shown. Figure 2.41
shows two oblique sketches—one in which a portion of the back edge of the hole is vis-
ible and the other in which it is not.

The procedure you use to determine whether a portion of the back circle edge is
visible and, if so, which portion is visible follows the procedure outlined for isometric
sketches. You start by locating the center of the back edge of the hole and marking off
the four radial points. You then lightly sketch the bounding box that defines the cir-
cle. Finally, as needed, you sketch the visible portions of arcs within the circular hole.
Figure 2.42 shows the procedure used to sketch the visible back edges of a circular
hole in an oblique pictorial.
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(a) Irregular surface in
plane of paper.

(b) Irregular surface
in receding direction.

FIGURE 2.40. Two possible orientations for an oblique pictorial.

FIGURE 2.41. Oblique pictorials with circular holes in objects.
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Shading and Other Special Effects
One thing you can do to improve the quality of your pictorial sketches is to include
shading on selected surfaces to make them stand out from other surfaces or to pro-
vide clarity for the viewer. Figure 2.43 shows an isometric sketch with all of the top sur-
faces shaded. Notice that the shading better defines the object for the viewer. When
including shading on a pictorial sketch, try not to overdo the shading. Too much shad-
ing can be confusing or irritating to the viewer—two things you should avoid in effec-
tive graphical communication.

Another common use of shading is to show curvature of a surface. For example, the
visible portion of a hole’s curved surface might be shaded in a pictorial sketch. A curved
surface on an exterior corner also might be shaded to highlight its curvature. Figure 2.44
shows a pictorial sketch of a simple object with curved surfaces that are shaded.
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Bounding box
of back circle

Bounding box
of back circle

Visible arc
no arcs
visible in hole

FIGURE 2.42. Determining visi-
ble back arcs in a hole.

2.09 

FIGURE 2.43. An object with the
top surface shaded.

FIGURE 2.44. A simple object with two possible types of progressive shading used to
emphasize the curvature of surfaces.
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Other sketching techniques can be used to convey features such as smooth or
rough surfaces. Figure 2.45 shows different types of surface treatments that are possi-
ble for sketched objects.

You are probably familiar with techniques used in cartoons to convey ideas such as
motion, temperature, and sound. Figure 2.46 shows typical cartooning lines that con-
vey concepts not easily incorporated in a static sketch. Many of these same markings
can be used in technical sketches. For example, Figure 2.47 uses action lines to convey
motion for the sketch of linkages.

Sketching Complex Objects
As you refine your sketching skills, you will be able to tackle increasingly complex
objects. Figures 2.48, 2.49, and 2.50 show pictorial sketches of small electronic
devices. These sketches were not made to any particular scale, but were constructed
so the object features appear proportionally correct with respect to one another.
Notice the use of shading to enhance object appearance and to make the objects look
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(a)

(b)

(c)

FIGURE 2.46. Some sketching
techniques that can be 
used to convey motion (a), 
temperature (b), and sound (c).

(a)

(b)

FIGURE 2.45. The addition of
surface treatments to convey
smooth surfaces (a) and rough
surfaces (b).

FIGURE 2.47. Action
lines used to convey the
motion of linkages.
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more realistic. Being able to sketch relatively complicated objects such as these will
improve your ability to communicate with colleagues throughout your career. To
develop this important skill, you should practice often. Do not be afraid to make
mistakes—just keep trying until you get the results you want.

One way to tackle sketching a complex object is to think about it in the same way
that a house is constructed—namely, “foundation, frame, finish.” Using this method, you
start with the “foundation” of the sketch, which usually consists of multiple guidelines
and construction lines. When creating the sketch foundation, think about outlining the
volume taken up by the entire object. You next “frame” the object by darkening some of
the construction lines to define the basic shape of the object and its features. Once the
basic frame is complete, you “finish” the sketch by adding necessary details and special
features such as shading, especially on curved surfaces. Figure 2.51 shows a sketch of a
flat panel computer monitor by the “foundation, frame, finish” method. Several of the
exercises at the end of this chapter ask you to use this technique to develop your skills in
sketching complex objects.
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FIGURE 2.48. A sketch of a cell
telephone.

FIGURE 2.49. A sketch of
a set of headphones.

FIGURE 2.50. A sketch of a
camera.

(a) (b) (c)

FIGURE 2.51. A sketch of a computer monitor using the method of “foundation (a), 
frame (b), finish (c).”
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Strategies for Simple Pictorial Sketches
In this chapter, you learned two different ways to construct pictorial views of objects.
This section outlines strategies for each type.

2.11.01 Simple Isometric Sketches
When creating an isometric pictorial from a coded plan, remember that the object
“grows” up from the base according to the specified heights. You should start your
sketch by drawing the visible V at the base of the object, as shown in Figure 2.52. You
can determine the length of each side of the V from the coded plan. For the object
defined by the coded plan in Figure 2.52, the left leg of the V is 2 units long and the
right leg is 3 units long. The remaining bottom edges of the coded plans are hidden
from view in the sketch and, therefore, are not included in the first drawing stages.

After you have created the base V, sketch the corner of the object at the correct
height of the apex. Note that this corner will be the edge that is closest to you, the
viewer. For the object shown in Figure 2.52, the height of this corner is 2 units as
defined by the coded plan. The start of the isometric sketch including this corner is
shown in Figure 2.53.

Starting at the “top” of this corner, move back and to the left the number of
squares that are at this same height. If a change in object height is specified in the
coded plan, move up or down (as shown in the coded plan) where the change occurs.
When you reach the back corner, draw a vertical line back to the tip of the V you first
sketched. This procedure is illustrated in Figure 2.54.
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FIGURE 2.52. A coded plan with the V for the isometric sketch drawn.
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FIGURE 2.53. An isometric sketch with the nearest corner included.

1
1

2
2

3
3

FIGURE 2.54. An isometric sketch with the first side of the surface drawn.
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Follow the same procedure for the surface going off to the right from the apex of
the V, as shown in Figure 2.55.

Complete the sketch by drawing the missing top and side surfaces of the object as
shown in Figure 2.56. When adding these final features, make sure you do not include
lines on surfaces—only between surfaces. Also, include only the visible portions of sur-
faces that are partially obscured.

Some of the objects you sketch may not form a simple V at a point nearest the
viewer; instead, they will have a jagged edge along the bottom. You can use a similar
procedure to sketch these objects, again starting at the bottom and outlining the shape
of the object from the coded plan, as shown in Figure 2.57.

1
1

2
2

3
3 Change in

height here

FIGURE 2.55. An isometric sketch with two side surfaces drawn.

1
1

2
2

3
3

FIGURE 2.56. Completion of an isometric sketch.

3
22

2
3

1

FIGURE 2.57. A jagged V from a coded plan.
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Then you can sketch the lines that represent the height at each corner, similar to the
way you sketched the height from the apex of the single V (see Figure 2.58). Complete the
sketch by including the side and top surfaces of the object as illustrated in Figure 2.59
and Figure 2.60. For the object shown in the example, note that the final step involves
erasing a portion of one of the first lines drawn (the corner at a height of 3). You need to
remove part of this line so a line does not appear on the jagged side of the object.

2.11.02 Oblique Sketches
To begin your oblique sketch, you need to determine which surface on the object is clos-
est to the viewer. Figure 2.61 shows an isometric sketch of an object with an arrow
denoting the direction of the desired oblique pictorial. For this object and viewing direc-
tion, the surface labeled A is the one closest to the viewer in the oblique pictorial sketch. 

Sketch the closest surface (in this case, surface A) in its true shape and size and
decide whether you want the third dimension on the object receding back and to the
left or back and to the right. Draw the visible edges receding back from each corner of
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FIGURE 2.58. Heights at each corner included.
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FIGURE 2.60. A completed isometric sketch.

FIGURE 2.59. Side surfaces sketched.
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the surface. Note that at least one corner on the surface will not have a receding line
extending back from it—the receding edge will not be visible in the sketch. Figure 2.62
shows surface A with the receding edges sketched in place.

Now sketch the next surface that is parallel to the plane of the paper. For the object
shown in Figure 2.63, the next closest surface is the one labeled B. Notice that by
sketching this surface, you are connecting the endpoints of the lines drawn receding
from the corners of the initial surface and, thus, are defining the side and top surfaces
of the object in the pictorial. Figure 2.63 shows the result from including surface B in
the oblique pictorial sketch.

Repeat these steps as often as necessary until the pictorial sketch is finished. Note
that the final step is to include the back edges of the object (connecting the ends of the
last set of receding lines drawn) to complete the sketch as shown in Figure 2.64.

When creating isometric pictorials of simple objects, remember the general rules pre-
sented earlier in this chapter—that lines are included only at the intersection between
surfaces, that no hidden lines are shown, and that only the visible portion of partially
obscured surfaces are sketched. One common error novices are prone to make is to
include extra lines on a single surface of an object, especially when there are several
changes in the object’s height. Figure 2.65a shows an improper isometric pictorial
sketch. Notice the extra lines included on the sketch. Figure 2.65b shows the sketch
after it has been cleaned up to remove the unnecessary lines.
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A

B

VIEWING DIRECTION

FIGURE 2.61. An isometric pictorial of an object and a viewing direction for an 
oblique sketch.

A

FIGURE 2.62. Surface A with
receding dimensions sketched.

B

A

FIGURE 2.63. Surface B included in
pictorial.

FIGURE 2.64. A completed oblique
pictorial sketch.

CAUTION
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Extra lines Extra lines removed

NO! Yes
FIGURE 2.65. Isometric pictorials with and without extra lines.

Improper edge

FIGURE 2.66. An isometric pictorial improperly showing the back edge of a hole.

Students make other common mistakes when sketching holes in isometric pictori-
als. One of those mistakes involves including the “back” edges of holes, even when they
are not visible. Figure 2.66 shows an isometric pictorial with a hole in the object that
goes all the way through. An arc representing the back edge of the hole is shown improp-
erly in the visible part of the hole. Including the arc implies that the hole does not go all
the way through the object, but stops part-way back. (Such holes are referred to as blind
holes.) To avoid confusion in your isometric pictorial sketches, show only the back edge
if it is visible—do not include a back edge every time you sketch an object with a hole.

Sometimes students use grid points improperly to mark off the bounding box for
an isometric circular hole. Those novices fail to remember that in order to set the radial
points, they need to move in the directions of the edges of the face of the object.
Consider a simple box in which you want to include a circular hole emanating from the
top surface. Figure 2.67a shows the four radial points incorrectly located from the cen-
ter of the circle, and Figure 2.67b shows the resulting incorrect hole. Figure 2.68a
shows the radial points located properly, and Figure 2.68b shows the resulting correct
circular hole.
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One final error that students commonly make involves the creation of oblique pic-
torials. Novices sometimes forget to put the most complicated surface in the plane of
the paper and show it in the receding direction instead. Figure 2.69a shows an oblique
pictorial with a complex surface in the receding dimension, and Figure 2.69b shows the
same object with the complex surface in the plane of the paper. Observe how the object
is more understandable when you are viewing the complex surface “straight on.” Also
note that putting the complex surface in the plane of the paper actually makes your job
easier; it is far easier to sketch the complex surface in its true size and shape than it is to
sketch it as a distorted receding surface.
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(a) (b)

NO! NO!

FIGURE 2.67. Improperly locat-
ing radial points on an isomet-
ric pictorial.

(a) (b)

Yes Yes

FIGURE 2.68. Properly locating
radial points on an isometric
pictorial.

NO! Yes

(a) (b)

FIGURE 2.69. Oblique pictori-
als showing improper and
proper placement of a complex
surface.
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Chapter Summary
In this chapter, you learned about technical sketching and about some techniques to
help you master this important form of communication. Specifically, you:
■ Learned about the importance of sketching for engineering professionals and the

link between creativity and freehand sketching.
■ Developed techniques for successfully sketching basic shapes such as lines, arcs,

circles, and ellipses.
■ Learned about the right-hand rule and the way it is used to define 3-D coordinate

systems in space. The axes can be portrayed on paper in either isometric or 
oblique format.

■ Discovered how to make basic isometric sketches of objects from coded plans and
about some of the rules that govern the creation of these sketches. You also
learned about creating ellipses in isometric to represent circular holes in objects.

■ Developed techniques for creating oblique pictorials. You also learned that for this
type of pictorial, you should not show the receding dimension of the object true to
size in order to avoid a distorted image.
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2.12 

arc: A curved entity that represents a portion of a circle.
bounding box: A square box used to sketch circles or
ellipses.
circle: A closed curved figure where all points on it are
equidistant from its center point.
construction line: A faint line used in sketching to
align items and define shapes.
ellipse: A closed curve figure where the sum of the dis-
tance between any point on the figure and its two foci is
constant.
isometric axes: A set of three coordinate axes that are
portrayed on the paper at 120 degrees relative to one
another.
isometric dot paper: Paper used for sketching pur-
poses that includes dots located along lines that meet at
120 degrees.
isometric grid paper: Paper used for sketching pur-
poses that includes grid lines at 120 degrees relative to
one another.
isometric pictorial: A sketch of an object that shows
its three dimensions where isometric axes were used as
the basis for defining the edges of the object.
left-handed system: Any 3-D coordinate system that
is defined by the left-hand rule.
line: Shortest distance between two points.

oblique axes: A set of three coordinate axes that are
portrayed on the paper as two perpendicular lines, 
with the third axis meeting them at an angle, typically
45 degrees.
oblique pictorial: A sketch of an object that shows one
face in the plane of the paper and the third dimension
receding off at an angle relative to the face.
receding dimension: The portion of the object that
appears to go back from the plane of the paper in an
oblique pictorial.
right-hand rule: Used to define a 3-D coordinate sys-
tem whereby by pointing the fingers of the right hand
down the x-axis and curling them in the direction of the
y-axis, the thumb will point down the z-axis.
right-handed system: Any 3-D coordinate system that
is defined by the right-hand-rule.
shading: Marks added to surfaces and features of a
sketch to highlight 3-D effects.
3-D coordinate system: A set of three mutually per-
pendicular axes used to define 3-D space.
tick mark: A short dash used in sketching to locate
points on the paper.

2.13 glossary of key terms
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1. What is the role of sketching in engineering design?
In creativity?

2. Describe which procedure you should use to sketch
straight lines. (Are you right- or left-handed?)

3. How do circles appear on an isometric pictorial? On
an oblique pictorial?

4. What is a bounding box?

5. How are construction lines used in sketching?

6. Why is it important to know the right-hand rule?

2.14 questions for review

1. For each of the coordinate axes shown below, indicate whether they are isometric or oblique and whether they
represent right-handed or left-handed systems.

2.15 problems
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIGURE P2.1.
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2.15 problems (continued)
2. Label the third axis in each of the following figures to define a right-handed system.

(a) (b) (c) (d)

(e) (f) (g) (h)

x y

x z

z

y

y

z

x

z
z

x

x

y

y

z

FIGURE P2.2. 
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3. Create isometric sketches from the coded plans shown below.

2.15 problems (continued)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
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FIGURE P2.3. 

4. Sketch a 6 × 6 × 2 block in isometric. On the 6 × 6 side, sketch a hole of diameter 4, making sure you include
back edges of the hole as appropriate. Also create an oblique pictorial of the block.

5. Sketch a 6 × 6 × 2 block in isometric. On the 6 × 6 side, sketch a hole of diameter 2, making sure you include
back edges of the hole as appropriate. Also create an oblique pictorial of the block.

42496_03_ch2_p2.1-2.34  12/21/07  3:24 PM  Page 33



2-34 sectionone Laying the Foundation

6. Sketch a 6 × 6 × 4 block in isometric. On the 6 × 6 side, sketch a hole of diameter 2, making sure you include
back edges of the hole as appropriate. Also create an oblique pictorial of the block.

7. From the isometric pictorials and viewing directions defined in the following sketches, create oblique pictorial
sketches that look proportionally correct.

8. Use the “foundation, frame, finish” method to create sketches of the following: 

a. stapler c. coffee mug e. calculator

b. speedboat d. bicycle f. laptop computer

2.15 problems (continued)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Line of sight
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Line of sight Line of sightLine of sight

Line of sight Line of sight
Line of sight

FIGURE P2.4. 
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Visualization3

3-1

objectives
After completing this chapter, you should be able to
● Recognize that 3-D spatial skills are necessary for success in

engineering
● Describe how a person’s spatial skills develop as they age
● Examine the types of questions used to assess a person’s

spatial skill level
● Show how you can improve your 3-D spatial skills through

techniques that include
■ Drawing different corner views of an object.
■ Rotating objects about one or more axes.
■ Sketching object reflections and making use of symmetries.
■ Considering cross sections of objects.
■ Combining two objects to form a third object through

Boolean operations.

A

C

F F'

B'

D'

A'

E'C'
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W hen you start your first job in the real world, an engineer or a technolo-
gist is likely to hand you a drawing and expect you to understand what
is on the page. Imagine your embarrassment if you have no clue what

all of the lines and symbols on the drawing mean. One of the fundamental skills
you need to understand that drawing is the ability to visualize in three dimensions.
The ability to visualize in three dimensions is also linked to creativity in design.
People who think creatively are able to “see” things in their minds that others can-
not. Their imaginations are not confined by traditional boundaries.

In this chapter, you will learn about the different types of three-dimensional
(3-D) spatial skills and ways they can be developed through practice. The chapter
will begin with an introduction to the background research conducted in education
and to 3-D spatial skills. Then the chapter will take you through several types of
visualization activities to further develop your 3-D skills through practice.

3.01 
introduction

Background
Beginning in the early part of the twentieth century, IQ testing was developed to cate-
gorize a person based on his or her intelligence quotient. Anyone who took the IQ test
was defined by a number that identified a level of intelligence. IQ scores over 140 iden-
tified geniuses; scores below 100 identified slow thinkers. Beginning in the 1970s,
scholars began to perceive problems with this one-number categorization of a person’s
ability to think. One scholar in particular, Howard Gardner, theorized that there were
multiple human intelligences and the one-number-fits-all theory did not accurately
reflect the scope of human thought processes. Although some of his theories might be
subject to scrutiny, they have gained acceptance within the scientific and educational
communities. Gardner theorized that there are eight distinct human intelligences; he
identified them as:
■ Linguistic—the ability to use words effectively in speaking or in writing.
■ Logical-Mathematical—the ability to use numbers effectively and to reason well.
■ Spatial—the ability to perceive the visual-spatial world accurately and to perform

transformations on those perceptions.
■ Bodily-Kinesthetic—the capacity of a person to use the whole body to express ideas

or feelings and the facility to use the hands to produce or transform things.
■ Musical—the capacity to perceive, discriminate, transform, and express 

musical forms.
■ Interpersonal—the ability to perceive and make distinctions in the moods, inten-

tions, motivations, and feelings of other people.
■ Intrapersonal—self-knowledge and the ability to act adaptively on the basis of that

knowledge.
■ Naturalist—the ability to recognize plant or animal species within the environment.

You may be acquainted with someone who has a high level of linguistic intelligence
but a low level of musical intelligence. Or you might know someone who has a high level
of logical-mathematical intelligence but who lacks interpersonal intelligence relation-
ships. You may even have a friend who is generally smart but who lacks intrapersonal
intelligence and attempts stunts that are beyond his or her limitations.

Most people are born with one or more of the intelligences listed. As a child, Tiger
Woods was gifted with a natural ability in bodily-kinesthetic intelligence. Mozart was
born with a high level of musical intelligence. However, just because a person naturally
has a high level of intelligence in one area, does not mean that he or she cannot learn

3.02  
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and improve his or her abilities in weaker areas. A person might naturally have strength
in linguistics and musical intelligences, but he or she can still learn and improve in
logical-mathematical endeavors. The goal of this chapter is to help those of you not
born with a high level of spatial intelligence as defined by Gardner.

Learning in general and spatial skills in particular have been the subject of educa-
tion research studies over the past several decades. The following are a few important
questions that the research raised in the area of spatial intelligence:
■ How does a person develop spatial skills?
■ Why does a person need well-developed spatial skills?
■ How are spatial skills measured?

The next few sections will examine researchers’ answers to these questions.

Development of Spatial Skills
As a child grows, the brain develops in ways that enable the child to learn. If you think
of each of the eight intelligences described by Gardner, you can understand how these
skills and abilities develop as a child grows to maturity. Consider kinesthetic intelli-
gence. Newborn infants cannot move on their own during the first few weeks of life.
Within a few months, they can hold up their heads without support. By the age of four
months, they can roll over; by six months, they can crawl; by one year, they can walk.
Children learn to run, skip, and jump within the next year or so. Eventually, they usu-
ally develop all sorts of kinesthetic abilities that enable them to enjoy physical activities
such as basketball, swimming, ballet, and bike riding. Nearly every child goes through
this natural progression. However, some children develop more quickly than others;
some even skip a step and go directly from rolling over to walking without ever crawl-
ing. As with most types of intelligence, some individuals—such as professional
athletes—have exceptional kinesthetic skills, while others have poorly developed skills
and struggle to perform the simplest tasks. However, even people who naturally have
little kinesthetic ability can improve through practice and perseverance.

The remaining intelligences (mathematics, verbal, etc.) also have a natural progres-
sion; for example, to develop your mathematical intelligence, you have to learn addi-
tion before you can learn algebra. Children also acquire spatial skills through a natural
progression; however, you may not be as aware of that progression of development as
you are of the progressions for the other intelligences. Educational psychologists theo-
rize that there are three distinct stages of development for spatial skills.

The first stage of development involves 2-D spatial skills. As children develop these
skills, they are able to recognize 2-D shapes and eventually are able to recognize that a
2-D shape has a certain orientation in space. If you watched Sesame Street as a child,
you may remember the game where four pictures of 2-D objects are shown on the TV
screen—three objects are identical; the fourth is different in some way. A song urges you
to pick out the object that does not belong with the other three. A child who can
accomplish this task has developed some of the spatial skills at the first stage. You also
may remember playing with a toy similar to a Tupperware ShapeSorter, shown in
Figure 3.01. The toy is a ball that is half red and half blue with ten holes in it, each hole
a different shape. A child playing this game not only has to recognize that the star-
shaped piece corresponds to the star-shaped hole but also has to turn the piece to
the correct orientation to fit the piece through the hole. This game challenges different
2-D skills found at the first stage of development of spatial intelligence—a child must
recognize the 2-D shape of the object and then must be able to recognize its orientation
in 2-D space to complete the task.

Three-dimensional spatial skills are acquired during the second stage of develop-
ment. Children at this stage can imagine what a 3-D object looks like when it is rotated
in space. They can imagine what an object looks like from a different point of view, or
they can imagine what an object would look like when folded up from a 2-D pattern.

chapter 3 Visualization 3-3

3.03

42496_04_ch3_p3.1-3.62  12/21/07  3:25 PM  Page 3



People who are adept at solving the Rubik’s Cube puzzle have well-developed 3-D spa-
tial skills. Computer games such as 3D Tetris require well-developed 3-D spatial skills
to perform the manipulations required to remain “alive.” Soccer players who can imag-
ine the trajectory that puts the ball in the goal from any angle on the playing field typ-
ically have well-developed 3-D spatial skills. Children have usually acquired 3-D spatial
skills by the time they are in middle school. For some children, it may take a few more
years, depending on their natural predisposition toward spatial intelligence and their
childhood experiences.

People at an advanced stage of the development of spatial intelligence can combine
their 3-D skills with concepts of measurement. Assume you are buying sand for a
turtle-shaped sandbox. You go to the local gravel pit where an employee loads the sand
in the back of your pickup using a big “scoop.” How many scoopfuls will you need? If
you can successfully visualize the volume of sand as it is transformed from the 3-D vol-
ume of one full scoop to the 3-D volume of the turtle-shaped sandbox, you have
acquired this advanced 3-D visualization skill.

Many people never develop the advanced level in spatial intelligence, just like the
many people who never achieve advanced skill levels in mathematics or kinesthetic
intelligence. Not achieving advanced levels in some of the intelligence areas is not likely
to hamper your ability to become a productive, well-adjusted member of society.
However, just as a lack of basic development in verbal intelligence is likely to hurt your
chances professionally, a lack of basic skills in spatial intelligence may limit your ability
to be successful, especially in engineering or a technical field.

Schools help students develop most of the intelligence types, although schools do
not usually provide formal training to develop spatial intelligence. You began learning
mathematics in kindergarten and are likely continuing your education in math at the
present time. If you get a graduate degree in a technical area, you will probably be develop-
ing your mathematical intelligence for many years thereafter. The focus on developing
spatial skills from an early age, continuing through high school and beyond, is typically
absent in the U.S. educational system. Developing spatial intelligence is largely ignored in
schools for a variety of reasons; however, those reasons are not the subject of this text.

The lack of prior spatial training may not be a problem for you—you developed
your spatial skills informally through everyday experiences or you naturally have a high
level of ability in spatial intelligence. However, poorly developed 3-D spatial skills may
hinder your success in fields such as engineering and technology. This is especially true
as you embark on a journey through an engineering graphics course. Poorly developed
spatial skills will leave you frustrated and possibly discouraged about engineering
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FIGURE 3.01. A Tupperware
ShapeSorter toy. 
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graphics. The good news if you do not have a natural ability in 3-D spatial skills is that
you can develop them through practice and exercise.

Types of Spatial Skills
According to McGee (1979), spatial ability is “the ability to mentally manipulate,
rotate, twist, or invert pictorially presented visual stimuli.” McGee identifies five com-
ponents of spatial skills:
■ Spatial perception—the ability to identify horizontal and vertical directions.
■ Spatial visualization—the ability to mentally transform (rotate, translate, or

mirror) or to mentally alter (twist, fold, or invert) 2-D figures and/or 3-D objects.
■ Mental rotations—the ability to mentally turn a 3-D object in space and then be

able to mentally rotate a different 3-D object in the same way.
■ Spatial relations—the ability to visualize the relationship between two objects in

space, i.e., overlapping or nonoverlapping.
■ Spatial orientation—the ability of a person to mentally determine his or her

own location and orientation within a given environment.

A different researcher (Tartre, 1990) proposed a classification scheme for spatial
skills based on the mental processes that are expected to be used in performing a given
task. She believes that there are two distinct categories of 3-D spatial skills—spatial
visualization and spatial orientation. Spatial visualization is mentally moving
an object. Spatial orientation is mentally shifting the point from which you view the
object while it remains fixed in space.

Regardless of the classification scheme you choose to believe, it is clear that more
than one component skill makes up the broad category of human intelligence known
as spatial visualization. Thus, you cannot do just one type of activity and expect to
develop equally all of the components of spatial skills. You need to do a variety of tasks
to develop your spatial intelligence, just as developing linguistic intelligence requires
you to speak, read, write, and listen.

Assessing Spatial Skills
As with the seven other intelligence types, standardized tests have been developed to
determine your level of achievements in spatial intelligence. There are many different
tests—some are for 2-D shapes, and some are for 3-D objects. Some evaluate mental
rotation skills, and others measure spatial relations skills. The standardized tests usu-
ally measure only one specific component of visualization skill. If you were to take a
number of different visualization tests, you might find that you have a high level of
ability in one component (perhaps paper folding) relative to a low ability in a different
component, such as 3-D object rotations. That is normal. Many educators and psychol-
ogists believe there is no one-size-fits-all measure of spatial intelligence, just as a single
IQ number does not give a clear indication of a person’s overall intelligence.

One of the tests designed to measure your level of 2-D spatial skills is the
Minnesota Paper Form Board (MPFB) test. Figure 3.02 shows a visualization problem
similar to those found on the MPFB test. This problem tests a person’s ability to deter-
mine which set of five 2-D shapes, A through E, is the composite of the 2-D fragments
given in the upper left corner of the figure. The way to solve this test is to mentally
rotate or move the three pieces to visualize how to put them together to coincide with
the combined shape that contains the pieces. The test may seem easy, but you should
have fully developed the 2-D spatial skills needed to solve this test when you were four
or five years old. During the years since then, you should have developed more
advanced 2-D visualization skills. For example, you should now be able to follow a map
and determine whether to make a right or a left turn without turning the map.

chapter 3 Visualization 3-5

3.04

3.05

42496_04_ch3_p3.1-3.62  12/21/07  3:25 PM  Page 5



Figure 3.03 shows a visualization problem similar to what is found on the
Differential Aptitude Test: Space Relations. This test is designed to measure your abil-
ity to move from the 2-D to the 3-D world. The objective is to mentally fold the 2-D pat-
tern along the solid lines, which designate the fold lines, so the object will result in the
3-D shape. You then choose the correct 3-D object from the four possibilities shown in
the figure. In your previous math classes, these 2-D patterns may have been referred to
as nets. In engineering, the 2-D figures are called flat patterns or developments. 

Mental rotations—the ability to visualize the rotation of 3-D objects—is a necessary
component skill in engineering graphics and in the use of 3-D modeling software.
Figure 3.4 and Figure 3.5 show problems similar to those found on two widely used 
3-D spatial tests for rotations.

In the Purdue Spatial Visualization Test: Rotations, an object such as shown in
Figure 3.04 is given on the top line before and after it has been rotated in 3-D space.
You then have to mentally rotate a different object on the second line by the same
amount and select the correct result from the choices given on the third line.

In the Mental Rotation Test, you are given an object such as shown in Figure 3.05
on the left. Of the four choices given, you pick the two that show correct possible rota-
tions in space of the original object. (Note that two choices are the same object and two
choices are different objects.)
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A

B C

D E

FIGURE 3.02. A problem similar
to that found on the Minnesota
Paper Form Board Test.

A B C D

FIGURE 3.03. A problem simi-
lar to that found on the
Differential Aptitude Test:
Space Relations.
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Another type of spatial skill that is often tested is the ability to visualize the cross
section that results from “slicing” a 3-D object with a cutting plane. One popular
test of this type is the Mental Cutting Test. Figure 3.06 shows the type of problem
found on this test, which challenges you to imagine the 2-D shape that is the intersec-
tion between the cutting plane and the 3-D object.

Engineers and technologists communicate with each other largely through graphi-
cal means. They use drawings, sketches, charts, graphs, and CAD models to convey ideas.
Design solutions commonly have a graphical component that is backed up by pages of
calculations and analysis. Your designs will not be complete without graphics. Even
chemical and electrical engineers use drawings for the processes and circuits they design.

So to communicate as an engineer, you must be able to visualize and interpret the
images represented in the drawings. Besides satisfying the need for effective communi-
cation, a side benefit to having well-developed 3-D spatial skills is that your brain
works better when all parts of it are focused on solving a problem. Sketching and visu-
alization have been shown to improve the creative process. Well-developed spatial skills
contribute to your ability to work innovatively, as well as to learn to use 3-D modeling
software.
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FIGURE 3.04. A problem simi-
lar to that found on the Purdue
Spatial Visualization Test:
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FIGURE 3.05. A problem simi-
lar to that found on the Mental
Rotation Test.
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The remaining sections of this chapter will provide exercises for your brain—
exercises that develop your 3-D spatial skills; exercises that help you think differently
from the way you are thinking in your math and science courses; exercises that will help
you improve your sketching skills.

Isometric Corner Views of Simple Objects
In Chapter 2, you learned how to create a simple isometric sketch of an object made out
of blocks as specified by a coded plan. The coded plan is a 2-D portrayal of the object,
using numbers to specify the height of the stack of blocks at a given location. 
Figure 3.07 illustrates the relationship between the coded plan, the object constructed
out of blocks, and the resulting isometric sketch of the object—remember, you show
edges only between surfaces on the isometric sketch.

The coded plans you viewed in Chapter 2 were constructed on isometric grid paper.
The building “grew up” from the plan into the isometric grid. In the previous exercises,
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FIGURE 3.06. A problem simi-
lar to that found on the Mental
Cutting Test.
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FIGURE 3.07. A coded plan and
its resulting isometric sketch.
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the coded plan was oriented in 3-D space on the isometric grid, which represents 3-D
space. Now think about laying the coded plan flat on a 2-D sheet of paper. Figure 3.08
shows the coded plan for the object shown in Figure 3.07 laid flat in a 2-D orientation.
Figure 3.9 shows the relationship between a coded plan in 2-D space, the coded plan in
3-D space, the object made of blocks, and the resulting isometric sketch.

When you orient the coded plan in 2-D space, everything you learned about these
plans still applies: you “build up” from the plan. The numbers represent the height of
the stack of blocks at a given location, and you show lines only where two surfaces
intersect. However, now one more consideration has been introduced into the isomet-
ric sketching equation—the orientation of your “eye” with respect to the object itself.
(Note that the orientation of your eye is often referred to as your viewpoint.)

Examine again the coded plans in 2-D space. Figure 3.10 shows a simple coded plan
with its four corners labeled as W, X, Y, and Z. A corner view of the object represented
by the coded plan in Figure 3.10 is the view from a given corner when the viewpoint is
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FIGURE 3.08. The relationship
between a coded plan in 2-D
space and 3-D space.

FIGURE 3.09. The relationship
between coded plans, a build-
ing, and an isometric sketch. 
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above the object in question. This view is sometimes referred to as the bird’s-eye view,
because the viewpoint is above the object. A worm’s-eye view is the viewpoint from below
the object. Figure 3.11 shows the four corner views for the coded plan from Figure 3.10.

When the four corner views of the object are created, the object does not change—
just your viewpoint of the object. The importance of viewpoint in visualization is read-
ily apparent when you think about a complex system such as an automobile. When you
are looking at a car from the front, you may have an entirely different mental image of
the car than if you look at it from the side or rear. What you “see” depends largely on
where your eye is located relative to the object.

With more practice, you will find it easier to make corner views from coded plans.
At first, you may need to turn the paper to visualize what an object will look like from a
given corner. With continued practice, however, you should be able to mentally turn
the paper to sketch the object from the vantage point of any corner.
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FIGURE 3.10. A simple coded plan with corners labeled.

FIGURE 3.11. Sketched isometric views from the corners of the coded plan in Figure 3.10.
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Object Rotations about a Single Axis
Being able to mentally visualize an object as it rotates in space is an important skill for
you to acquire as an engineer or a technologist. You already have had limited exposure to
the concept of rotating objects through your work with mentally rotating coded plans
to obtain different corner views. In the preceding section, you started with the Y-corner
view to draw the isometric. Having done that, you should be able to imagine what the
object will look like from the X-corner view. If you can see in your mind what the object
looks like from the X-corner view, you are mentally rotating the object in space. In this
section, you will continue to work with object rotations, tackling increasingly complex
objects and using increasingly complex manipulations.

You probably learned in your math classes how 2-D shapes are rotated in 2-D space
about a pivot point, as illustrated in Figure 3.12. In this figure, the shape has been
rotated 90 degrees counterclockwise (CCW) about the pivot point, which is the origin
of the 2-D xy coordinate system. After rotation, the newly oriented shape is referred to
as the “image” of the original shape. Notice that when the 2-D shape is rotated about
the pivot point, each line on the shape is rotated by the same amount—in this case,
90 degrees CCW about the pivot point. Also notice that the point on the shape that was
originally located at the pivot point, the origin, remains at that same location after
rotation.

In Chapter 2, you learned about 3-D coordinate systems and how three axes (the x-,
y-, and z-axes) can be used to describe 3-D space. When you rotate an object in 3-D space,
the same principles apply as for 2-D rotations. In fact, you can reexamine the rotation of
the shape in Figure 3.12 from a 3-D perspective. Figure 3.13 shows the 2-D shape drawn
in 3-D space before and after it was rotated 90 degrees CCW about the pivot point,
which is the origin of the xyz coordinate system.

Observe and understand how each line on the shape is rotated the same amount—
90 degrees CCW about the origin—and that the point on the shape originally in contact
with the origin remains at the origin after rotation. One other thing you may notice is
that the pivot point is the point view of the z-axis. The point view of a line is what you
see as you look down the length of the axis. To illustrate this principle, take a pen or
pencil and rotate it so you are looking directly at its point; notice that the length of the
pen “vanishes” and only the “point” remains visible, as shown in Figure 3.14. As such,
the original rotation of the 2-D shape, as shown in Figure 3.12, could be considered a
90 degree CCW rotation about the z-axis in 3-D space.
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FIGURE 3.12. A shape rotated about a pivot point in 2-D space.
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FIGURE 3.13. A 2-D shape rotated in 3-D space.

FIGURE 3.14. Looking down the end of a pencil.

Think back to what you learned in Chapter 2 about the right-hand rule. If you
point the thumb of your right hand in the positive direction of the z-axis and curl your
fingers, you will see that the 90 degree CCW rotation mimics the direction that
your fingers curl, as illustrated in Figure 3.15. This CCW rotation of the 2-D shape rep-
resents a positive 90 degree rotation about the z-axis. The CCW rotation is positive
because the thumb of your right hand was pointing in the positive direction of the 
z-axis as the shape was rotated. If you point the thumb of your right hand in the nega-
tive direction of the z-axis and the shape is rotated in the direction the fingers of your
right hand curl, your fingers indicate a clockwise (CW) rotation of the shape about the
z-axis, as shown in Figure 3.16. A CW rotation about an axis is defined as a negative
rotation. Remember that the thumb of your right hand is pointing in the 
negative z-direction. Also remember that the pivot point of the shape remains at a fixed
location in space as it is rotated in the negative z-direction.

You should now be ready to tackle rotations of 3-D objects in 3-D space. Imagine
the 2-D shape from the past several figures is a surface view of a 3-D object. Assume you
can extend the surface you have been seeing in the xy plane into the z-dimension. The
result of extending that surface in the third dimension is a solid object. The terminology
of 3-D CAD software says that the shape was extruded. You will learn more about
extrusion later in this text. If this shape is “extruded” 3 units into the z-direction, the
object will appear as shown in Figure 3.17. In this figure, notice that instead of a single
point located on the axis of rotation (the z-axis in the figure), an entire edge of the object
is located on that axis. The edge is hidden from sight in this view, but you can imagine it
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FIGURE 3.16. Negative rotation of a 2-D shape about the z-axis.
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FIGURE 3.17. A 2-D shape from Figure 3.12 extruded three units in the z-direction.
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nonetheless. Now think about rotating the entire object about the z-axis in a positive
direction (or CCW) 90 degrees from its original position. When this happens, the image
shown in Figure 3.18 appears. Instead of a single pivot point, the 3-D rotation has a
pivot edge. Throughout the rotation, the edge remained in contact with the axis of
rotation. All parts of the object also rotated by the same amount (90 degrees CCW about
z) just as all parts of the surface were rotated when you were considering 2-D shapes.

Just as 2-D shapes can be rotated positively (CCW) or negatively (CW) about the 
z-axis, 3-D objects can be rotated in either direction. Figure 3.19 shows the same object
after it has been rotated negative 90 degrees (CW) about the z-axis. This figure also
makes clear that the pivot edge of the object remains in contact with the axis of rota-
tion as the object is rotated.
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FIGURE 3.18. A 3-D object rotated 90 degrees counterclockwise about the z-axis.
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FIGURE 3.19. A 3-D object rotated 90 degrees clockwise about the z-axis.
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Any object can be rotated about the x- or y-axis by following the same simple rules
established for rotation about the z-axis:

1. The edge of the object originally in contact with the axis of rotation remains in
contact after the rotation. This edge is called the pivot edge.

2. Each point, edge, and surface on the object is rotated by exactly the same amount.

3. The rotation is positive when it is CCW about an axis and negative when it is CW
about an axis. The direction is determined by looking directly down the positive
end of the axis of rotation.

4. An alternative method for determining the direction of the rotation is the right-
hand rule. Point the thumb of your right hand into the axis of rotation—into either
the positive or negative end of the axis of rotation—and curl your fingers in the
direction the object is rotated. The direction you obtain from the right-hand rule
is the same as the direction defined in number 3 above, positive is CCW and neg-
ative is CW.

Figure 3.20 and Figure 3.21 illustrate the positive and negative 90 degree rotations
obtained about the x-axis and the y-axis, respectively.
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FIGURE 3.20. Positive and negative rotations about the x-axis.
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FIGURE 3.21. Positive and negative rotations about the y-axis.

3.07.01 Notation
Specifying in writing a positive, or CCW, rotation about any axis is cumbersome and
time-consuming. For this reason, the following notations will be used to describe
object rotations in this text:
■ To denote positive rotations of an object about the indicated axis.
■ To denote negative rotations of an object about the indicated axis.
■ Also, for simplicity in sketching, this text will always rotate an object in increments

of 90 degrees about the indicated axis. Figure 3.22 illustrates the result when you
rotate the object according to the notation given.

3.07.02 Rotation of Objects by More Than 90 Degrees
about a Single Axis
In all examples and figures in the preceding sections, objects were rotated exactly 
90 degrees about a single axis. In reality, you can rotate objects by any number of
degrees. If you rotate an object in two increments of 90 degrees about the same axis, the
total rotation will be 180 degrees. Similarly, if you rotate an object in three increments,
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FIGURE 3.22. Object rotations specified by notation.

the total rotation will be 270 degrees. Figure 3.23 shows an object that has been rotated
180 degrees about a single axis, along with the symbol denoting the amount and direc-
tion of rotation. Notice that the two 90 degree positive x-axis rotations indicate the
total 180 degree rotation achieved.
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FIGURE 3.23. An object rotated 180 degrees about an axis.

42496_04_ch3_p3.1-3.62  12/21/07  3:25 PM  Page 17



3-18 sectionone Laying the Foundation

x

y

z

x

y

z

z

z

x

y

z

z

z

x

y

z

FIGURE 3.24. A positive 180 degree rotation is equivalent to a negative 180 degree rotation.

Once you are free to rotate objects in multiple increments of 90 degrees, you can
achieve several equivalent rotations. The term equivalent rotations means that two differ-
ent sets of rotations produce the same result.

3.07.03 Equivalencies for Rotations about a Single Axis
When an object is rotated in multiple increments about an axis, the following equiva-
lencies can be observed:
■ A positive 180 degree rotation is equivalent to a negative 180 degree rotation.
■ A negative 90 degree rotation is equivalent to a positive 270 degree rotation.
■ A positive 90 degree rotation is equivalent to a negative 270 degree rotation.

These equivalencies are illustrated in Figures 3.24, 3.25, and 3.26, respectively.
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FIGURE 3.25. A negative 90 degree rotation is equivalent to a positive 270 degree rotation.
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FIGURE 3.26. A positive 90 degree rotation is equivalent to a negative 270 degree rotation.

Rotation about Two or More Axes
In the same way you rotated an object about a single axis, you can also rotate the object
about more than one axis in a series of steps. Figure 3.27 shows an object that has been
rotated in the positive direction about the x-axis and then rotated in the negative direc-
tion about the y-axis. The rotation notation used in the figure indicates the specified
two-step rotation. Figure 3.28 shows the same set of rotations, only this time they are
shown in two single steps to achieve the final result. Notice that when an object is
rotated about two different axes, a single edge no longer remains in contact with the
axis of rotation (since there are now two of them). For rotations about two axes, only a
single point remains in its original location, as shown in Figure 3.27 and Figure 3.28.

When rotating an object about two or more axes, you must be careful to perform
the rotations in the exact order specified. If the rotations are listed such that you rotate
the object CCW in the positive direction about the x-axis and then rotate it CW in the
negative direction about the z-axis, you must perform the rotations in that order.
Object rotations are not commutative. (Remember that the commutative property in
math states that 2 + 3 = 3 + 2.) For object rotations, rotating about the x-axis and then
rotating about the y-axis is not the same as rotating about the y-axis and then rotating
about the x-axis.

3.08
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FIGURE 3.27. An object rotated about two axes.
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FIGURE 3.28. An object rotated in two steps.

In the top portion of Figure 3.29, the object has been rotated about positive y and
then rotated about negative z to obtain its image. In the bottom portion of the figure,
the object has been rotated about negative z and then rotated about positive y to
obtain a new image of the rotated object. The second image is obtained by reversing
the order of the rotations. The resulting images are not the same when the order of
rotation is changed. Why? Because with the first set of rotations, the edge of the object
on the y-axis serves as the pivot line for the first rotation, which is about positive y. For
the second set of rotations, the edge of the object on the z-axis serves as the pivot edge
for the first of the two rotations. When you rotate first about negative z, you are using
an entirely different object edge than the initial pivot line; hence, the difference in
rotated images.
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3.08.01 Equivalencies for Object Rotations about Two
or More Axes
Just as there are equivalencies for rotations of an object about a single axis, there are
equivalencies for object rotations about two axes. Figure 3.30 shows one pair of rotational
equivalencies. Can you find another set? How about positive x and then negative z? No!
Or positive y and then positive z? Yes! There are several possibilities for each pair of rota-
tions. But it is impossible to come up with simple rules for equivalency, as in the previ-
ous discussion of equivalent rotations about a single axis. Equivalent rotations for
objects about two or more axes are likely to be determined through trial and error and a
great deal of practice.
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FIGURE 3.29. Object rotations about two axes—order not commutative.
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FIGURE 3.30. Equivalent rotations about two axes.

Reflections and Symmetry
Now that you know the basics of how to visualize an object rotated about an axis, you
are ready to move on to visualizing reflections and symmetry. Visualizing planes of sym-
metry, for example, could save you a great deal of computation time when you are using
analysis tools such as FEA. You will learn more about FEA in later chapters of this text.

You are probably familiar with the concept of reflections because you are used to
looking at your image reflected back to you from a mirror. With a mirror, you see a
reflected 2-D image of your face. If you have a mole on your right cheek, you will see the
mole on the right cheek of the reflection. Even though your face is three-dimensional,
your face in the mirror is a 2-D reflection—as if your face were projected onto a 2-D plane
with your line of sight perpendicular to the plane. You may be able to see somewhat in the
third dimension from this mirror plane; however, your depth perception will be a bit off
because the image is only two-dimensional. Three-dimensional reflection of objects is dif-
ferent from 2-D reflections with mirrors. For one thing, you reflect a 3-D object across the
plane so that a 3-D image ends up on the other side of the reflection plane. 
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Formally stated, in the case of 3-D object reflections, such as shown in Figure 3.31,
each point A of the object is associated with an image point A´ in the reflection such that
the plane of reflection is a perpendicular bisector of the line segment AA´. What this
means is the distance between a point on an object and the reflection plane is equal to the
distance between the corresponding point on the image and the reflection plane. The dis-
tances are measured along a line perpendicular to the plane of reflection. Figure 3.31
shows a simple object and its reflection across a reflection plane.

In this figure, several points on the original object are labeled, as well as their corre-
sponding points on the reflected image. In this case, the plane of reflection coincides
with one planar end of the original object; therefore, the corresponding planar end of
the reflected image also coincides with the reflection plane. If you measure the distance
between point A on the object and the reflection plane, you will find that it is 3 units.
Then if you measure the distance between A´ and the reflection plane, you will find
the distance to be 3 units again. It is also possible to reflect an object across a plane
when the object is located some distance from the reflection plane, as illustrated in
Figure 3.32.
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FIGURE 3.31. An object and its 3-D reflection.
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3.09.01 Symmetry
Your job as an engineer may be easier if you can recognize planes of symmetry within
an object. A plane of symmetry is an imaginary plane that cuts through an object
such that the two parts, one on either side of the plane, are reflections of each other.
Not all objects have inherent symmetry. The human body is roughly symmetrical and
has one plane of symmetry—a vertical plane through the tip of the nose and the belly
button. The left side is a reflection of the right side. Some objects contain no planes of
symmetry, some contain only one plane of symmetry, and still others contain an infi-
nite number of planes of symmetry. Figure 3.33 shows several objects and their planes
of symmetry: one object contains no planes of symmetry, one object has just one 
plane of symmetry, one object has two planes of symmetry, and the last object contains
an infinite number of planes of symmetry.
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FIGURE 3.32. An object located at a distance from the plane and its reflection.
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FIGURE 3.34. A comparison of object reflection and symmetry.

42496_04_ch3_p3.1-3.62  12/21/07  3:25 PM  Page 26



chapter 3 Visualization 3-27

There is one major difference between object reflection and object symmetry. With
reflections, you end up with two separate objects (the original and its reflected image);
with symmetry, you have a single object that you imagine is being sliced by a plane to
form two symmetrical halves. Figure 3.34 illustrates the difference between the two.

For an object that is symmetrical about a plane, you can sometimes obtain its
reflection by rotating the object 180 degrees. To do this, the axis of rotation must be the
intersection between the plane of reflection and the plane of symmetry (two planes
intersect to form a line).  This concept is illustrated in Figure 3.35. Note that a reflection
of an object that is not symmetrical cannot be achieved through a simple 180 degree
rotation of the object. Hold up your hands in front of you to obtain an object (left hand)
and its reflected image (right hand). Note that because your hands have no planes of
symmetry, it is impossible to rotate one of them in space to obtain the other one.

Cross Sections of Solids
Visualizing cross-sections enables an engineer to figure out how a building or a
mechanical device is put together. Visualizing cross-sections enables an electrical engi-
neer to think about how circuit boards stack together within the housing that contains
them. Chemical engineers and materials engineers think about the cross sections of
molecules and the way those molecules combine with other molecules. Geological engi-
neers and mining engineers visualize cross sections of the earth to determine where
veins of rock and ore may be located. Most of the skills described in these examples are
at an advanced level; in this section, you will learn about cross-sections of solids from a
fundamental level. Then you can apply the principles to the visualization of more com-
plex parts and systems in later courses and, of course, in your professional work.

Simply stated, a cross-section is defined as “the intersection between a solid object
and a cutting plane.” Because a plane is infinitely thin, the resulting intersection of the
two planes is a planar section. The limits of the cross-sectional plane are the edges and

Plane of Symmetry

Plane of Reflection

Axis of Rotation

FIGURE 3.35. Object reflection through rotation.
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the surfaces where the plane cuts through the object. Consider a loaf of bread. Imagine
a single slice of infinitely thin bread. One slice of bread would represent the cross sec-
tion obtained by slicing a vertical plane through the loaf. Because most loaves of bread
are not “constant” in shape along their lengths, the cross section changes as you go
along the loaf. You know from experience that the cross sections, or slices, on the ends
of the loaf are typically smaller than the slices in the middle.

The cross-section obtained by intersecting a cutting plane with an object depends
on two things: (1) the orientation of the cutting plane with respect to the object and 
(2) the shape of the original object.

Consider the square prism shown in Figure 3.36. It is cut first by a vertical cutting
plane perpendicular to its long axis to obtain the square cross section shown. If the cut-
ting plane is rotated 90 degrees about a vertical axis, the result is the rectangular cross
section shown in the figure. The two cross-sections are obtained from the same object.
The difference in the resulting cross-sections is determined by changing the orienta-
tion of the cutting plane with respect to the object.

Now consider the cylinder shown in Figure 3.37. If a cutting plane is oriented per-
pendicular to the axis of the cylinder, a circular cross -section results; if the plane is
located along the axis of the cylinder, a rectangular cross-section is obtained. Observe
that this rectangular cross section through the cylinder is identical to the cross section
obtained by slicing the rectangular prism along its long axis in Figure 3.36.
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Cross-Section #1 Cross-Section #2

Cutting Plane #1

Cutting Plane #2

FIGURE 3.36. Cross sections from a square prism.
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Because a resulting cross-section through an object depends on the orientation of
the cutting plane with respect to the object, most objects have several cross-sections
associated with them. Figure 3.38 shows a cylinder with four possible cross sections.
Can you imagine the orientation of the cutting plane with respect to the cylinder for
each cross-section?

You already know that the first two cross-sections, rectangle and circle, were
obtained by orienting the cutting plane perpendicular to and along the long axis of the
cylinder, respectively.

What about the third cross-section? It was obtained by orienting the cutting-plane
at an angle with respect to the axis of the cylinder.

The fourth cross-section was also obtained by angling the cutting plane with
respect to the cylinder axis, but the angle was such that a portion of the cutting plane
went through the flat circular end surface of the cylinder.

Figure 3.39 shows several cross-sections obtained by slicing a cube with cutting
planes at different orientations.

Cutting Plane #

Cutting Plane #2

Cross-Section #1 Cross-Section #2

FIGURE 3.37. Cross sections of a cylinder.
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Combining Solids
Another skill that will be helpful to you as an engineer is the ability to visualize how
two solids combine to form a third solid. The ability to visualize combining solids
will be helpful as you learn how to use solid modeling software. In early versions of 3-D
CAD software, commands used to combine solids were sometimes known as Boolean
operations. This terminology was borrowed from mathematics set theory operations,
called Booleans, where basic operations include unions, intersections, and comple-
ments between sets of numbers. Boolean logic is now the foundation of many modern
innovations. In fact, if you have performed a search on the Web using an AND or an OR
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FIGURE 3.38. Various cross sections of a cylinder.

Pentagon Hexagon Triangle

Square Trapezoid Rectangle

FIGURE 3.39. Various cross sections of a cube.

3.11
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operator, you have used Boolean logic to help you narrow or expand your search. In
terms of 3-D CAD, the Boolean set operations typically correspond to software com-
mands of Join, Intersect, and Cut. To help you become familiar with the terminology
since you probably will be building 3-D computer models, this section will use the same
terminology.

Two overlapping objects can be combined to form a third object with characteris-
tics of each original object apparent in the final result. To perform any Cut, Join, and
Intersect operations to combine objects, the objects must be overlapping initially. What
is meant by overlapping is that they share a common volume in 3-D space—called the
volume of interference. Figure 3.40a shows two objects that overlap; Figure 3.40b
shows the volume of interference between the two objects. Notice that the volume of
interference takes shape and size characteristics from each of the two initial objects.

When two objects are joined, the volume of interference is absorbed into the com-
bined object. The result is a single object that does not have “double” volume in the
region of interference. The Boolean Join operation is illustrated in Figure 3.41.

When two objects are combined by intersecting, the combined object that results
from the intersection is the volume of interference between them, as shown in 
Figure 3.42.

In the cutting of two objects, the combined object that results from the cutting
depends on which object serves as the cutting tool and which object is cut by the other
object. The result of a cutting operation is that the volume of interference is removed
from the object that is cut, as illustrated in Figure 3.43.

Overlapping Objects Objects Joined

FIGURE 3.41. Result of two
objects joined.

Overlapping
Objects

Volume of
Interference

FIGURE 3.40. Overlapping
objects and volume of 
interference.
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FIGURE 3.42. Result of two
objects intersected.

FIGURE 3.43. Result of two
objects cutting.

Overlapping Objects Small Cylinder Cuts
Large Cylinder

Large Cylinder Cuts
Small Cylinder

Strategies for Developing 3-D Visualization Skills
In this chapter, you learned about several different types of exercises you might want to
tackle in order to develop your 3-D visualization skills. In this section, you will learn
how to get started with those exercises.

3.12.01 The Sketching of Corner Views
When you have a large task, such as constructing the isometric view of an object, the
easiest way to get started is to complete an isometric view of a small piece first and then
move on successively to other pieces of the object. You should follow this same process
for almost every task in this chapter and throughout this textbook. In terms of objects,
the basic building blocks are points, edges, and surfaces. To get started, you need to
break down the object into its elements.

When sketching an isometric view of an object from its coded plan, you should
look first at the corner from which you are sketching to determine which side of the
object is on the left and which is on the right. The corner will be defined by a vertical
line on the grid paper with the left and right sides emanating from there. Figure 3.44
shows a coded plan with the corners identified. If you want to sketch the Y-corner view,
the arrows indicated show the left and right directions emanating from this corner. If
you cannot immediately see this, turn the page so that Y is directly in front of you.

Next, you should sketch the height of the object from the corner you selected. As
you move to the left from this corner, how does the height of the object change? For 
the coded plan in Figure 3.44, the height at the corner is 2; and as you go to the left, the
object goes back two squares at the same height and then switches to a height of 3 for
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FIGURE 3.44. A coded plan.

Overlapping Objects Objects Intersected
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y
Left Right

FIGURE 3.45. The left side surface of a
building.

y
Left Right

FIGURE 3.46. Left and right side sur-
faces of an object.

one additional square. With this height information, you should be able to sketch the
left-side surface of the object as shown in Figure 3.45.

You have now completed drawing one surface on the object. Go back to the origi-
nal corner and think about moving in the other direction to define the surface on the
object’s right side. The height of the object goes from 2 to 1 to 3, one square deep at
each height just indicated. Using this information, you can sketch the right-side sur-
face going to the right from your chosen corner as illustrated in Figure 3.46.

Look again at the coded plan. You will see that the maximum height of the object is
3 units. At the same height, five blocks form an L going from the left side to the right side.
You can sketch the L-shaped top surface at the given height as shown in Figure 3.47.

Look at the coded place once more, this time to determine where the object’s
height is 2. You will see three blocks at this height; together these three blocks trace
another smaller L, as shown in Figure 3.48.

Finally, examine the sketch to determine where you need to add lines to complete
the isometric. Add those lines. For the object you have been working with, you need to
add lines to define the top surface that has a height of 1 and add whatever lines are
needed at vertical corners to complete the isometric sketch. Figure 3.49 shows the com-
pleted sketch of the object.

y
Left Right

FIGURE 3.47. The top surface of the
object.

y
Left Right

FIGURE 3.48. The second top surface of
the object.

y

FIGURE 3.49. The completed isometric
sketch.
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3.12.02 Object Rotations about One Axis
Once again, the simplest way to visualize rotation of an object is to focus on just one of
the object’s surfaces. You should look at the object and mentally select one surface to
serve as your focal point for the rotation. This surface is called the key surface for pur-
poses of this exercise. When you mentally rotate the key surface, you usually can let the
remainder of the object follow. Figure 3.50 shows an object and its rotated image. What
axis was the object rotated about, and was it a positive or a negative rotation?

This exercise will use the L-shaped surface, labeled A, as the key surface. By focusing
on surface A on the original object, you can see that the surface was rotated positive 
90 degrees about the x-axis. By definition, when an object is rotated in space, all points,
edges, and surfaces on the object are rotated the same amount. This means that the entire
object from Figure 3.50 is rotated 90 degrees about the x-axis, because surface A was
rotated by that amount. Note that the surface you choose as the key surface could be any
of those on the object, and this surface is likely to change from problem to problem.

Just as focusing on one surface can help you identify an object rotation, starting
with one surface also can assist you in the task of performing an object rotation. Look at
the object in Figure 3.51. Your task is to rotate the object negative 90 degrees about the
z-axis and sketch the image that results.
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A

FIGURE 3.50. An object in original position and its rotated image.
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B ?
FIGURE 3.51. An object for rotation.
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FIGURE 3.52. Rotation of surface B only.
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FIGURE 3.53. Rotation of surfaces C and D.

To perform the task, you can select any surface; however, because the surfaces 
on the right side of the object will be hidden from view after the rotation is performed,
they are probably not the best choice with which to begin this exercise. The surface 
of the object labeled B is probably the easiest one to begin with. Imagine surface B is
rotated by the specified amount and sketch the surface only where it will appear after
rotation. Figure 3.52 illustrates the rotation of the surface 90 degrees negatively (CW)
about the z-axis.

Knowing the location of surface B after rotation, you can think about rotating sur-
faces C and D by the same amount as surface B and sketching the rotated surfaces C
and D as shown in Figure 3.53. Notice that with 3-D rotations of an object, surfaces vis-
ible in the original view of the object are not always visible in the rotated image and sur-
faces that were hidden in the original view often become visible in the image of the
rotated object.

Now you need to imagine what the “back” left-side surface of the object looks like
after rotation so you can include it in your sketch. The back surface is hidden from view
in the original orientation; but after rotation, it is the “top” surface of the object and is
clearly visible. Going back to the object in its original position, you can see that this
back surface starts at a height of 1 and jumps to a height of 3, meaning that it will
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appear L-shaped when rotated into position in the new view. This L-shaped surface can
be sketched along with the other surfaces of the object as shown in Figure 3.54.

The last step is to clean up the drawing, adding lines as needed to complete the iso-
metric sketch and to define the remaining surfaces on the image of the rotated object
as illustrated in Figure 3.55.

3.12.03 Object Rotations about Two or More Axes
A step-by-step procedure for visualizing rotations about two or more axes is not as sim-
ple as the procedure for visualizing rotations of an object about one axis. The proce-
dure is not simple because when rotating about two or more axes, many of the surfaces
on the object that start out visible before rotation will be hidden after the first or suc-
cessive rotations. One way to deal with the difficulty of visualizing rotation about two
axes is to sketch the object as it appears after the first rotation and before the second
rotation. For example, if an object is to be rotated positively about the x-axis and then
negatively about the y-axis, sketch the intermediate step—the rotation about the 
x-axis—and complete the task from there. This way, the complex rotation is divided
into a series of two single axis rotations. Figure 3.56 illustrates the method.
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FIGURE 3.54. The back left-side surface after rotation.
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FIGURE 3.55. The completed sketch of the object after rotation.
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You might be able to visualize the rotation about two or more axes by concentrat-
ing on a single key surface. But if you do try to do this, take care to assure that the key
surface you choose to rotate remains visible after the rotation has been performed.
Figure 3.57 shows an object and its rotated image. Note that surfaces A and B are no
longer visible after the specified two rotations, so you would have to concentrate on
surface C when mentally rotating the object.

One technique that may help you visualize rotations about two or more axes is to
focus on a single surface that was not visible originally (instead of a visible one) and
imagine its orientation after rotation. For example, the object shown in Figure 3.58 has
a U-shaped surface on its back left side. Although you cannot see the surface in the orig-
inal object orientation, the overall shape of the objects tells you that it is there. The sur-
face of the object in its original position is hidden from view, but you should be able to
visualize the surface nevertheless. Whenever you are asked to perform the rotations spec-
ified, you can think about rotating just the one surface and sketching it in its new posi-
tion, similar to the way you started with the rotations about one axis. Figure 3.59 shows
just the back surface rotated about both axes specified and into its final position.

When sketching the surface in the position after being rotated as specified, you can
fill in the lines composing the entire object that corresponds to the same specified
series of rotations as the single key surface. The complete sketch of the object after both
specified rotations have been performed is shown in Figure 3.60.
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FIGURE 3.56. Intermediate rotation sketched.
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FIGURE 3.57. Visible surfaces before and after rotation.
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FIGURE 3.58. Original object position.
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FIGURE 3.59. Rotation of U-shaped surface.
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FIGURE 3.60. Completed object rotation.
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3.12.04 Reflections
When creating a sketch of the image of an object as it appears on the other side of a
reflection plane, you must remember that points on the object that are invisible in the
original object may become visible in its reflection. The easiest way to create an object
reflection is to start with one surface that is fully visible in the original view and  will be
fully visible in the reflection; then transfer that surface, point by point, from your view
of the object to your view of the reflected image. (Usually, at least one surface on the
object meets this criterion.) Since the object is the same distance from the reflection
plane on either side of the plane, each point on the object and its corresponding
reflected point on the image must be the same distance from the reflection plane on
either side of the plane.

Figure 3.61 shows an object located 2 units from the plane of reflection. For this
object, each of A, B, C, D, and E are located 2 units from the plane; another point hid-
den from view directly below A is the same distance from the plane of reflection. If each
of these six points is reflected across the plane, they will be a total of 4 units—2 units to
the plane and 2 units across the plane on the other side of it—from their location on the
original object in a direction “perpendicular” to the plane. By “connecting the dots,”
you can sketch the surface they define, as in Figure 3.62, which shows the reflection of
these points and the surface they form (the reflected surface) on the other side of the
reflection plane.
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FIGURE 3.61. An object located 2 units from reflection plane.
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For the object in this example, you can focus next on two surfaces that also will be
visible in the reflection. One surface is defined by points D, E, F, and G; and the other
surface is defined by points C, D, G, and I. Points C, D, and E have already been
reflected, so the only points you have to consider to define the two surfaces are G, F,
and I. Each point G, F, and I is located 4 units from the plane of reflection; thus, the
reflection of each of these three points will be 8 units from its location on the original
object in a direction perpendicular to the plane of reflection. The reflection of these
points and the surfaces that result from connecting the reflected points are shown in
Figure 3.63. 
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FIGURE 3.62. Reflection of points A, B, C, D, and E and the resulting surface.
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FIGURE 3.63. Reflection of two additional object surfaces.

Now consider the Z-shaped surface defined by points B, C, I, H, J, K, L, and M. You
can reflect each of these points one at a time, realizing that H will be obscured from
view in the reflected Z-shaped surface. Figure 3.64 illustrates the result of defining the
reflected Z-shaped surface.

You now have enough of the object reflected that you can easily complete the
sketch by adding the missing surfaces. The completed sketch is shown in Figure 3.65.
Point labels have been excluded from the figure for clarity’s sake. You could have
reflected the object’s other two surfaces point by point, but you can probably manage
without that step. 
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FIGURE 3.64. Reflection of Z-shaped surface.

P

FIGURE 3.65. Completed object reflection.
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3.12.05 Object Symmetry
To determine planes of symmetry for an object, you might want to sketch a dashed line
on a surface of the object where you think a plane “splits” the object into two symmetri-
cal parts. If you extend this line in your imagination, you can visualize an infinite plane.
Look on each side of the dashed line you sketched on the object. Is one side a mirror
image of the other side? If the sides are mirror images, then the dashed line you drew
lies within a plane of symmetry; if the sides are not mirror images, then your dashed
line does not lie within a plane of symmetry for the object.

You probably want to start with horizontal or vertical planes to identify an object’s
potential planes of symmetry. Figure 3.66 shows an object repeated three times with
three potential planes of symmetry identified; two of the planes are vertical, and one is
horizontal.

Notice that for the three planes identified, only planes 1 and 3, the vertical planes,
are actually planes of symmetry. The part of the object on one side of plane 2 is not a
mirror image of the part on the other side, so this plane cannot be a plane of symmetry.
The object, then, has two planes of symmetry.

What about planes that are neither vertical nor horizontal? Those planes can be
handled as was just shown for vertical and horizontal planes. First, sketch a line on the
object that you think will lie within an imagined plane of symmetry; then examine each
side of the object to see if the two halves sliced by the plane are mirror images of 
each other. This time the lines you sketch will be at an angle and not horizontal or ver-
tical. Figure 3.67 shows an object with several planes of symmetry identified.
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Plane #1

Plane #2

Plane #3

FIGURE 3.66. An object with three potential planes of symmetry identified.

42496_04_ch3_p3.1-3.62  12/21/07  3:25 PM  Page 43



3.12.06 Cross-Sections
When cutting planes are angled, the dimensions of the resulting cross-section “along”
the plane becomes “stretched” compared with the dimensions of the cross section that
results when the cutting plane is not angled. Figure 3.68 shows a simple object that has
two cutting planes passing through it and the cross section corresponding to each cut-
ting plane. For the vertical cutting plane, the shape of the cross section corresponds to
the overall height and width of the object. When the cutting plane is angled, its height
is stretched but its width remains the same. This point was illustrated previously in
Figure 3.38. is, when the cylinder is cut along a plane perpendicular to its axis, a circu-
lar cross section results; however, when the cutting plane is angled, the diameter is
stretched in one direction but remains the same in the other direction, resulting in the
elliptical cross section.

To visualize the cross section that is obtained with an “angled” cutting-plane,
think in terms of edges, either existing or imagined, on the object that are parallel to or
perpendicular to the edges of the cutting plane. As the cutting-plane slices through the
object, it intersects with the edges and surfaces of the object; the boundaries of

3-44 sectionone Laying the Foundation

Plane #1

Plane #2

Plane #3

Plane #4
Plane #5

FIGURE 3.67. An object with five planes of symmetry identified.
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the cross-section will generally be parallel to the “edges” of the plane. (In reality, the
cutting plane is infinite in size and, therefore, has no edges; but it is usually sketched as
a finite size with edges so its orientation is shown.) After you have defined the edges of
the cross section, you should mentally rotate the resulting planar cross section so it is
perpendicular to your view direction. This allows you to “see” the cross section in its
true shape and size. Obtaining the cross section for an object with an angled cutting
plane is illustrated in Figure 3.69.
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FIGURE 3.68. Effect of angling the cutting plane.
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3.12.07 Combining Solids
The examples in the preceding three figures resulted from Boolean operations between
simple objects combining to form a third, slightly more complicated object. The Cut,
Join, and Intersect operations can be used in a series of steps to create a more complex
object, which is often the case in 3-D modeling software applications. When creating a
complex object using these methods, you first need to examine the final object you
want to end up with; then visualize the steps needed to get to that final object.
Figure 3.70 shows an object that you need to create using Boolean operations.

How would you create the object shown in Figure 3.70? One method you might
employ is based on the concept of “material removal,” which simply means cutting.
Using this method, you need to create a block that is the overall size of the final object.
Then you must create a smaller block that you will use to cut the larger block to form
the basic staircase shape of the object. The first operation is illustrated in Figure 3.71.

Working with the newly formed object, now you need to create a cylinder and use it
to cut the hole in the object, as shown in Figure 3.72.The final step is to create a block
small enough to cut the “slot” in the top of the object, as illustrated in Figure 3.73. After
completing all of these steps, you end up with the final object you set out to create.

Cross-Section Rotated
to Viewing Plane

Edges
Parallel Edges

Parallel

FIGURE 3.69. Cross section of
an object with an angled 
cutting plane.

FIGURE 3.70. An object to be
created through Boolean 
operations.
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Create block

Create small block

Small block cuts larger block

FIGURE 3.71. Creation of a
stepped shape through cutting.

Create cylinder

Cylinder cuts object

FIGURE 3.72. Cutting a
hole in an object.

Create small block

Small block cuts object -- desired result

FIGURE 3.73. Cutting an upper slot
to achieve the desired result.

Most objects in 3-D modeling software can be created using many different
methods. Can you think of a different series of steps you could use to create the object
shown in Figure 3.70? Based primarily on joining operations, Figure 3.74 shows another
method that uses Boolean operations to create the object.

Can you think of any other methods? As you gain familiarity with the use of 3-D
modeling software, you will develop your own preferred methods for creating parts.
Sometimes the method you use will depend on the object’s final design characteristics.
Other chapters in this text as well as texts devoted entirely to 3-D modeling software
cover 3-D computer-aided modeling in greater detail and provide information about
other types of operations that can be used to create solid models effectively and 
efficiently.
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When creating corner views of simple objects, remember the general rules for creating
simple isometric sketches described in an earlier chapter—that lines are included only
at the intersection between surfaces, that no hidden lines are shown, and that only the
visible portion of partially obscured surfaces are sketched. One common error novices
often make is to include extra lines on a single surface of an object, especially when
there are several changes in the height of the object. Figure 3.75 shows an improper
sketch from a coded plan. Can you detect the “extra” unnecessary line?
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Create 2 small blocks Join blocks one at a time Create cylinder

Cylinder cuts object — desired result

FIGURE 3.74. An object created by an alternative series of combinations.
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FIGURE 3.75. A common error: a sketch containing an extra line.
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FIGURE 3.76. A sketch with the extra line highlighted.

The extra line for the surface exists on the lower surface between the two “towers”
on the object, as highlighted in Figure 3.76. Since a line defines the intersection of each
of the towers with the lower surface, novices often extend the line through the gap even
though there is no intersection between surfaces there. Figure 3.77 shows the correctly
drawn object from the coded plan.

When rotating an object about an axis using the right-hand rule, right-handed
people often forget that they must put down their pencil in order to rotate the object
correctly in space. Right-handed people often use their left hand to define the rotation
as they sketch with their right hand. If you forget to put down your pencil to define the
direction of your rotation, you will end up with a rotation in the opposite direction of
what you intended, as shown in Figure 3.78.
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CODED PLAN

ISOMETRIC SKETCH

1 11

1 33

x

x

FIGURE 3.77. A correctly sketched object from a coded plan.
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z

x

y

z

z

x

y

Original orientation,
to be rotated in the
positive x-direction

NO! Yes
Rotation performed
using left hand

Rotation performed
using right hand

FIGURE 3.78. A common error: positive rotation (about the x-axis in this example) using the left hand instead
of the right hand.
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When identifying angled planes of symmetry, be careful. Sometimes an angled plane
produces two halves that look similar to each other but are not mirror images across the
plane. For example, Figure 3.79 shows a potential plane of symmetry for an object.
The two halves of the object appear to be identical halves; however, they are not mirror
images across the plane. Therefore, the plane identified is not a plane of symmetry.

chapter 3 Visualization 3-51

FIGURE 3.79. An object with a potential plane of symmetry identified.

Chapter Summary
In this chapter, you learned about Gardner’s definitions of basic human intelligences
(including spatial intelligence) and the way spatial intelligence is developed and
assessed. Spatial intelligence is important for engineering success, especially in engi-
neering graphics and solid modeling courses. The chapter outlined several exercises
that help develop spatial skills, including:
■ Constructing isometric sketches from different corner views.
■ Rotating 3-D objects about one or more axes.
■ Reflecting objects across a plane and recognizing planes of symmetry.
■ Defining cross sections obtained between cutting planes and objects.

■ Combining two objects to form a third object by cutting, joining, or intersecting.

3.13

Boolean operations: In early versions of 3-D CAD
software, commands used to combine solids.
combining solids: The process of cutting, joining, or
intersecting two objects to form a third object.
corner views: An isometric view of an object created
from the perspective at a given corner of the object.

cross-section: The intersection between a cutting
plane and a 3-D object.
cut: To remove the volume of interference between two
objects from one of the objects.
cutting-plane: An imaginary plane that intersects with
an object to form a cross section.

3.14 glossary of key terms
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intersect: To create a new object that consists of the
volume of interference between two objects.
join: To absorb the volume of interference between two
objects to form a third object.
mental rotations: The ability to mentally turn an
object in space.
reflection: The process of obtaining a mirror image of
an object from a plane of reflection.
spatial orientation: The ability of a person to men-
tally determine his own location and orientation within
a given environment.
spatial perception: The ability to identify horizontal
and vertical directions.

spatial relations: The ability to visualize the relation-
ship between two objects in space, i.e., overlapping or
nonoverlapping.
spatial visualization: The ability to mentally trans-
form (rotate, translate, or mirror) or to mentally alter
(twist, fold, or invert) 2-D figures and/or 3-D objects.
symmetry: The characteristic of an object in which one
half of the object is a mirror image of the other half.
volume of interference: The volume that is common
between two overlapping objects.

3.14 glossary of key terms (continued)

1. What are some of the basic human intelligences as
defined by Gardner?

2. What are the stages of development for spatial
intelligence?

3. What are some of the basic spatial skill types?

4. What do the numbers on a coded plan represent?

5. What are some general rules to follow when creating
isometric sketches from coded plans?

6. When a person is looking down a coordinate axis, are
positive rotations CW or CCW?

7. Describe the right-hand rule in your own words.

8. Are object rotations about two or more axes commu-
tative? Why or why not?

9. What is one difference between object reflection and
object symmetry?

10. Are all objects symmetrical about at least one plane?
Explain.

11. The shape of a cross section depends on two things.
Name them.

12. What is the effect on the resulting cross section of a
cutting plane that is tilted?

13. What are the three basic ways to combine solids?

14. In the cutting of two objects, does it matter which
object is doing the cutting?

3.15 questions for review
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1. For the following objects, sketch a coded plan, labeling the corner marked with an x properly.

2. Indicate the coded plan corner view that corresponds to the isometric sketch provided.

3.16 problems
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(a) (b)

(c) (d)

(e) (f)

x

x
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(b)
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(d)

1
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3
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y

w

z
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1

22

3

w x

yz

1 1 1

12

2

w x
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1 1

1

2

3

w x

yz

FIGURE P3.1. 

FIGURE P3.2. 
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3.16 problems (continued)
3. Use isometric grid paper to sketch the indicated corner view (marked with an x) for the coded plan.

(a) (b) (c) (d)

(e) (f) (g) (h)

2 1

3

2 1 1

x

2 1

1 1 1

3 2 1

x

2 3

111

1 2

x

1 1

1

3

2

3

x

1

1 1

2

3

x

2

3

3 1 1

x

2 3

1 2

1

x

3 1 2

1 1

1

x

FIGURE P3.3. 
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3.16 problems (continued)
4. Using the notation developed in this chapter, indicate the rotation the following objects have experienced.

x

y

z

(a)

(b)

(c)

(d)

x

y

z

x

y

z

x

y

z

FIGURE P3.4. 
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5. Rotate the following objects by the indicated amount and sketch the results on isometric grid paper.

3.16 problems (continued)

(a) (b)

(c) (d)

(e) (f)

x

y

z
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x

y

z

z y
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x z
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y z

FIGURE P3.5. 
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6. Copy the following object on isometric grid paper and sketch its reflection across the indicated plane. Note that the
sketch of the reflection has been started for you.

3.16 problems (continued)

(a) (b)

(c) (d)

FIGURE P3.6. 
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7. How many planes of symmetry do each of the following objects have?

3.16 problems (continued)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE P3.7. 
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8. Sketch the cross section obtained between the intersection of the object and the cutting plane.

9. Sketch the result of combining the following objects by the indicated method.

3.16 problems (continued)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIGURE P3.8. 

(a) (b)

(c) (d)

A

B

A

B

A

B

A

B

A joined with B B cuts A

Intersection of A and B A cuts B

FIGURE P3.9. 
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10. Describe by words and sketches how you would create
the following objects by combining basic 3-D shapes.

11. Create isometric sketches from these coded plans using
the corner view that is circled or the corner prescribed
by your instructor.

3.16 problems (continued)

(a) (b)

(c) (d)

(e)

FIGURE P3.10. 
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FIGURE P3.11. 
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12. Add the reflected images or redraw these objects with symmetry using the xy, yz, or xz planes as indicated or the planes
prescribed by your instructor.

13. The object shown in (a) is show again in (b) rotated by −90 degrees about the y-axis to reveal more detail. Rotate the
object sequentially about the axes indicated or about the axes prescribed by your instructor.

3.16 problems (continued)

x

y
z

x

y

z
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z
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(a) (b)

(c) (d)

Symmetry about the x-z plane
Reflect about the x-y plane

Symmetry about the y-z plane
Reflect about the x-z plane

FIGURE P3.12. 
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FIGURE P3.13. 
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14. Create an isometric sketch of the objects created from coded plans A and B. Rotate object A sequentially about the axes
indicated or about the axes prescribed by your instructor. Show the new object created by the indicated Boolean
combination of object A and object B or the Boolean operation prescribed by your instructor when the coordinate axes
of A and B are aligned.

15. Triangular volume A, triangular volume B, and rectangular volume C are shown intersecting in space. On the dashed
outline drawings, darken and add edges to show all visible edges of the final volume created by the indicated Boolean
operations.

3.16 problems (continued)

Plan A Plan B

Combined Plans

1

1

2

23

x

z

x

z
2 3

2 3

4

4

2 3

2 3

4

4

1

1

2

23

x

z

x y then B - ARotate A

FIGURE P3.14. 

A

B
C

Example

A joined with B, then cut by C

B cut by A, then cut by C A cut by B, then cut by C A intersects C, then cut by B

A intersects B, then intersects C B cut by C, then joined with A A intersects B, then joined with C

C cut by A, then cut by B A joined with B, then intersects C B cut by C, then intersects A

FIGURE P3.15. 
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Working in a Team
Environment

objectives
After completing this chapter, you should be able to
● Understand the benefits of working in a team
● Organize team projects and team member responsibilities
● Communicate and work in a team
● Assess the strengths and weaknesses of your team
● Apply strategies for improving team performance
● Solve problems with team members
● Work in a team effectively

4

4-1

42496_05_ch4_4.1-4.16  12/21/07  3:26 PM  Page 1



4-2 sectionone Laying the Foundation

A ssume your instructor has assigned a “design” project for the semester.
Moreover, your instructor has assigned everyone in the class to work in
teams. You probably have worked on team projects in the past. Perhaps

your experiences were positive; however, you may have been frustrated at times
because not everyone on the team put forth the same amount of effort in complet-
ing the project. You may be a bit skeptical about the viability and value of working
on a team.

In real life, most engineering projects are accomplished by teams. Think of the
space missions. The astronauts would not be able to travel into space without the
effort of thousands of engineers, technicians, ground crew, and other support
staff. As another example, think of the last movie you watched. The movie “team”
included the director, producer, cast, camera operator, costumer, sound effects
crew, and many other people who pulled together to develop the successful final
product. Automobiles, computers, iPods, cell phones, and countless other every-
day products were designed, produced, packaged, marketed, and distributed
through a team effort. So if you really want to have a successful career as an engi-
neer or a technologist, you have no choice but to learn to work in a team environ-
ment. In fact, you may even find that you enjoy the team atmosphere as you begin
to appreciate the way individuals pull together and complement one another to
create products that are innovative and timely. 

While working on team projects in high school or college classes, you may have
experienced less than satisfactory results. In those often dysfunctional teams, task
assignments may not have been distributed evenly or team members may not have
delivered on promises to complete their tasks. While being on a dysfunctional team
is an experience you would like to avoid, being a part of a good team is a rewarding
experience. This chapter will outline reasons for working on a team, ways to get
started on the road to a successful team, strategies for making your team effective
and efficient, and tools for dealing with problems that will inevitably confront you
and your team. As with most activities, being prepared for the challenges and
opportunities, and having a plan for how to deal with them will improve your
chances of success and lead to an enjoyable and productive team experience.
Further, learning how to develop successful team environments will prepare you for
a future technological career. As you read this chapter, pay particular attention to
the sections on organization, time management, and communication, because they
are the keys to a successful project—as an individual or as a team.

4.01
introduction

Why Work in a Group?
In a later chapter, you will learn about creativity and the design process. Many of the
projects suggested in that chapter are difficult, if not impossible, to do by yourself.
Amost all of them can be enhanced by the interpersonal interaction that comes from
being part of a good team and the environment that comes with being a member of a
team. Obviously, more team members means more bodies at work (and the likelihood
of a better final product); but a team is more than a group of people who divide up a
task into manageable parts. The diversity of different life and professional experiences
of team members leads to a larger group of ideas and a variety of approaches in solv-
ing problems. Team discussions can generate ideas, expand options, and improve the
final product. Even questions from naysayers are helpful—both in clarifying ideas and

4.02
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identifying fatal flaws—before a great deal of time and effort is spent on an idea that
ultimately leads to a dead end.

In addition, employers value employees (whether for summer jobs, internships, 
co-op positions, or full-time jobs after graduation) who can work as a member of a
team and who are team players. An engineer rarely works alone. Most projects require a
range of training and skills beyond what the most skilled engineer can be expected to
do. Even if a project is small enough for a single person to design it from start to finish,
engineers rely on information collected or generated by others and need others to fab-
ricate or construct what they design; often engineers rely on others to make sure the
project has been built correctly and to identify problems.

Working on a team does not involve personal relationships; a team is based on pro-
fessional relationships that require you to respect and value the skill sets that other
members of the team bring to the project. A team is a group of colleagues who work
together to complete an assigned task.

What Does It Mean to Be a Team Player?
Being a good team member takes work. Most people are used to working on their
own—making decisions, prioritizing tasks, and being accountable for their own work.
Working with others requires a different approach than working alone. To be a success-
ful part of a team, you need to consider several issues. You should be prepared not to be
in charge of everything. For some people, this requires a great deal of effort; for other
people, it is less taxing. At times, you will be the supervisor; other times you will be
supervised. You need to be flexible and understand that a team consisting only of lead-
ers (or only of followers) is not likely to perform well.

Also be prepared to have some interesting (and some frustrating) encounters
with your new work mates. Be prepared to exchange points of view and to learn from
those around you. Everyone on a team is responsible for success and is accountable
for failure.

Most importantly, prepare to learn how to be a team member. Share your strengths
with the team and be willing to contribute. Remember, the combined efforts of all team
members should yield a better outcome than the efforts of one individual. Learn new
team skills and be adaptable.

Many teams have problems when everyone tries to be in charge or when no one
tries to be in charge. The result can be the same: uneven distribution of work, incom-
plete work, missed deadlines, subpar performance, and frustration. Even though a
team is a united effort, each individual is accountable for the overall performance of
the team.

Individuals generally react differently in groups than they do on their own. If you
miss deadlines or produce inferior work as an individual, you can expect to be held
accountable if your work habits are the same when you are part of a team. Conversely,
if you produce high-quality work on your own and do the same as part of a team, you
will be rewarded accordingly. Remember that team members are accountable first for
their individual performance and second for the group’s performance. Keep everyone
informed of your progress.

Differences between Teaming in the Classroom and
Teaming in the Real World
Selecting personnel and identifying skills are the most important tasks of assembling a
team to work on a real-world project. While it may be advantageous to pick people who
have worked together previously and who have established a good working relationship,
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you need to make sure that all of the skills required for the completion of the project are
represented by at least one person on the team. For example, if the team is designing a
building, the team must have a member who understands, among other things, the:
■ Design of a foundation.
■ Design of the structure. 
■ Design of elevator and/or escalator systems.
■ Design of air-conditioning systems.

Additional skills are likely to be on the list if the building is to be made of rein-
forced concrete, or if it is to be constructed in Alaska or California or Louisiana.

In the real world and in the classroom, the goal is to complete a successful project
on time and within budget. However, the skills and training of potential team mem-
bers in the classroom are all virtually the same (unlike the real world). Furthermore,
the primary goal in the classroom is for each member of the team to learn about each
task required in the project. Whereas a mechanical engineer is not expected to teach
other members of a building-design team how the air-conditioning system works or
why the particular components were selected, each member of a classroom team is
expected to explain her part of the team project. Unless the team members complete
all of the tasks together, each member must teach the rest of the team what she did on
her part of the project.

Team Roles
For your team to operate like a “well-oiled machine,” you need to understand that the
members must fill specific team roles, if effective collaborative work is to result.
Typically, well-functioning teams have a leader, a timekeeper, and a note taker at a min-
imum. If there are additional team members, assigning someone to the role of devil’s
advocate is also a good idea. The team leader does just that—she leads. This does not
mean the team leader dictates or makes all of the decisions for the group. The team
leader sets the meeting time, sets the agenda for the meeting, and generally keeps the
meeting moving. The team leader also makes sure the team stays on target and remains
focused on the task at hand.

The note taker keeps a written record of the team’s progress. He or she records
what tasks have been assigned to whom and records the expected completion dates of
the tasks. The note taker is responsible for sending the minutes of the meeting to all
team members. The minutes are a written record of what transpired during the meet-
ing and serve as a reminder of who is responsible for completing what task(s).

The timekeeper makes sure the schedule is maintained and that meetings do not
run over the allotted time. If meetings routinely last longer than planned, team mem-
bers may skip them or resent coming to them—either of which leads to less productive
team encounters.

Finally, the role of the devil’s advocate is to challenge ideas without being too
overbearing or unpleasant. The devil’s advocate makes sure that all options are consid-
ered and that ideas are sound. However, a devil’s advocate should not challenge ideas
just for the sake of the challenge; doing this can annoy teammates and detract from the
overall effectiveness of the team’s operation.

Depending on your personality, you might be naturally inclined toward one role
over another. For example, you may naturally be a critic who performs the role of devil’s
advocate very well. In the classroom setting, you should try out other team roles, so you
can develop additional team skills. You may need to hone your note taking skills, and
filling that role on the team may help your personal development. In classroom proj-
ects, team members can rotate roles so everyone has a chance to experience each role. By
performing roles that are unfamiliar to you, you learn to appreciate people who work in
these roles. Developing an appreciation for and respecting the skills of the other mem-
bers of your team are the first steps toward your becoming an effective team member.
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Characteristics of an Effective Team
Most successful teams either knowingly or unknowingly operate by certain ground
rules that contribute to overall team productivity. Some of these ground rules are
described in subsequent sections of this chapter, giving you the opportunity to learn
the rules and adapt them to your particular setting and project.

4.06.01 Decisions Made by Consensus
For a diverse team, it will be nearly impossible to get 100 percent agreement on all of
the decisions. Trying to achieve this unreachable goal will lead to frustration and poor
productivity for the team. Consensus means finding an option that all team members
will support. It does not mean that all team members would select that option as their
first choice, although some of them probably would. When making decisions by con-
sensus, everyone on the team is invited to voice an opinion. Some people may be natu-
rally shy and unwilling to speak up. The team leader should note when a team member
has not voiced an opinion and invite the individual to speak up. Silence should not be
interpreted as agreement—often it is not. Another important aspect in making team
decisions is to consider the data carefully. Decisions made based on feelings, where
data is ignored, are usually not optimal.

4.06.02 Everyone Participates
No member of a team should be allowed to sit back and watch others do the work. As
mentioned previously, it is important for every member of the team to voice an opinion
during meetings. It is just as important for every member of the team to participate in
the work of the team. Tasks should be assigned to members based on talents/skills, and
no one should be allowed to choose not to do something. The leader is responsible for
making sure that every member participates equally in the work of the team. This does
not mean that every task needs to be divided into equal parts, but it does mean the
overall work should be divided evenly.

4.06.03 Professional Meetings 
Team meetings should be productive and engaging. If they are ineffective and a waste
of time, team members will likely skip them or not participate fully. This, in turn, will
lead to poor-quality work from the team. Team meetings work best when a procedure
has been established for the conduct of the meeting and an agenda has been created in
advance. The agenda should be prepared by the team leader and e-mailed to partici-
pants in advance of team meetings. As a rule of thumb, the agenda should include (1)
a review of progress to date, (2) a review and possible revision of the project schedule,
and (3) new task assignments for team members as needed. This list is not exhaustive—
your agenda will be dictated somewhat by the project you are working on. The time-
keeper is responsible for making sure the team follows the agenda so that all items on
the agenda are completed within the time allotted for the meeting. Punctuality at team
meetings is a necessary ingredient for success. A person who shows up late for a meet-
ing is not being fair to or respectful of her teammates. Attendees should do their best to
be on time.

Project Organization—Defining Tasks and
Deliverables
Your team was likely formed to work on a project, maybe even a design project. In a sub-
sequent chapter, you will learn about the design process and its various stages. For now,
understand that design is an iterative process that proceeds from stage to stage until
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completion. At some point in the process, you may have to return to an earlier stage to
redo something the team thought was completed. Redoing earlier work is a normal
part of the design process, especially in cases where you are trying something new and
do not know if your idea or solution will actually work. During each stage, you meet as
a team to review your progress and to determine what needs to be done next. In the
early stages of the project, you probably made a list of all of the tasks that needed to be
done. You should review this list at each meeting because the list will likely change as
the project evolves.

Once you are sure you have a complete list of what needs to be done before the
next meeting, it is time to make a list of tasks and assign responsibility to the person
who will be completing each task. When reviewing the items on the list of tasks to
accomplish, you need to determine which tasks depend on the outcome of other tasks.
For example, if you are going to machine a part, you need to create a drawing of the
part. To create the drawing, you may need to create a solid model of it in your CAD
system. Thus, it would be unreasonable to expect someone to do the machining before
the modeling work has been done—the task of machining depends on the outcome 
of the modeling task.

Another consideration when assigning tasks is to determine which tasks can be
done by an individual and which require a group effort. If someone on your team has a
difficult schedule to work around, you may want to assign individual tasks to that per-
son most of the time (but not always) to accommodate their schedule. In addition to
looking at the individual/group effort required of each task, you also should try to esti-
mate the amount of time each task will require for completion. If one group member
ends up completing a task that requires ten hours while two other members complete
tasks that require one hour each, resentment is likely to build, thereby hindering group
progress. However, as stated earlier in this chapter, division of labor for the project
should be balanced overall. So if the person assigned the ten-hour task has been a
slacker on previous assignments, perhaps that person should complete a significant
task the next time one is assigned. 

When assigning tasks, you should try to match the talents and abilities of each
team member to the requirements of the task. However, you want to rotate duties so
one person is not burdened with all of the writing or all of the modeling or all of the
calculating (similar to the way the team roles are rotated so everyone has the opportu-
nity to experience each role). As you are thinking about the assignment of tasks, ask
yourself the following questions:
■ Which team member is best qualified to do the task?
■ Who is able to do the task in terms of either time or skill? 
■ Who is willing to do the task?

You need to make choices between assigning a task to a person who can accom-
plish it and assigning the task to the best person. The best outcome may not result
from the best person being assigned to a task. If the person is overloaded as a result of
the task assignment, she may not do a very good job or may not be able to complete the
task. Balancing task assignments is key to producing the best possible project. A proj-
ect may not be the best one a team can produce; rather, it is the best project a team can
produce within the limits of available resources.

Time Management—Project Scheduling
Once you have organized your team and started work on your project, you should
begin developing a plan for completing the project. Think of the plan as being
dynamic, not static, since you are likely to be making changes to the plan as the project
unfolds. Think of the initial plan as a flowchart of activities or a calendar of events that
should include items such as who was assigned to work on each task and where each
task fits in the overall project. When examining the various tasks that make up the
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final project, think about the interrelationships between tasks. What task precedes/fol-
lows each task? How does information flow from one task to another? In the previous
example, modeling was the first task to be accomplished, which was followed by the
creation of a drawing, culminating in a fabricated part. The task that precedes and fol-
lows each task is well-defined, but the method of communicating information between
tasks may not be as straightforward. Ideally, this information flows seamlessly through
the CAD software; however, you may need to run file translator routines to move infor-
mation between tasks.

Perhaps the most important activity in project scheduling is to determine how
each task fits within the overall project and when each task should be completed for
your project to end successfully. Usually when you are organizing your project, you can
begin at the beginning or you can begin at the end. If you start at the beginning, the
organization of the project can be done in a cyclic manner. As a team, ask the following
questions:

1. What needs to be done first?

2. What do we need to know before we can do WhatNeedsToBeDoneFirst (WNTBDF)?

3. Now that we have a new WNTBDF, repeat step 2.

Sometimes it is more efficient to begin by considering the final deliverable for the
project (product, design, prototype, sketch, etc.). You then work backward through the
process, identifying what needs to happen before a specific task can be accomplished.
Another way of thinking about this is to consider all of the other tasks that must be
completed before a specific task can be accomplished. When organizing your project
from the beginning or the end, you also need to consider who will be completing each
task—you cannot establish a timeline without considering the realities of everyone’s
schedule.

Sometimes the result of this activity is to discover that the timeline for your well-
planned project does not match the deadlines established by your client (or instructor).

In this case, you must revisit the task list and eliminate tasks or compress the time
to complete each task. In others words, you must determine how good of a project you
can deliver in the time allowed. Even in the real world, you do not always have enough
time to produce the best design (or the client does not have enough money to build the
best product). The goal is to produce the best product within the constraints given.
These constraints are usually time, money, materials, and talent.

By now, you may have realized that the schedule for your project and the organiza-
tion of tasks in your project (presented in the previous section) are linked. The follow-
ing sections include information on two tools you may find useful as you organize and
plan your project: the Gantt chart and the Critical Path Method.

4.08.01 Gantt Charts
When working in teams, it is essential to establish a well-thought-out plan for complet-
ing the project. If you are working on a project as an individual, the planning stage is
not nearly as critical, since no one else is depending on you to complete a task to an
acceptable level of quality within a certain time frame. One useful tool to help you
organize your project, assigning a timeline for the completion of various tasks, is a
Gantt chart. A Gantt chart is a table that lists the tasks in the leftmost column that
must be completed, and it identifies the dates across the top row by which each task
must be completed. Shading indicates the times for working on each of the project
tasks. Without a detailed plan that lays out due dates and establishes a timeline, most
projects get bogged down in trivial details and important tasks are delayed. This will
often put the success of the project in jeopardy of being completed on time. Figure 4.01
shows a simple Gantt chart for a student project in reverse engineering, a topic that will
be discussed in more detail in a subsequent chapter. 
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Note that each of the major task headings can be broken down further and a Gantt
chart created for each major task. For example, Figure 4.02 shows a new Gantt chart
created just for the last task listed in the previous Gantt chart.

4.08.02 Critical Path Method
The critical path method (CPM) is used in project scheduling to determine the least
amount of time needed to complete a given project. CPM is also used to determine
which activities are most critical to the on-time completion of the project (hence, the
name) and which activities are not as critical to the overall project schedule. The critical
path includes the sequence of the activities that have the longest duration. When these
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Sept Oct Nov
Tasks 8 15 22 29 6 13 20 27 3 10 17 24
Assign Teams

Select Device

Write Proposal
Charts and
Diagrams
Perform
Dissection
Component
Sketches
Computer
Models
Materials
Analysis
Build
Prototypes
Write Final
Report

FIGURE 4.01. Gantt chart for reverse engineering project.

Sept Oct Nov
Tasks 8 15 22 29 6 13 20 27 3 10 17 24
Write Final
Report

Outline Report

Write Background
Section
Write Analysis of
Product Systems
Section
Write Proposed
Design
Modifications
Section
Finalize Figures

Write Discussion
and Conclusions
Final Formatting
and Proofreading

FIGURE 4.02. Gantt chart for report writing task.
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activities are strung together on the critical path, you can determine the shortest possi-
ble duration of the project. Activities that are not on the critical path can be allowed to
“float” with regard to schedule, which will not impact completion of the overall project.

The CPM is like a flowchart for the project. It helps everyone visualize what has
been accomplished, in what stage of the project the team is (what percentage is com-
plete, whether the project is ahead or behind schedule, etc.), and what needs to be done
next at each step of the project. If names are associated with each task, the CPM can
also serve as a reminder of who is waiting for a finished task before that person can
begin the next task. The information required to construct a CPM diagram is:
■ A list of all activities required to complete the project.
■ The amount of time each activity will take to complete.
■ The dependencies between tasks (i.e., what task relies on the completion of

another task before it can be started).

As an example of a CPM, consider a project broken down into six major activities.
The task breakdown is characterized as follows:

Activity Duration Depends on
1 2 days —
2 4 days 1
3 6 days 2
4 5 days 1
5 2 days 2, 4
6 8 days 3, 5

The critical path diagram for this project can be constructed as shown in Figure 4.03.
Note that arrows are used to show forward progress through the project, and dependen-
cies between tasks are shown graphically. For this example, there are three possible
“paths” through the project from start to finish, as shown in Figure 4.04. The first path
includes Activities 1, 2, 3, and 6. This path has a total duration of 20 days. The second
path includes Activities 1, 2, 5, and 6 with a duration of 16 days. The final path
includes Activities 1, 4, 5, and 6 with a duration of 17 days. The critical path is the first
one (with Activities 1, 2, 3, and 6) because this path has the longest duration. Based on
the critical path, the shortest possible completion schedule for the project is 20 days;
anything less than this is impossible.

Each activity on the critical path is now a critical activity; that is, if any of the activi-
ties are not completed on time, the overall time needed to complete the project will be
lengthened. This means that Activity 4 and Activity 5 (the only activities not on the crit-
ical path) have some float time—if they are not completed on time, the overall project
will still be on schedule. If you are a project manager, this information shows you where
to concentrate your efforts. If it looks as though Activity 4 is beginning to interfere with
Activity 3, you can suspend work on Activity 4 for a short while to make sure Activity 3
proceeds unhindered. Or if Activity 2 starts to flounder, you can shift resources away
from Activity 4 to make sure the critical activity (Activity 2) is completed on schedule.
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Activity 1

2 days
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FIGURE 4.03. Critical path
diagram.

42496_05_ch4_4.1-4.16  12/21/07  3:26 PM  Page 9



4-10 sectionone Laying the Foundation

Activity 1
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6 days

Activity 4

5 days

Activity 5

2 days
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8 days
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Activity 2

4 days

Activity 3

6 days

Activity 4
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Activity 5

2 days

Activity 6

8 days

Activity 1

2 days

Activity 2

4 days

Activity 3

6 days

Activity 4

5 days

Activity 5

2 days

Activity 6

8 days

FIGURE 4.04. Three possible
paths through project
completion.

Because completion of any project is dynamic rather than static, as with Gantt charts,
you should review your critical path diagram periodically to ensure that it still accu-
rately reflects the realities of your project.

Communication
Following is a discussion about communication between the team and the outside
world and communication among members of the team. Each member of the team
must communicate openly and honestly during task assignments (Do I agree with the
plan? Do I have other commitments that will interfere with the timeline? Can I commit
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enough time to the task? Do I have the skills required to complete the task alone?). A
team member’s silence is usually interpreted as agreement with the plan, or at least
acceptance of the plan. Most problems between team members result from a lack of
open and honest communication.

4.09.01 Agreeing How to Communicate
E-mailing, chatting, and text messaging are useful modes of communication, and you
have probably used all of them; however, regular face-to-face meetings are essential for
a team’s successful communication. Electronic modes of communication can be used,
but nothing takes the place of face-to-face meetings. Because no one has time for an
unnecessary or poorly conducted meeting, when team members do meet, they want the
meetings to be productive. Decide early in the project how often the team needs to con-
vene to conduct its business. Team members have other obligations, and the team proj-
ect will get only a portion of their time. Having a regularly scheduled meeting time
enables all team members to plan their activities around project time.

Not all information is shared in meetings; and the options of e-mail, notes,
memos, and voice mail are appropriate under the right circumstances. All team mem-
bers need to agree on how to communicate.

In your initial team meeting, find out how the team wants to handle communication.
How much time do members have for meetings? Does everyone have e-mail? How often do
they check it? Is voice mail reliable? The value of written records of team meetings and
decisions cannot be overemphasized. By investing whatever time is needed to agree on how
to communicate, team members will save time during the course of the project.

Documentation is essential after meetings. The note taker’s responsibility is to sum-
marize the conduct of the meeting and communicate his or her notes to the rest of 
the group. Sometimes the team keeps a bound notebook of team-meeting notes, with the
notebook passed from one note taker to the next (when team roles are being rotated).
Usually the note taker will convert meeting notes to an electronic document and e-mail
them to all team members, summarizing the following:
■ Did we say what needed to be said?
■ Did we begin and end on time?
■ What was decided?
■ What tasks were assigned?
■ Who is responsible for each task?
■ What questions still need to be answered?
■ What must be done before the next meeting?

After the note taker e-mails the document out for review, you should look over the
notes carefully, making comments if any points conflict with how you remember 
the meeting. If you do not take the time to review the notes or if you do not bother to
raise objections with the notes as written, the notes will become the permanent record
of what transpired at the meeting. Once again, silence is interpreted as agreement. You
cannot come back later to say that you did not know you were responsible for complet-
ing a task when that assignment was included in the meeting notes that you agreed
(either actively or passively) were complete and accurate.

4.09.02 Communicating Outside Meetings
As the team’s level of trust increases, the need for face-to-face meetings may decline.
Alternative modes of communication can be used to keep members informed of
progress, changes, and the need for team meetings. The team should also decide how
members unable to meet with the entire group will communicate with the team, as well
as how the team will communicate meeting results to absent members. Progress
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reports should include information about what is or is not happening. Sometimes
what is not happening is as important as what is actually taking place. Other points to
include in a progress report include pointing out tasks that need immediate attention
or changes that need to be made. One of the most important parts of a progress report
is recommendations for what needs to be done to get a task or an activity back on track.

A process check, another way of communicating in face-to-face meetings or in
electronic forms of communication, can help move the team (or individuals) toward
improved performance. Usually, a process check is a reflection of:
■ What the team members did well that they want to continue doing.
■ What did not go as well as the team would have liked.
■ What the team can do to improve the things they want to improve and not detract

from the things they think are going well.

The team should periodically conduct a process check at the beginning or end of a
team meeting; doing so will help resolve people’s differences and reinforce good feel-
ings. Either way, a process check facilitates a professional, functioning team.

4.09.03 Communicating with the Outside World 
A key to effective teamwork is effective communication. In the previous sections, you
learned how to communicate with other team members. In reality, teams also need to
be able to communicate with the outside world. In a university setting, the outside
world may include instructors and classmates. In the working world, the outside world
may consist of bosses, coworkers, clients, and/or the general public. The modes with
which your team might need to communicate include progress reports, final reports,
final design documentation, and project presentations.

When preparing a progress report, focus on the status of the project and any obsta-
cles the team has encountered. Typically, a progress report is prepared for an instructor
or boss, so the points must be clear and direct. Progress reports are meant to give an
overview of the progress since the last report, so shorter is probably better as long as 
all necessary details are included. If your team has identified additional resources that
are necessary for the successful completion of the project, these resources should be
identified in the progress report as well. In final reports to the client or boss, you
should provide the details of your design. Final reports are typically several pages in
length (depending on the project) and outline the choices you made, the analysis you
performed, and any test results you obtained. Design documentation usually includes
drawings, specifications, and the details of any analysis you performed. Your design
documentation should show how you arrived at the answer(s) you did. Presentations
should show the highlights of your project. Usually, you will be given separate instruc-
tions from your professor about her expectations for a group presentation. Make sure
you adhere to any guidelines you are given. If you are going to make a group presenta-
tion, you should practice at least once as a team to make sure you stay within the time
limit and cover all necessary points.

For classroom projects, you will probably need to convey to your instructor how
each person on the team contributed to the overall project. Specifically, you may be
asked to address the following:
■ Who contributed?
■ What did each person contribute?
■ How much credit does each person deserve?

Be honest and fair in your appraisal of your teammates’ work on the project, as well
as in your appraisal of your own work. Giving someone a pass that does not deserve one
is not fair to the rest of the team, nor is judging someone too harshly.
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Tools for Dealing with Personnel Issues
The following sections will give you tools for avoiding problems usually attributed to
team members who become difficult to work with because of a personality trait that
does not adapt well to team work or because the team member is not properly commit-
ted to completing the assignment. Keeping everyone motivated is best done proactively
rather than reactively.

4.10.01 Team Contract 
A team contract (also known as a code of conduct, an agreement to cooperate, or rules
of engagement) is a formal written document, which should be readily available during
all team meetings. The document should be established only after careful, thorough,
and honest discussion by all team members. The contract lists the rules the team agrees
to live by. Often team members need to revise a contract once they spend enough time
working together that they (and others on the team) discover pet peeves. A good method
for establishing a contract is to ask each member to bring to a team meeting a list of two
or three of the biggest problems they encountered while members of previous teams. At
the meeting, the team should consider each item in a round-robin fashion, until all
members’ lists have been exhausted. The resulting contract is a list of rules/agreements
that, if followed, will incorporate the items on each person’s list. This means that if
everyone follows the rules in the contract, no one will violate any pet peeve or cause any
of the previously experienced team-related problems.

Changes to the contract may be required as the team progresses, because well-mean-
ing members, in spite of their best intentions, revert to inappropriate behavior. However,
this does not have to mean an end to the team. Although revised contracts often include
rewards and penalties to assist members in bringing about the desired behavior, you
want to avoid coercing a member into accepting a contract. It is imperative that everyone
on the team be treated with respect and that all disagreements are viewed as legitimate.
Benjamin Franklin, upon the signing of the Declaration of Independence, said, “We
must . . . all hang together or, most assuredly, we shall all hang separately.” This quote
applies to teams as well.

4.10.02 Publication of the Rules
Once you have determined how to operate as a team, write down the agreed-upon rules.
Figure 4.05 shows a sample team contract established by a student project group.

Once you have created the contract, make sure every team member receives a copy
and use the ground rules as a tool for effective communication and teamwork.
Establishing, revisiting, and revising (if necessary) a contract can start the team out on
the right foot or keep the team on track as crunch time materializes. Make sure all
members support the rules. If you find that the rules are not working, change them,
making sure everyone agrees to the new set of rules.

4.10.03 Signature Sheet and Task Credit Matrix
You should include a signature sheet with every assignment, whether it is requested by
your instructor or not. On the sheet, explain that the individuals’ signatures mean that
the individuals participated in the assignment, have a general understanding of the
entire submission, and are deserving of the credit indicated on the task credit matrix.

The task credit matrix is a table that lists each member on the team, each task,
and indicates how the credit should be shared among the members of the team. If a
team member does not deserve credit for the project, he or she should not be allowed to
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sign the signature sheet and a zero should be entered in the task credit matrix. It is
not expected that each member will have contributed to each task. What is expected
is that the team split the work fairly and that each individual deserves credit. Note
that the credit does not have to be equal, although ideally (and usually) it is. Your
team may decide to weight different tasks, based on the amount of effort or contri-
bution required. You also may decide to split the tables, one for the task breakdown
(to aid the instructor in knowing to whom to direct questions) and a second express-
ing the team’s desire for distribution of points or credit. Often instructors will allow
the team this privilege.

Chapter Summary
In this chapter, you learned about the importance of teams in engineering and in work-
ing on student projects. You learned about organizing a team and assigning roles for
efficient, effective team meetings. The need to rotate roles among members was also
discussed. You learned about the keys to successful team meetings and about organiz-
ing projects for optimal teamwork. The critical path method and Gantt charts were
introduced as tools to help keep a project moving forward and for maintaining a rea-
sonable project schedule. Finally, you learned about the importance of communication
when working on a team. Two types of communication were discussed: internal com-
munication among team members and external communication for working with
other people, such as bosses and instructors.
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Sample Contract

1. All members will attend meetings or notify the team by e-mail or phone in

advance of anticipated absences.

2. All members will be fully engaged in team meetings and will not work on

other assignments during meetings.

3. All members will complete assigned tasks by agreed-upon deadlines.

4. Major decisions will be subject to group discussion and consensus or

majority vote.

5. The roles of recorder and timekeeper will rotate on a weekly rotational basis

(all members will take their turn — NO EXCEPTIONS).

6. The team meetings will occur only at the regularly scheduled (weekly) time

or with at least a two-day notice.

FIGURE 4.05. Sample team
contract.
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agenda: The list of topics for discussion/action at a
team meeting.
consensus: A process of decision making where an
option is chosen that everyone supports.
critical path: The sequence of activities in a project
that have the longest duration.
critical path method (CPM): A tool for determining
the least amount of time in which a project can be
completed.
devil’s advocate: The team member who challenges
ideas to ensure that all options are considered by 
the group.
Gantt chart: A tool for scheduling a project timeline.
note taker: The person who records the actions dis-
cussed and taken at team meetings and then prepares
the formal written notes for the meeting.

process check: A method for resolving differences and
making adjustments in team performance.
task credit matrix: A table that lists all team members
and their efforts on project tasks.
team contract: The rules under which a team agrees
to operate (also known as a code of conduct, an agree-
ment to cooperate, or rules of engagement).
team leader: The person who calls the meetings, sets
the agenda, and maintains the focus of team meetings.
team roles: The roles that team members fill to ensure
maximum effectiveness for a team.
timekeeper: The person who keeps track of the meet-
ing agenda, keeping the team on track to complete all
necessary items within the alotted time frame.

4.12 glossary of key terms

1. What are some of the advantages of working in
teams?

2. What are some disadvantages of working in teams?

3. What are some important member roles that all
teams should include, and what are the responsi-
bilites of each role?

4. How should tasks be assigned in a team project?

5. In what ways is the Critical Path Method useful to
the successful completion of a project?

6. What can be done to ensure that the workload in a
project is fairly distributed among the team members?

7. What are some methods that can be used to ensure
that all team members contribute equally to the
team effort?

8. What can be done to solve the problem of a non-
performing team member?

9. What can be done to ensure effective communica-
tion within a team?

4.13 questions for review

1. In a memo to your instructor, describe the team
roles outlined in this chapter.

2. In a memo to your instructor, describe an unsatis-
factory team experience you encountered previously.

3. Meet with your team and develop a code of conduct
for future team meetings.

4. Create a Gantt chart for the steps (and timeline) you
would take to secure a summer job. Some of the

tasks might include writing a resume, looking
online for opportunities, and preparing letters.

5. If you have been assigned a project by your instrutor,
create a Gantt chart for its completion.

6. Create a critical path diagram for planning and host-
ing a surprise birthday party for your mother or
another family member.

4.14 problems
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Creativity and the Design
Process

objectives
After completing this chapter, you should be able to
● Describe the steps in the design process
● Identify engineering tasks at the various stages of the design

process
● Explain the role of creativity in the engineering design process
● Use several techniques that aid in the development of creative

thinking

5
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What Is Design?
Design is a goal-oriented, problem-solving activity that typically takes many iterations—
teams rarely come up with the “optimal” design the first time around. As an example,
think of the minivan. When Chrysler developed the first minivan, it was considered a
revolutionary concept in design and other car manufacturers quickly developed compet-
ing models. With each model, improvements were made to the original design such that
the minivans of today are much improved compared to the initial product. The key
activity in the design process is the development and testing of a descriptive model of
the finished product before the product is finally manufactured or constructed. In the
case of a manufactured product, the descriptive model usually includes solid 3-D com-
puter models, engineering sketches and drawings, and possibly rapid prototypes. For a
civil engineering project, the descriptive model includes drawings, specifications, and
sometimes a scale model made of wood or plastic. Three-dimensional CAD models also
are becoming more prevalent in the civil/construction industry. Engineering design
includes a systematic approach to product definition, conceptualization, development,
testing, documentation, and production/construction. Design is usually accomplished
in a group environment with many people contributing ideas and skills to complete the
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W hat distinguishes engineers from scientists is that engineers design and
create solutions to the many technical problems of the world, whereas
scientists study problems and report their findings in literature. For

example, environmental scientists studied Earth’s atmosphere several years ago
and found that, as a society, the world is creating too many air pollutants—
especially from automobile emissions. Certain engineers acted on the results of
those studies and designed cars that were more fuel-efficient and that produced
less pollution. Other engineers worked on changing the composition of fuel so
that fewer pollutants were produced during combustion. Engineers are now work-
ing on solar-powered and electrically powered vehicles and on hydrogen fuel cells
to further reduce the quantity of air pollutants emitted into the atmosphere. Other
engineers are working on ways to use biofuels for cars.

Engineering is a design-oriented profession. Engineers design devices or sys-
tems and figure out how to mass-produce them, how to package them, and how
to ship them to their intended destination. As an engineer, the type of device or
system you design may depend on your discipline, but the design procedure you
use will be essentially the same regardless of the industry in which you work.

As described in a previous chapter, engineers function in many capacities in
business enterprises. Some engineers are involved in manufacturing, some in mar-
keting, some in management, and some in testing. However, design is the central
function of engineers. Typically, as you move through an engineering career, you
will be responsible for different aspects of the enterprise at different times; but at
some point, you will probably play a primary role in the design of new products. At
other times, you may oversee the design of new products as a supervisor of a team
of engineers. You also may be responsible for making sure the entire enterprise—
including designers, manufacturers, and marketers—is running smoothly and the
various team members are communicating with one another and working together
to achieve the optimal end product. Because design is such a central portion of the
engineering endeavor, you need to understand the design process thoroughly. The
remainder of this chapter describes the engineering design process and the role
creativity plays in the process.

5.01
introduction

5.02 

42496_06_ch5_p5.1-5.27  12/21/07  3:28 PM  Page 2



finished design. Hence, creativity and interpersonal skills are important attributes of the
design engineer.

When designing a device or a system, the engineer must keep certain factors in
mind. These factors are usually related to the function and cost of the resulting system.
For sustainable design, life cycle analysis and environmental impact are especially
important factors. In most cases, engineers must make a number of choices during the
design process. For example, consider the automobile. Engineers may choose from
metals, composites, or plastics for the materials that make up the car’s body. Each type
of material has advantages and disadvantages. Although steel is strong and ductile, it is
prone to corrosion (rust) and is relatively heavy, reducing the fuel efficiency of the car,
which, in turn, leads to increased pollution. Composites are strong and can absorb a
great deal of energy during crashes, but can be brittle and may be more expensive than
steel. Plastics are readily formed in almost any shape and are resistant to corrosion, but
are relatively weak, making safety a significant concern. Although plastics are widely
used in car bumper systems, they typically are not used in the car’s body. These are just
a few of the factors that engineers must consider as they design an automobile body.

Engineers make choices by weighing the often competing factors associated with
function, cost, and environmental impact. A car could be built that causes virtually no
pollution and that is perfectly safe; however, the average person may not be able to
afford it. So engineers make trade-offs between cost, safety, and environmental impact
and design a car that is reasonably safe, is relatively inexpensive, and has minimal
emissions.

Design is an aspect in virtually every discipline of engineering; however, chemical
engineers typically view design differently than do mechanical engineers. For a chemi-
cal engineer, design includes determining the correct chemicals/materials to combine
in the correct quantities and in the correct order to achieve the desired final product.
Chemical engineers determine when to stir the mixture, heat it, or cool it. Electrical
engineers may design computer chips or wiring for a building or the antenna system
for a car or a satellite receiver. Civil engineers, like most chemical engineers, typically
design one-off systems with features and/or specifications that are unique to a single
application or location. They may design a single bridge or roadway, or a water distri-
bution system or sewage system. Because civil and chemical engineering designs usu-
ally are not mass-produced, it is often impossible to create a prototype for testing
before construction begins. Imagine the cost of building a “practice” bridge for every
bridge that a civil engineering team designs and constructs.

Mechanical engineers typically design products that will be mass-produced for
consumer use—cars, bicycles, washing machines, etc. Therefore, prototyping is an
important part of the design process for mechanical engineers. Prototypes are the ini-
tial design concepts that are often created so that further design analysis can be per-
formed before machines are retooled to produce, say, 10 million copies of a product.
The process of creating and testing prototypes often saves a company money because
engineers can work out the kinks or discover flaws early in the design stage. In the past,
the design process included the production of several prototypes for testing and analy-
sis. Today much of the testing can be accomplished using computer software tools,
greatly reducing the need for prototypes. However, most manufacturing companies
still produce at least one prototype before going into the production of a new product.
The foundation for many computer-based testing and analyses in the design process is
a 3-D solid model, which is a focal topic of this text.

Although modifications exist in the design process for engineers of different disci-
plines, there are similarities too. Almost all designs require drawings, sketches, models,
and analysis (calculations). The remainder of this chapter will focus on design in a
manufacturing arena—the type of design most familiar to mechanical engineers. This
type of design results in products that are mass-produced. Where appropriate, varia-
tions to the design process for one-off designs (as in civil and chemical engineering)
will be described.
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5.02.01 Computers in Design
Computers have been used in engineering design for several decades. In the early 
years, computers were used primarily for their number-crunching capabilities. In other
words, computers were employed to perform the tedious calculations involved in engi-
neering design. Over the years, the role of computers in the design process changed
significantly. Graphical computer workstations evolved and with them the ability of
engineers to see their designs before building them. Engineers also can do much of the
testing of design iterations on-screen, eliminating the need for numerous prototypes.
Numerical methods such as finite element analysis (FEA), modal analysis, and
thermal analysis have enabled engineers to design systems in a fraction of the time that
traditional design methods require. Modern design software often is easily incorpo-
rated into the manufacturing process, enabling the designer to establish cutting tool
paths on-screen for the efficient manufacture of computer-generated models. Even
other manufacturing capabilities, such as rapid prototyping, in which physical proto-
types can be created within a matter of hours rather than days, have been a direct result
of computer-aided design capabilities.

Today computer-aided design (CAD) is an efficient design method. The basis for
CAD is the construction of a graphical 3-D model on the computer. This model can then be
tested by any of the available numerical methods. Design modifications can be accom-
plished on-screen and the modified 3-D models tested again. When the engineer is satisfied
that the design will meet or exceed all of the design criteria, a 2-D drawing can be created
using the 3-D model as its basis. From this drawing, a physical prototype can be created and
tested by traditional means to ensure compliance with the design criteria. Then the drawing
is usually handed over to the manufacturing division for mass production. Alternatively,
when a computer-aided manufacturing (CAM) system is available, the part or parts
are produced directly from the 3-D computer models.

5.02.02 Classification of Engineering Designers
Engineering design is a broad concept with many integrated stages, competing alterna-
tives, and diverse requirements for success. As such, many design teams in industry
have specialty engineers who are responsible for certain aspects of the design process.
Most design projects have a team leader, or chief designer, who oversees the work of
the individual team members. In the early stages of the process for mass-produced
designs, industrial designers lend their creative skills to develop the product con-
cept and style. For civil engineering projects, architects may be employed for their
creative talents in conceptual design. Specialists in CAD, CAD designers, develop
the computer geometry for the new design. Design analysts, specialists in FEA and
other software tools, check the new design for stress and load distribution, fluid flow,
heat transfer, and a host of other simulated mechanical properties. Model builders
are engineers who make physical mock-ups of the design using modern rapid prototyp-
ing and CAM equipment. Detail designers complete the final design requirements
by making engineering drawings and other forms of design documentation. Before
you begin reading about the design process, you should consider the role that cre-
ativity plays in the process.

Creativity in Design
Creativity is an important feature of the design process. Often engineers get hung up
on the “rules” and “constraints” of design and forget to think creatively. Historically,
there is a strong link between engineering and art. One of the earliest recognized engi-
neers is Leonardo da Vinci. In fact, some people say that da Vinci was an engineer who
sometimes sold a painting so he could make a living. If you examine the sketches and
drawings of da Vinci, you will see that he was interested in the development of products
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to help improve people’s lives, including some of the first recorded conceptual designs
of airplanes and helicopters. Creativity is at the heart of innovation, and it can be
enhanced with both individual and group activities. Some of the more common activi-
ties used to facilitate creative thinking are described subsequently. However, psycholo-
gists have found that the brain works most creatively when the hands are engaged in
completing a mindless task. You probably have experienced occasions when you try to
remember something but cannot, then find that the thought pops into your head
when you begin another task. So to free your mind for creative thoughts, it may be best
to take a break and wash the dishes, do some yard work, lift weights, or do laundry.
Performing any of these mindless tasks will help free your mind for creative thoughts.

5.03.01 Visual Thinking
Visual thinking is the process of expanding one’s creative ideas using visual cues and
feedback. The visual cues can take the form of sketches or computer models; however,
in the initial stages of design, sketching is often viewed as a necessary ingredient for cre-
ative thought. Visual thinking can be thought of as a circular feedback loop, as illus-
trated in Figure 5.01. The visual thinking process can start at any place in the feedback
loop; but for the sake of simplicity, start with the step labeled “Imagining.” You first
imagine an idea for a new design or product and then sketch the idea in some graphical
mode (2-D sketch, 3-D sketch, or computer image). Seeing the idea adds to your under-
standing of it, which can be extrapolated more deeply. You get a better mental image
with a visual cue, which allows you to take the preliminary idea and refine it, sketch it
again, etc. You can continue the process until you have a well-defined sketch or idea of
the product for formal analysis and design.

5.03.02 Brainstorming
Brainstorming is the most common form of group ideation and concept generation
and is a process used for generating as many ideas as possible. Brainstorming is typi-
cally done as early in the design process as possible (i.e., before you start solving the
problem, before breaking the project into tasks, and before deciding who will do each
task). Once individuals begin to focus on specific tasks, it may be too late to consider
alternatives. Too often, teams will tackle a problem by taking the first idea presented
and pursuing that idea without considering any alternatives. Teams also can use
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brainstorming to generate a list of the tasks that need to be done before the project
can be completed. Five simple steps define a brainstorming session:

Step 1: Assemble your project team and make sure you allow ample time for the ses-
sion. Diversity in the group will enhance the quality and breadth of the ideas
generated. Select a group leader to run the session and select a group
recorder to take notes.

Step 2: Define the idea of the design project to be discussed. Write down the idea
and make sure everyone in the group understands it.

Step 3: Discuss the rules about brainstorming and make sure everyone in the
group agrees to abide by them. If necessary, keep the rules on display as a
reminder to members who may stray. Rules for brainstorming are intended
to help the team generate more ideas. Comments about an idea, whether
positive or negative, can stifle the brainstorming process. Although the fol-
lowing rules are simple, you may find them difficult to follow:

1. Everyone participates.

2. Every idea is recorded. 

3. Judgment is suspended—there is no such thing as a bad idea.

4. No criticism is permitted.

5. No commentary is permitted.

6. No one dominates the process.

Step 4: Start the brainstorming session by asking everyone in the group to offer an
idea. If possible, the recorder writes down all responses so everyone can see
them. Alternatively, each member of the team can keep a list of his own
ideas. These lists will prevent ideas from being lost and will help restart the
process if there is a pause in the flow of ideas.

Step 5: At the end of the session, spend time going through all of the ideas.
Combine, categorize, and eliminate the ideas to narrow the list. Once team
members are sure that all possible ideas have been included, the team should
discuss the advantages and disadvantages of each idea. After talking about
the pros and cons, each member should rank the best three ideas on the list.
The team should keep the ideas with the highest rank and decide as a group
which approach to use.

Instead of conducting the entire brainstorming session by the process outlined
previously, you may consider using the following steps for a brainstorming session:

1. Individually spend ten minutes writing down ideas for tackling the assigned project.

2. Combine the individual lists onto a flip-chart, blackboard, or whiteboard. Team
members may ask questions to clarify an idea, but no other comments are allowed
during this process.

3. Continue brainstorming as a group until all ideas have been exhausted.

5.03.03 Brainwriting (6-3-5 Method)
Brainwriting is an alternative to brainstorming. In brainwriting, each member of the
group focuses on sketching his ideas rather than verbalizing them. With brainwriting,
you typically start with a team of six people. Each person sketches three ideas on a sheet
of paper, leaving ample room for additional graphics and annotations. The idea
sketches are then passed around the table so fellow members can add their own com-
ments and ideas, as shown in Figure 5.02. Usually the idea sketches are passed around
the group five times. The expectation is that by the fifth time around, a favorable
design idea will have emerged. Brainwriting also is called the 6-3-5 method (six people,
three ideas each, five times around the table).
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5.03.04 Morphological Charts
Morphology refers to the study of form and structure. A morphological chart can be
used to generate ideas about a new design concept. The chart has a leading column that
lists the various desirable functions of the proposed design. Along each row, various
options for each function are listed, as shown in Figure 5.03. You can use brainstorming
techniques to list as many options as possible for each function. The group then reviews
and decides on a priority pathway through the options to address each desired function.

5.03.05 Concept Mapping
Concept mapping is a technique used to network various ideas together, as shown
in Figure 5.04. During idea generation, the main design concept is placed in the center
of the map with the various options linked outward in a brainstorming-like session.
Each option then serves as a node for other choices. In that manner, the team can
explore a big picture of all ideas and see a strong visual image of the connectivity of
the different ideas.
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FIGURE 5.02. Brainwriting.
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The Engineering Design Process
Design is a multistep process. However, there is considerable disagreement on exactly
how many steps are involved in the process. Figure 5.05 shows one example of the
sequence of steps in the design process. The design team often starts with stage 1
(Identify) and continues to stage 7 (Produce) and then begins again. Often the process
does not proceed sequentially from stage 1 to stage 7; the design team might discover a
serious problem in stage 4 (Analyze) and then return to stage 2 (Conceptualize) before
moving on to stage 5 (Prototype).

Textbooks and writings on the design process include many different versions of
and names for the stages in the design process. The stages presented previously are just
one way to look at the design process; therefore, you should not think of them as the
definitive word on the subject. However, the stages described in the remainder of this
chapter are related to the graphical tools you will study in this textbook. For this rea-
son, they have been adopted here. Knowing the number of stages and the labels for
each stage is not nearly as important as understanding the overall process.
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FIGURE 5.05. An engineering
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5.04.01 Stage 1: Problem Identification
Good design practice starts with a clearly defined need for a new product or system.
Alternatively, a revised, improved design for an existing product may be required. A mar-
ket survey may demonstrate that the new product or system is useful, has market appeal,
is producible with today’s technology, and will make a profit for the company support-
ing the design effort. Sometimes a new design idea is simply an alternate solution to a
problem answered by an existing competing product. Indeed, many of today’s highly
successful products are the evolutionary result of free market enterprise. In the civil
engineering world, a design project is typically the result of a client requesting a specific
structure or system. For example, a governmental agency such as a county may request
that a civil engineering firm design a new water distribution system to serve the needs of
the county’s residents. In this case, the client may have already defined the problem.

In the problem identification stage, the design engineer must address ques-
tions and answers from the customer’s/client’s perspective and from the engineer’s per-
spective. For example, Table 5.01 shows two different perspectives for a new urban
bicycle design.

When a product is designed, one of the design considerations is how long will it be
used before it is no longer effective, which is called the life cycle of the product. Some
products are designed for replacement on a regular basis. Thus, environmental consid-
erations and disposal of a product must be considered throughout the design process.
In the design process called green engineering, environmental concerns are consid-
ered throughout the process, not just at the end, because an engineer’s choices in the
problem definition stage often influence the overall environmental impact and life
cycle of the product. Once the functional requirements have been identified, the design
team can start the design process by generating some concepts.

5.04.02 Stage 2: Concept Generation
Concept generation is the most creative phase of the design process. You learned about
some methods for creative thinking and concept generation earlier in this chapter.
Typically, concept generation starts with brainstorming, brainwriting, or a similar
team meeting where ideas are tossed around and discussed. Criticism is usually limited
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CUSTOMER’S PERSPECTIVE ENGINEER’S PERSPECTIVE

MODERATE STREET SPEED SUSTAINABLE SPEED OF XX MPH
MAXIMUM SPEED OF YY MPH

COMPACT SIZE DIMENSIONS NOT TO EXCEED A X B X C

SAFE STRUCTURAL STRENGTH
CONTROLLABILITY
BRAKING CAPABILITY
TIRE PUNCTURE RESISTANCE

COMFORTABLE ERGONOMICS OF SEAT
EFFICIENCY OF POWER TRAIN
POSITION(S) OF HANDLEBAR

ATTRACTIVE CHOICES OF PAINT COLOR
LIGHTS AND REFLECTORS

AFFORDABLE SELECTION OF MATERIALS
MANUFACTURING PROCESS
NUMBER OF PARTS
SALES VOLUME

TABLE 5.01. Functional
Requirements for a New Urban
Bicycle.
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in the concept generation stage, since maximizing the number of good ideas is desir-
able. At the end of the concept generation stage, the team should have selected a few
main ideas that it will focus on for future refinement and analysis. Sketching is an inte-
gral way to develop concepts for a new design. Figure 5.06 shows some examples of con-
cept sketches.

5.04.03 Stage 3: Concept Selection and Refinement
Once a few quality concepts have been identified, the design team must converge on
one or two final concepts to further explore in the design process. A common tech-
nique for selecting the final concept(s) is to use a weighted decision table, as shown
in Figure 5.07. With a weighted decision table, all of the common attributes and desir-
able features of each concept are list in the first column. A weighting factor for each
feature/attribute is then established (e.g., using a scale of 0 to 10). The various design
options are listed in subsequent columns in a parallel fashion to the listed
features/attributes. The team then conscientiously scores each option for every fea-
ture/attribute, each time applying the weighting factor to the score, as illustrated in
Figure 5.07. Adding all of the scores for individual attributes yields a final “bottom-
line” number that can be used to select the highest-ranked option.

Sometimes the initial concepts may need to be refined before a final decision can
be made. Refinement will likely include the development of 3-D computer models for
defining geometry not accurately expressed in the concept sketches. For example, as
shown in Figure 5.08, different computer models of a new product can assist the mem-
bers of the design team in visualizing the specific model that has the marketing appeal
they are seeking and in making the final decision.
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STABILITY

MANUFACTURABILITY

Color
Form

Grip ability
Drinking Ease

Adapts to Hand

Base size
Height

Injection Molding
Slip Molding

WEIGHT
0–10

5
8

8
6

8

6
8

5
5

DESIGN 1

OPEN BOTTOM
SCORE -- TOTAL
0–10 S * W

3
7

7
3

5

7
7

3
3

15
56

56
18

40

42
56

15
15

Weighted
Total 313

DESIGN 2

THUMB GRIP
SCORE -- TOTAL
0–10 S * W

3
7

6
5

7

9
8

3
3

15
56

48
30

56

54
64

15
15
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Total 353

DESIGN 4

SINGLE LOOP
W/FINGER SUPPORT

SCORE -- TOTAL
0–10 S * W

3
7

9
8

8

9
8

3
3
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56
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Total 395

DESIGN 3

DOUBLE LOOP
SCORE -- TOTAL
0–10 S * W

3
7

2
4

2

3
3

3
3

15
56
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24

16

18
24

15
15

Weighted
Total 199

FIGURE 5.07. A weighted decision table for concept selection.

FIGURE 5.08. Computer models for concept selection.
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5.04.04 Stage 4: Design Evaluation and Analysis
In this stage, the selected concept is further analyzed by any number of numerical
methods. Before the advent of CAD and analysis tools, this stage of the design process
involved building and testing physical models. Now the building and testing can be
done on the computer, saving companies a great deal of time and money. The tests are
conducted to determine mechanical properties of objects or systems and their perform-
ance during simulated conditions.

One of the simpler types of analysis that can be performed with a computer model
is the computation of the object’s mechanical properties, such as mass, center of gravity,
and moment of inertia. All of these properties may not be meaningful to you right now;
however, they are key quantities used in performing most types of static and dynamic
analyses. A mass properties analysis report, shown in Figure 5.09, is a useful docu-
ment for evaluating and presenting the static mechanical conditions of the design. 

Further analysis of the design might include an FEA of stress contours and defor-
mation. Heat transfer and aerodynamic flow also can be simulated using modern com-
putational software (Figure 5.10). These numerical methods will be discussed in more
detail in a later chapter and are themselves topics of entire texts.
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Mass Properties of ergonomic cup ( Material – ABS Plastic )

Output  coordinate System: -- default --

Density = 0.037 pounds per cubic inch

Mass = 0.948 pounds

Volume = 25.722 cubic inches

Surface area = 134.693 inches^2

Center of mass: ( inches )
 X = 0.071
 Y = 1.648
 Z = 0.000

Principal axes of inertia and principal moments of inertia: ( pounds * square inches )
Taken at the center of mass.
  Ix = (0.033, 0.999, 0.000)    Px = 2.401
  Iy = (-0.999, 0.033, 0.000)    Py = 3.770
  Iz = (0.000, 0.000, 1.000)    Pz = 3.921

Moments of inertia: ( pounds * square inches )
Taken at the center of mass and aligned with the output coordinate system.
 Lxx = 3.768 Lxy = 0.046 Lxz = -0.000
 Lyx = 0.046 Lyy = 2.402 Lyz = -0.000
 Lzx = -0.000 Lzy = -0.000 Lzz = 3.921

Moments of inertia: ( pounds * square inches )
Taken at the output coordinate system.
 Ixx = 6.341 Ixy = 0.157 Ixz = -0.000
 Iyx = 0.157 Iyy = 2.407 Iyz = -0.000
 Izx = -0.000 Izy = -0.000 Izz = 6.498

MASS PROPERTIES REPORT (Concept 4)FIGURE 5.09. Object mass
properties.
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FIGURE 5.10. A numerical
analysis model.

5.04.05 Stage 5: Physical Prototyping 
Most designers and clients would like to see a physical model of the design—they want
to look at it, hold it in their hand, and show it to other interested parties. Several differ-
ent types of physical models can be developed during this stage of the design process.
Engineers can have the shop people build a scale model, an actual true-size model, or just a
simple mock-up concept model that shows the general physical appearance of the design.

In recent years, modern technology has accelerated the production of prototype
models in the design process. CAM systems can take data from a 3-D solid model and
cut the pattern using computer numerical control (CNC) machines. Figure 5.11 shows
a part that was created through CNC machining. CNC machining will be covered in
more detail in a later chapter of this text.
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Today rapid prototyping systems can perform some of the same functions of tradi-
tional machining tools, except that they require far less time (hence, the term rapid) and
fewer resources than traditional methods. Some of the modern rapid prototyping meth-
ods include stereolithography (SLA), Selective Laser Sintering (SLS), Laminated Object
Manufacturing (LOM), Fused Deposition Modeling (FDM), Solid Ground Curing
(SGC), and inkjet printing techniques. Most recently, 3-D printers have become afford-
able prototyping alternatives for the office environment. Reasonable 3-D models can be
printed using 3-D printers, as shown in Figure 5.12.

5.04.06 Stage 6: Design Documentation
There are many forms of design documentation, but the most common form is a fin-
ished detailed drawing, as shown in Figure 5.13. A detailed drawing shows the informa-
tion needed to manufacture the final part. A good portion of the rest of this text
discusses detailed engineering drawings. You will learn how to create drawings and how
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FIGURE 5.11. A part created through CNC machining.

FIGURE 5.12. Models created with a 3-D printer.
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to interpret them correctly. You will learn about dimensioning and tolerancing for
annotation of the drawing. You will learn about conventions developed over the years
that provide everyone with the same understanding of what is on the drawing. You also
will learn how drawings are created from 3-D computer models of parts and systems.

5.04.07 Stage 7: Production
Once the design documentation is complete, it is time to begin the production stage.
For a civil engineering design, production is called the construction stage; for mechan-
ical engineering, production is the manufacturing stage. Many engineers claim that the
design process ends with the documentation stage. However, the way the product is
designed may impact its production and distribution processes later on. For mechani-
cal engineering projects in this stage, the goal is usually (but not always) to produce the
product in large quantities, to meet performance standards, and to keep manufactur-
ing costs low. Many different methods for manufacturing parts have been developed
and are widely used, including machining, casting, rolling, and sheet metal cutting
processes. These methods will be covered in more detail in a later chapter.

For civil engineering projects, because no prototypes have been built, design mod-
ifications are common in the production stage. Contractors may find, for example,
that ductwork does not fit within the space provided on the drawings, or they may
find that piping needs to be rerouted around an obstruction. For this reason, in civil
engineering projects, it is important to continue to document the design by making
notations on the drawings where changes are made. These drawings are called 
as-built drawings, and they reflect the way the project was actually constructed—
not just the way it was designed. As-built drawings are an important part of the design
process because if piping is rerouted through a building, for example, someone will
need to know exactly where the plumbing is in case leaks or other problems arise.
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FIGURE 5.13. A detailed design drawing.
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The Concurrent Engineering Design Process
The new paradigm of concurrent engineering is sometimes referred to as “design
for manufacturability.” In traditional engineering, the part being designed progresses
through each stage, moving from one team to the next. At each new stage, the team
takes the design from the previous team and applies its own expertise. The first time
the manufacturing engineer sees the part for production is when the design and analy-
sis teams finish their work. With concurrent engineering, designers, analysts, and man-
ufacturing engineers work together from the initial stages of the design process. In this
way, each person can apply his own expertise to the problem at hand from the start.
Thus, early in the design process, the manufacturing engineer might say, “If you made
this minor modification to the part geometry, we would save $100,000 in retooling
costs.” The design change in question could be easily implemented during the initial
phases of the process; whereas, without concurrent engineering, the change (and
related cost savings) might be impossible in the final stage.

Modern computer workstations have enabled concurrent engineering to become a
reality in the workplace. With local area networks, wide area networks, and the Internet,
data can be moved from one desktop to another almost effortlessly. Members of the
concurrent engineering team who work in different countries can share design ideas
nearly as easily as engineers who work in the same building. Using the principles of
concurrent engineering, manufacturers can save thousands, even millions, of dollars.
In addition, computer-aided concurrent engineering design is more efficient and
results are often of higher quality compared with designs produced in the past.

Patents
Patents are a way to protect the intellectual property of a new design. In the United
States, a patent generally gives the inventor sole claim to intellectual property rights for
twenty years. Application for a patent is made to the director of the United States
Patent and Trademark Office and typically includes three components:

1. A written document made up of a specification (description and claims) and an
oath or a declaration.

2. A patent drawing (Figure 5.14) in those cases in which a drawing is necessary.

3. Filing, search, and examination fees.

Frequently, inventors hire a lawyer to do the legal work and to make sure the idea
has not already been patented. In some cases, the individual inventor conducts a patent
search using a for-hire Internet site.
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FIGURE 5.14. A patent drawing.

Chapter Summary
In this chapter, you learned that design is an iterative process and that the process has
several stages; however, there is no general agreement about the exact number of stages.
You learned that engineers must weigh competing factors such as cost, function, and
environmental impact when making design decisions. You learned about design in the
information age and ways computers are used throughout the process, greatly reduc-
ing costs. You learned about the importance of creativity in engineering design and
about several techniques you can use, either as an individual or as part of a team, to fos-
ter creative thinking. Finally, you learned about concurrent engineering, which is
enabled by computer technologies and can be used to reduce product costs and
improve product quality.

5.07
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The new concept that Hoyt USA developed was a
structural support member located behind the grip of the
bow handle. The support member was designed with an
outward bend so it would not touch the arm of the user.
Touching the bow at any location except the grip was a
violation of the rules in target archery. The new design
allowed the forces in the bow handle to be more widely
distributed, resulting in reduced stresses without a signifi-
cant increase in weight.

A conventional metal-handled recurve target bow.

Hoyt USA was founded in 1931 by sportsman and
bow maker Earl Hoyt. The company is located in
Salt Lake City, Utah, where it has both engineering

and fabrication facilities. Hoyt USA has a long-standing
reputation as a high-quality maker of bows for sports,
recreation, and competition. In 1972, the company revolu-
tionized competition archery when it introduced its first
metal-handled collapsible recurve bow at the 1972
Olympic games. Given only to the U.S. team, the metal-
handle design offered significant advantages over other
bows, which were mostly made of wood at that time. A
metal handle was relatively immune to the effects of chang-
ing temperature, humidity, and time, which affected the
geometry, stiffness, and vibration properties of the bow.
These variations made it difficult to use a wooden bow to
land arrows shot after shot in the same place on a target. In
addition, lighter arrows produce higher stresses in a
wooden bow, sometimes causing the bow to break. By con-
trast, the strength of the handle’s metal enabled an archer
to use lighter arrows, which reached more distant targets in
shorter times. Soon after Hoyt USA introduced the metal-
handled bow, other bow manufacturers followed suit.

In the early 1990s, Hoyt USA wanted to improve the
design of its metal bow handle to improve its share of the
target archery equipment market. This market was very
competitive, with a typical recurve bow lasting only three
or four years before it needed to be replaced. In the devel-
opment of a new design, Hoyt USA had to consider several
things. For product performance, the main considerations
were strength, weight, and vibration. A new product had
to be stronger than previous ones. Super-light carbon
arrows, light composite bow limbs, and synthetic strings
produced increasing levels of stress in bows, to the point
where even metal handles were breaking. But additional
strength could not be gained at the expense of weight.
Many archers already complained about the excessive
weight of metal-handled bows. Any new product also
needed to be less flexible and have less vibration than exist-
ing bows. Target archers considered excessive flexibility,
noise, and vibration to be undesirable characteristics.

The new product needed to be developed with analy-
sis and production in mind. Detailed stress analysis was
necessary to ensure that there would be no breakage
problems, as had been the case with other products. Also,
the new product had to be designed so it could be easily
produced in state-of-the-art fabrication facilities consist-
ing mostly of computer-controlled four-axis milling
machines, which Hoyt USA was expanding at the time.

casestudy
Integrated Project: Conception of the Hoyt AeroTec Target Bow

Concept sketches showing the addition of a structural
reinforcement bar to a conventional bow handle to reduce
its flexibility and vibration.

Conventional
design

Reinforcement
bar added
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first, the product was slowly and cautiously adopted by
the market. But after a few years (and some outstanding
performances at the Olympics), TEC products by Hoyt
USA were eagerly embraced by the market as a superior
technology.

DISCUSSION QUESTIONS/ACTIVITIES
1. Explain the design process that the developers at

Hoyt used to engineer the TEC bow.

2. Create a weighted decision table based on the ques-
tions and answers that might have been generated
during the design process of the TEC bow.

3. In what ways were concurrent engineering techniques
used throughout the development of the TEC bow?

Conceptual sketches for the new design were devel-
oped first. The sketches enabled Hoyt USA engineers to
communicate ideas among themselves, as well as to engi-
neers outside their group, managers, production special-
ists, and potential customers. About twenty design
variations were examined on the drawing board, after
which three or four were selected for further development.
A solid model was built using a computer, because the
model could be used for stress analysis with finite element
methods and because the model could be exported
directly to the fabrication machines on Hoyt USA’s pro-
duction floor.

After final selection and refinement of the design as a
result of the stress analyses and field testing, Hoyt USA
began full production of the new product less than one
year after the concept was first discussed. To protect the
innovative design from being copied by competitors, Hoyt
USA applied for and was granted a U.S. patent. Patents
also were secured in foreign countries. The design concept
was trademarked TEC for “Total Engineering Concept.”
Because of the relatively radical appearance of the prod-
uct (and the rather conservative nature of archers), at

A solid model of the new design used for analysis and
fabrication.

The production version of the structurally reinforced 
handle.
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architects: Professionals who complete conceptual
designs for civil engineering projects.
as-built drawings: The marked-up drawings from a
civil engineering project that show any modifications
implemented in the field during construction.
brainstorming: The process of group creative think-
ing used to generate as many ideas as possible for
consideration.
brainwriting: A process of group creative thinking
where sketching is the primary mode of communication
between team members.
CAD designers: Designers who create 3-D computer
models for analysis and detailing.
chief designer: The individual who oversees other
members of the design team and manages the overall
project.
computer-aided design (CAD): The process by
which computers are used to model and analyze
designed products.
computer-aided manufacturing (CAM): The
process by which parts are manufactured directly from
3-D computer models.
concept mapping: The creative process by which the
central idea is placed in the middle of a page and related
concepts radiate out from that central idea.
conceptual design: The initial idea for a design before
analysis has been performed.
concurrent engineering: The process by which
designers, analysts, and manufacturers work together
from the start to design a product.
design analysts: Individuals who analyze design con-
cepts by computer methods to determine their struc-
tural, thermal, or vibration characteristics.
design documentation: The set of drawings and spec-
ifications that illustrate and thoroughly describe a
designed product.
design process: The multistep, iterative process by
which products are conceived and produced.
detail designers: The individuals who create engineer-
ing drawings, complete with annotation, from 3-D com-
puter models or from engineering sketches.

engineering design: The process by which many com-
peting factors of a product are weighed to select the best
alternative in terms of cost, sustainability, and function.
finite element analysis: A numerical method used to
analyze a product in terms of it structural, thermal, and
vibrational performance.
green engineering: The process by which environmen-
tal and life cycle considerations are examined from the
outset in design.
industrial designers: The individuals who use their
creative abilities to develop conceptual designs of poten-
tial products.
life cycle: The amount of time a product will be used
before it is no longer effective.
mass properties analysis: A computer-generated
document that gives the mechanical properties of a 3-D
solid model.
model builders: Engineers who make physical mock-
ups of designs using modern rapid prototyping and
CAM equipment.
morphological chart: A chart used to generate ideas
about the desirable qualities of a product and all of the
possible options for achieving them.
patents: A formal way to protect intellectual property
rights for a new product.
problem identification: The first stage in the design
process where the need for a product or a product modi-
fication is clearly defined.
prototype: The initial creation of a product for testing
and analysis before it is mass-produced.
sustainable design: A paradigm for making design
decisions based on environmental considerations and
life cycle analysis.
visual thinking: A method for creative thinking, usu-
ally through sketching, where visual feedback assists in
the development of creative ideas.
weighted decision table: A matrix used to weigh
design options to determine the best possible design
characteristics.

5.08 glossary of key terms
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1. What are the main stages in the design process?

2. Why is creativity important in the engineering
design process?

3. How does engineering design differ from the type of
design artists perform?

4. What is meant by concurrent engineering?

5. How is a computer used in the modern-day design
process?

6. What are some of the differences in design for a civil
engineering project versus a mechanical engineering
project?

5.09 questions for review

The following sections will outline specifications for
design projects. These projects were tested with students at
the University of California at Berkeley over the years and
are suitable for use in a first- or second-year design course
at a university. The projects are designed for completion by
a team of four or five students.

5.10.01 STANDARD PROJECT MATERIALS

Use the following standard list of materials, in addition to
any special items listed in the specific design rules for the
project, to construct the device assigned by your instruc-
tor. No other materials are permitted.
■ Paper, 30# (maximum): 2 square meters maximum; 

2 layers maximum
■ Poster board, single-ply, medium weight: 1 square

meter maximum
■ Foam core modeling board, 3/16" nominal thickness:

1 square meter maximum
■ Twine, 60 lbs. (maximum) labeled breaking strength: 

3 meter length maximum
■ Wood dowel, 1/4" nominal diameter: 1 meter length

maximum
■ Mailing tube, 2" nominal diameter, medium-weight

cardboard: 1 meter length maximum; no endcaps
■ Rubber bands (sample to be supplied), #62 or #64: 

10 maximum
■ Elmer’s Glue-All glue: 30 cc maximum
■ Hot melt adhesive (polyolefin): 30 cc maximum
■ Scotch brand transparent cellophane tape: 1 meter

maximum
All of the materials can be purchased at local art

supply or convenience stores. Equivalent material may be

substituted only with the instructor’s permission. Paints,
markers, flags, and other decorative items not on the list
may be used as long as they are purely decorative; for exam-
ple, paint cannot be used as weight or ballast.

5.10.02 STANDARD PROJECT DELIVERABLES

The following list provides the standard deliverables for
your project. Your instructor may assign additional deliv-
erables and will let you know the due date for each deliver-
able. When you are organizing your team effort, you can
use these deliverables as the milestones to produce a Gantt
chart or critical path diagram to help you stay on track and
complete the project on time. 

Required Drawing Deliverables:

1. Conceptual sketches—alternative and final designs
2. Outline assembly drawings

Multiview of assembled project
Isometric or pictorial view of assembled project
Cutaway views as required for clarity
Sectional views as required for clarity
Overall dimensions only

Balloons to identify subassembly or part numbers
and names

3. Detail drawings
One multiview drawing per part (isometric or
pictorial)
All dimensions, datums, and tolerances
Quantity
Material
Sectional views as required for clarity
Isometric views as required for clarity

5.10 design projects
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4. Exploded assembly drawings
Blow-apart pictorial view of all assemblies
Blow-apart pictorial view of all subassemblies
Balloons to identify part numbers and part and
subassembly names
Subassemblies as required (highly recommended)

5. Bill of materials
List of all parts by PN, showing name, quantity,
and material
List of all materials needed for assembly (e.g.,
tape and glue)

Use millimeter dimensions and proper title blocks and
borders for your engineering drawings. It is recommended
that all drawings be cross-checked by different people.
Alternate the functions of drafter, designer, and checker.
The team leader must give final approval.

Final Demonstration and Oral Presentation:

Each team is expected to give an informative final presen-
tation of its design, as well as a demonstration during the
distance contest. Use descriptive graphics slides to com-
plement the presentation. Keep the presentation short
and direct.

Written Report:

In your written final report detailing the project results,
describe the alternatives your team considered, describe
which ones you selected, and explain why you selected them.
Use drawings to illustrate key points in the design process.
Include the results of your product testing and include a
section on what you would have done differently.

DESIGN PROJECT #1: ESCAPE!

NASA is once again looking for a few good engineers. This
time the agency is seeking conceptual ideas for an escape
device that would allow launchpad crews and astronauts
to leave the area quickly in case of a potentially explosive,
toxic, or otherwise harmful situation. The device is to be
remotely launched and should be designed to place per-
sonnel as far away from the launch point as possible. The
device must land safely, leaving the personnel unharmed.
However, for this project, you will demonstrate the con-
cept of your device using a hard-boiled egg.

The Mission:

Your mission is to design and build a device that will
launch a hard-boiled egg (USDA Grade A Large, which
your team must provide) into the air and have it land as far
from the launch point as possible. The device must land
the egg totally intact (no cracks in the shell). The design,
for example, may be composed of a mechanism for launch-
ing the egg and a device attached to the egg for lowering it

slowly (like a parachute). You may surround the egg with a
protective covering. However, the covering cannot pene-
trate the shell or be bonded to it. The function of your
device will be graded on the distance from the point of
launch relative to that of the other teams in the class. A
stiff distance penalty will be assessed if the egg is damaged.

Design Rules:

The device must be constructed out of the standard proj-
ect materials listed previously, in addition to only the fol-
lowing item: one hard-boiled egg (USDA Grade A Large).

Equivalent material may be substituted only with the
permission of the instructor. Any design deemed by the
instructor as unsafe will not be acceptable (e.g., no sharp fly-
ing objects, no explosive devices, and no raw or rotten eggs).

More Contest Rules:
■ The device, including the launcher, must initially fit

within a 1.0 m x 1.0 m x 1.0 m volume without exter-
nal support, except for the triggering means.

■ Once the egg has been launched, the device may
expand to any size.

■ The device must be freestanding and may not be taped,
glued, or in any other way affixed to the ground.

■ The device must be remotely triggered (e.g., by a string
or rod). Team members (all parts of the body) must
remain a minimum of 1 meter away from the device
when the egg is launched.

■ The device must be set up within 3 minutes; otherwise,
a 3-meter distance penalty on the total distance will be
assessed for every 10 seconds of overtime.

■ Human power may be used to trigger the device, but
not to impart motion to the egg. However, human
power may be used to store energy (e.g., into the rub-
ber bands) for any use.

■ Distance is measured from the point the egg is com-
pletely clear of the launch structure (e.g., completely
airborne with no attachment to the launch structure)
to the point stops where any part of the device con-
taining the egg touches a solid object connected to
the ground.

■ The egg must attain a distance of at least 3 meters
from the launch position.

■ The egg must survive the landing without cracking or
sustaining any other visible signs of damage.

■ Surviving eggs will be peeled and eaten by the team
leader to ensure that they have not been altered in any
way. If the team leader does not survive, the entire
team will fail the project.

■ The egg must be removed from its protective covering
within 30 seconds.

5.10 design projects (continued)
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■ If the egg does not survive, the total distance will be
recorded as zero.

■ If the egg is damaged, it must be replaced in time for
the next launch.

■ The maximum distance from three trials will be
recorded. A misfire will count as one trial.

■ Spare parts are recommended and do not count in the
materials inventory of the final assembly.

DESIGN PROJECT #2: FAST FOOD!

Food Service in the dormitories is experimenting with a new
method of feeding students in the morning. Instead of
going to the dining commons for breakfast, students will
open a window before a prescribed time. Food Service 
will then deliver breakfast by launching it into the dorm
room. That way, students do not need to wake up early just
to get breakfast and can sleep late if they so choose. All stu-
dents need to do is leave the window open in the evening to
ensure that breakfast will be delivered in the morning. The
dining service has asked your team to demonstrate a concep-
tual prototype of a device that will perform this function.

The Mission:

Your mission is to design and build a device that will
launch a bagel with cream cheese into the air and have it
land as far from the launch point as possible. The device
must land the bagel totally intact and unsoiled. The
design, for example, may be composed of a mechanism for
launching the bagel and a box around the bagel to help
protect it. However, the covering cannot pierce the bagel
and cannot be bonded to it. The function of your device
will be partially graded on the distance from the point of
launch to the point of landing relative to that of the other
teams in the class. A stiff distance penalty will be assessed
if the bagel is damaged or soiled: you will have to eat it.

Design Rules:

The device must be constructed out of the standard proj-
ect materials listed previously, in addition to only the
following item: one plain bagel sliced horizontally and
smeared with plain soft cream cheese to 1/4" average
thickness. The bagel cannot be more than 24-hours old at
the time of launch.

All of the materials (except the bagel with cream
cheese) can be purchased at local art supply stores. Any
design deemed by the instructor as unsafe will not be
acceptable (e.g., no sharp flying objects, no explosive
devices, and no spoiled food).

More Contest Rules:
■ Once the bagel has been launched, the device may

expand to any size.

■ The device, including the launcher, must initially fit
within a 1.0 m x 1.0 m x 1.0 m volume without exter-
nal support, except for the triggering means.

■ The device must be freestanding and may not be taped,
glued, or in any other way affixed to the ground.

■ The device must be remotely triggered (e.g., by a string
or rod). Team members (all parts of the body) must
remain a minimum of 1 meter away from the device
when the bagel is launched. 

■ The device must be set up within 3 minutes; otherwise,
a 3-meter distance penalty on the total distance will be
assessed for every 10 seconds of overtime.

■ Human power may be used to trigger the device, but
not to impart motion to the bagel. However, human
power may be used to store energy (e.g., into the rub-
ber bands) for any use.

■ Distance is measured from the point the bagel is com-
pletely clear of the launch structure (e.g., completely
airborne with no attachment to the launch structure)
to the point stops where any part of the device con-
taining the bagel touches a solid object connected to
the ground.

■ The bagel must survive the landing without cracking,
opening, soiling, or sustaining any other visible signs
of damage.

■ The surviving bagel with the longest distance will be
eaten by the team leader to ensure that it has not been
altered in any way. If the team leader does not survive,
the entire team will fail the project.

■ The bagel must be removed from its protective cover-
ing within 15 seconds.

■ If the bagel does not survive, the total distance will be
recorded as zero.

■ If the bagel is damaged, it must be replaced in time for
the next launch.

■ The average of the three longest distances from as
many launches as can be accomplished within a single
60-second period will be recorded. Thus, you should
have multiple bagels and containers ready to launch. A
misfire will be considered as zero distance.

■ Spare parts are recommended and do not count in the
materials inventory of the final assembly.

DESIGN PROJECT #3: REWARD!

Several problems are on the horizon for engineering
graphics classes of the future. First, the classes are getting
larger, requiring that lectures be held in larger rooms. This
trend makes it difficult for the instructor to toss candy
rewards to specific students in the class, because the
instructor’s throwing range is limited. Second, the course
CD is apparently a flop in the market and customers from

5.10 design projects (continued)

42496_06_ch5_p5.1-5.27  12/21/07  3:28 PM  Page 23



5-24 sectionone Laying the Foundation

all over the country are returning their disks to the pub-
lisher. To solve both problems at the same time, someone
recommended that candies be strapped to CDs and
thrown together. The aerodynamic properties of the CD
can be used to increase the range of the candy. This idea
was immediately adopted, so here is your project.

The Mission:

Your mission is to design and build a device that will
launch a Hershey’s chocolate Nugget (with almonds) taped
to a CD so it passes through an 8' x 8' target frame placed
as far from the launch point as possible. The target frame
will be placed such that the opening faces the launcher,
with the bottom of the target frame on the ground. The
launching field will be relatively flat. Each team will have 3
minutes to hit the target at least once. The target distance
from the launcher will be specified by the team. The single
longest distance at which the target is hit will be recorded
for each team. If the target is not hit on any of the tries, the
final recorded distance will be recorded as zero.

Design Rules:

The device must be constructed out of the standard proj-
ect materials listed previously, in addition to only the
following items:
■ One genuine Hershey’s chocolate Nugget (with

almonds) at room temperature, still in the wrapper
■ One standard 120 mm diameter optical CD

Any design deemed by the instructor as unsafe will not
be acceptable (e.g., no sharp flying objects, no explosive
devices, and no spoiled food).

More Contest Rules:
■ The device, including the launcher, must initially fit

within a 1.0 m x 1.0 m x 1.0 m volume without exter-
nal support, except for the triggering means.

■ The device must be freestanding and may not be taped,
glued, or in any other way affixed to the ground.

■ The device must be remotely triggered (e.g., by a string
or rod). Team members (all parts of the body) must
remain a minimum of 1 meter away from the device
when the Nugget is launched.

■ When the launcher is armed and ready to be triggered,
it must be entirely self-supporting and stable (e.g., it
does not require any external support from team
members).

■ The device must be set up within 3 minutes; otherwise,
a 1-meter distance penalty on the total distance will be
assessed for every 10 seconds of overtime.

■ Human power may be used to trigger the device, but
not to impart motion to the Nugget. However, human

power may be used to store energy (e.g., into the rub-
ber bands) for any use.

■ Distance is measured from the point the CD is com-
pletely clear of the launch structure (e.g., completely
airborne with no attachment to the launch structure)
to the 8' x 8' target frame.

■ The Nugget with the longest distance will be eaten by
the team leader to ensure that it has not been altered
in any way. If the team leader does not survive, the
entire team will fail the project.

■ The single longest distance at which you hit the target
from as many launches as can be accomplished within
a single 3-minute period will be recorded. Thus, you
should have multiple Nuggets on CDs ready to launch.
A misfire will be considered as zero distance.

■ Spare parts are recommended and do not count in the
materials inventory of the final assembly.

DESIGN PROJECT #4: DEPLOY IT!

NASA is once again looking for a few good engineers. This
time the agency is seeking conceptual ideas for the deploy-
ment of structures such as antennas and solar panels in
spacecraft. The device is to be self-deploying and should be
designed to extend as far from the base point as possible
while still remaining connected to the base point. It is pos-
sible that deployment will occur in various environments—
from gravity-free space to high gravity on planets and
moons. However, you will demonstrate the concept for
your device in earth gravity.

The Mission:

Your mission is to design and build a device that will
deploy a structure to reach as far from the origin point as
possible. The device must remain physically connected
from the origin point to the point of furthest extension.
Deployment must be automatic upon activation of a trig-
ger mechanism, and the base structure is to be fixed to the
ground. The design, for example, may be composed of a
mechanism for extending a boom, cantilevered structure,
or suspended structure from the origin point.

Design Rules:

The device must be constructed out of the standard proj-
ect materials listed previously, in addition to only the
following item: 4 meters of 3M #2090 Long-Mask masking
tape, 2" wide, to fix the base to the ground.

Any design deemed by the instructor as unsafe will not
be acceptable (e.g., no sharp flying objects and no explosive
devices).

5.10 design projects (continued)
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More Contest Rules:
■ The device, without external support, must initially fit

within a 1.0 m x 1.0 m base area on the ground, except
for the triggering means.

■ The device must initially be less than 0.5 m in height,
except for the triggering means.

■ Once triggered, the device must deploy automatically
to its final state without further assistance and may
expand to any size.

■ The device must be remotely triggered (e.g., by a string
or rod). The trigger may be used only to release energy
from the system. The trigger cannot add energy to the
system. Team members (all parts of the body) must
remain a minimum of 1 meter away from the device
when the device is deployed. The means of triggering
must be contained on the allowable materials list but
will not be counted in the final materials inventory.

■ The device may be fixed to the ground only in the orig-
inal base area, using only the 3M tape specified for this
purpose.

■ The device must be set up within 3 minutes; otherwise,
a 0.1-meter distance penalty on the total distance will
be assessed for every 10 seconds of overtime.

■ Human power may be used to trigger the device, but
not to impart motion to the structure. However,
human power may be used during setup to store
energy (e.g., into the rubber bands) for any use.

■ Distance is measured from the forward-most point of
the base prior to deployment to the forward-most con-
nected point of the structure after deployment (in a
predefined direction).

■ Except within the original base area, no part of the
structure may touch the ground in the final deployed
position. Incidental (accidental) contact with the floor
is permitted during deployment. However, prolonged
contact (e.g., using the ground for support, using a
wheeled carriage, or bouncing along the ground) is not
permitted. No external structures (e.g., wall, ceiling, or
pipes) can be used for guidance or support at any time.

■ The maximum distance from three trials will be
recorded. A misfire will count as one trial.

■ Spare parts are recommended and do not count in the
materials inventory of the final assembly.

DESIGN PROJECT #5: VERTICAL LIMIT

Your local fire department is looking for conceptual ideas
for rescuing people in high-rise buildings. The firefighters
have asked you to develop and build a test model for their
review. The device is to be self-deploying and is to be
designed to extend as high as possible while still remaining

connected to the ground. The structure is to be freestand-
ing in its original and deployed states.

The Mission:

Your mission is to design and build a device that will
deploy from a prescribed initial size to a freestanding
structure that reaches as high as possible. Deployment
must be automatic upon activation of a trigger mecha-
nism. The base structure is to be fixed to the ground. The
design, for example, may be composed of a mechanism for
extending a boom or truss structure.

Design Rules:

The device must be constructed out of the standard proj-
ect materials listed previously, in addition to only the fol-
lowing item: 4 meters of duct tape, 2" wide, to fix the base
to the ground.

Any design deemed by the instructor as unsafe will not
be acceptable (e.g., no sharp flying objects and no explosive
devices).

More Contest Rules:
■ The device, without external support, must initially fit

within a 1.0 m x 1.0 m base area on the ground, except
for the triggering means.

■ The device must initially be less than 0.5 m in height,
except for the triggering means.

■ Once triggered, the device must deploy automatically
to its final state without further assistance and may
expand to any size.

■ The device must be remotely triggered (e.g., by a string
or rod). The trigger may be used only to release energy
from the system. The trigger cannot add energy to the
system. Team members (all parts of the body) must
remain a minimum of 1 meter away from the device
when the device is deployed. The means of triggering
must be contained on the allowable materials list but
will not be counted in the final materials inventory.

■ The device may be fixed to the ground only in the orig-
inal base area, using only duct tape.

■ The device must be set up within 3 minutes; otherwise,
a 0.1-meter distance penalty on the total height will be
assessed for every 10 seconds of overtime.

■ Human power may be used to trigger the device, but
not to impart motion to the structure. However,
human power may be used during setup to store
energy (e.g., into the rubber bands) for any use.

■ Distance is measured from the ground to the highest
point of the structure when it is fully deployed.

■ No external structures (e.g., wall, ceiling, or pipes) can
be used for guidance or support at any time.

5.10 design projects (continued)
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■ The maximum height from three trials will be
recorded. The structure height must be maintained for
the time it takes to measure the height (approximately
2 minutes). A misfire will count as one trial.

■ Spare parts are recommended and do not count in the
materials inventory of the final assembly.

DESIGN PROJECT #6: THERE ‘N BACK

The problem of air pollution caused by automobiles has
plagued cities worldwide for decades. Several solutions
have been proposed over the years, including public mass
transportation systems, electric vehicles, hybrid vehicles,
low-emission fuels, human-powered vehicles, and solar- or
wind-powered vehicles. None of these options have been
very successful to date. Consequently, it is time to develop
new concepts in powered vehicles. Recently, your instruc-
tor received an anonymous e-mail stating that energy in a
vehicle might be stored in elastic elements. This idea was
immediately adopted, and a study was commissioned to
investigate the possibility of using a large number of sur-
plus rubber bands to power a commuter vehicle.

The Mission:

Your mission is to design and build a small-scale concept
vehicle that travels in a linear trajectory as far as possible
and then automatically returns along the same trajectory.
The device is to be powered by two rubber bands—either
#62 or #64. On the day of testing, a travel line will be taped
on the floor. Travel distances will be measured in the direc-
tion of the line only. Each team will have three launches of
their vehicle. The travel distance to be recorded will be the
distance the vehicle travels backward along the trajectory line after
the vehicle stops its forward travel. The backward travel dis-
tance cannot exceed the forward travel distance. The single
longest distance the vehicle travels backward in three
attempts will be recorded for each team. If the vehicle has
no forward or backward travel, the final distance will be
recorded as zero.

Design Rules:

The device must be constructed out of the standard proj-
ect materials listed previously (and only the materials
listed).

Any design deemed by the instructor as unsafe will not
be acceptable (e.g., no sharp flying objects, no explosive
devices, and no burning or combustible materials).

More Contest Rules:
■ The vehicle must be entirely self-contained (e.g., no

external launching or guidance devices).
■ The entire vehicle must initially fit within a 1.0 m x 

1.0 m x 1.0 m volume without external support. After
launching, the vehicle can expand to any size.

■ The vehicle can be released by hand or remotely trig-
gered. Any number of team members can be involved
with the release. Once released, the vehicle cannot be
touched.

■ The device must be set up within 3 minutes for each
launch; otherwise, a 0.5-meter distance penalty on the
total distance will be assessed for every 10 seconds of
overtime.

■ The vehicle or a part of the vehicle must remain in
contact with the ground at all times.

■ Human power may be used to trigger the vehicle, but
not to impart motion to the vehicle (i.e., no pushing or
pulling the vehicle) However, human power may be
used to store energy in the rubber bands for any use.

■ Gravity cannot be used to produce motion (e.g., no
launching from a ramp).

■ Travel distance is measured in the direction parallel to
the length of the path. If the vehicle hits the side wall
of the hallway and stops, all vehicle motion is consid-
ered finished.

■ The final recorded travel distance will be the distance
from the closest point of forward travel (from the
starting line) on the vehicle to the closest point of
return travel (from the forward mark) on the vehicle.

■ Objects expelled from the vehicle are still considered a
part of the vehicle for measurement of travel distance.

■ Spare parts are recommended and do not count in the
materials inventory of the final assembly.

5.10 design projects (continued)
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sectiontwo
Modern Design
Practice and Tools

The widespread availability of computers has
made three-dimensional modeling the preferred
tool for engineering design in nearly all disci-
plines. Solid modeling allows engineers to easily
create mathematical models parts and assem-
blies, visualize and manipulate these models in
real time, inspect how they mate with other
parts, and calculate their physical properties.
The geometry of a part, as well as allowable
errors, is determined to a large degree on the
fabrication method used to make it. Thus, a
basic understanding of fabrication processes is
important for creating three-dimensional
designs. There are many available manufactur-
ing processes, and all have advantages and dis-
advantages. Three-dimensional modeling also is
used as the foundation for many sophisticated
computational analysis techniques such as mass
properties, interference checking, and finite-
element analysis. The ease with which this can
be done has moved what was formerly a compli-
cated analytical process performed by special-
ists into the realm of standard practice by many
design engineers as part of the design process.

CHAPTER 6
Solid Modeling ■ 6-1

CHAPTER 7
Assembly 
Modeling ■ 7-1

CHAPTER 8
Design Analysis ■ 8-1

CHAPTER 9
Fabrication 
Processes ■ 9-1
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objectives
After completing this chapter, you should be able to
● Introduce solid modeling as an engineering design 

graphics tool
● Explain how solid models are created
● Show how parts and models can be decomposed into

features
● Develop strategies for creating a solid model
● Explain how solid models support the entire product 

life cycle

6-1
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Tools for Developing Your Idea
Many tools have been developed for creating accurate images of an object as an aid in
analyzing its function, recording its history, or visualizing its appearance. One of the
simplest tools is a pencil, which is used to make sketches of an object on paper. More for-
mal tools include rulers, protractors, compasses, and various types of manually operated
drafting machines. These tools are used to make more accurate, standardized drawings
according to precise rules and conventions, as discussed in a previous chapter.

CAD systems are among the most sophisticated graphics and design tools avail-
able to engineers and designers. Many types of CAD systems are on the market today.
The simplest systems are general purpose drawing or drafting packages that can be
used to create 2-D images, similar to the way pencil images are created on paper (except
faster and easier). More complex packages allow you to create simulations of 3-D mod-
els that can be used not only to generate conventional 2-D drawings of a design but
also to create 3-D images for visualization. The core of a CAD model is a geometric
database. The database includes information about the geometry and other engi-
neering properties of an object. The CAD software uses the database to display the
model and to conduct further engineering analysis. A short discussion of CAD history
will demonstrate how these systems evolved and provide some insight into the model-
ing processes used by designers with various CAD systems.

6-2 sectiontwo Modern Design Practice and Tools

S olid modeling is a computer-based simulation that produces a visual display
of an object as if it existed in three dimensions. Solid models aid in forming
a foundation for the product development process by providing an accurate

description of a product’s geometry and are used in many phases of the design
process and life cycle of the product. This chapter will focus on methods for creat-
ing robust solid models of mechanical parts; however, these methods can be
applied to other domains as well.

Solid models are created with specialized software that generates files for indi-
vidual as well as assembled parts. These models are then used in a variety of appli-
cations throughout the design and manufacturing processes, as shown
schematically in Figure 6.01. During the product concept stage, solid models are
used to visualize the design. As the product is refined, engineers use solid models
to determine physical properties such as the strength of the parts, to study how
mechanisms move, and to evaluate how various parts fit together. Manufacturing
engineers use solid models to create manufacturing process plans and any special
tools or machines needed to fabricate or assemble parts. Solid models also can be
used to generate formal engineering drawings to document the design and com-
municate details of the design to others. People responsible for the product life
cycle may depend on solid models to help create images for service manuals and
disposal documentation. Even sales and marketing functions use graphics gener-
ated from solid models for business presentations and advertising. Thus, it is very
important not only to learn how to create solid models but also to understand
how others will use the models. Solid models must be built with sound modeling
practices if they are to be useful in downstream applications. In this chapter, you
will learn how to create robust solid models that not only look like the real thing
but also support the entire product life cycle. You also will learn about the history
of CAD tools and the importance of solid modeling as part of an engineering
design graphics system.

6.01
introduction

6.02
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Solid model
database

Fabrication

Analysis

Documentation
Marketing

Service

Density = 2.77 grams per cubic centimeter

Mass = 1504.37 grams

Volume = 543.49 cubic centimeters

Surface area = 758.23 centimeters^2

Center of mass: ( centimeters )
 X = 0.00
 Y = 0.00
 Z = 1.23

Principal axes of inertia and principal moments of inertia: ( grams * square centimeters )
Taken at the center of mass.
  Ix = (1.00, 0.00, 0.00)    Px = 30956.34
  Iy = (0.00, 1.00, 0.00)    Py = 30974.34
  Iz = (0.00, 0.00, 1.00)    Pz = 59231.99

Moments of inertia: ( grams * square centimeters )
Taken at the center of mass and aligned with the output coordinate system.
 Lxx = 30956.34 Lxy = 0.00 Lxz = 0.00
 Lyx = 0.00 Lyy = 30974.34 Lyz = 0.00
 Lzx = 0.00 Lzy = 0.00 Lzz = 59231.99

Moments of inertia: ( grams * square centimeters )
Taken at the output coordinate system.
 Ixx = 33237.65 Ixy = 0.00 Ixz = 0.00
 Iyx = 0.00 Iyy = 33255.65 Iyz = 0.00
 Izx = 0.00 Izy = 0.00 Izz = 59231.99

FIGURE 6.01. Uses for a solid
model database.

6.02.01 Two-Dimensional CAD
The first CAD systems were developed in the late 1960s at a time when computational
resources were very limited. Graphics displays had refresh times measured in seconds,
and the data storage capabilities were limited to fractions of a kilobyte. As a result, only
very simple models could be created. Those models were basically electronic versions of
conventional pencil-and-paper drawings. The user had to specify the location of each ver-
tex in the model for the particular view desired. If the user wanted another view, she had
to start from scratch, just as you would to do if you were creating a drawing on paper.

Since CAD models are used to define the geometry or shape and size of objects, the
models are composed of geometric entities. In the earliest CAD models, those entities
represented the edges of the object, just as you would draw the edges of an object with
a pencil. In fact, at that time there was very little distinction between a 2-D drawing of
an object and a 2-D CAD model of the object. The 2-D CAD model was simply a data-
base that contains the edges of the object, dimensions, text, and other information that
you would find on the drawing, but in electronic form instead of on paper.

The simplest geometric entity is a point. Points in two dimensions are defined
according to their location in a coordinate system, usually Cartesian coordinates (x,y).
In a CAD system, the coordinate system represents locations on the “paper,” or com-
puter screen. Points are generally used to locate or define more complex entities, such
as the endpoints of a line segment or the center of a circle. A point on an entity that
marks a particular position, such as the endpoint of a line segment or the intersection
of two entities, is referred to as a vertex.
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Two-dimensional geometric entities are those that can be created as a path or curve
on a plane. Those entities include lines, circles, splines, arcs, polygons, and conic
sections, which are shown in Figure 6.02. The entities can be assembled to create
images of a desired object as it would be seen from different viewing directions, as
shown in Figure 6.03.

One weakness of 2-D CAD systems is that to visualize and manipulate a 3-D model
of the object, you must mentally assemble and reform the 2-D views. Another weakness of
2-D CAD (and pencil drawings) is that it is possible to create images of objects that are
physically impossible to build, such as the three-pronged fork and the triangle shown in
Figure 6.04.

6.02.02 Wireframe Modeling
In the early 1980s, 2-D CAD drafting packages evolved into 3-D modeling systems. In
these newer systems, 3-D information could be included for the model. The computer
could then perform the calculations needed to create views of an object as if it was seen
from different directions. These systems were still limited to using entities such as

6-4 sectiontwo Modern Design Practice and Tools

Point Line

Polyline Arc

Circle Spline

Polygons

FIGURE 6.02. Some entities used for 
2-D CAD.

FIGURE 6.03. With 2-D models, visualization of a 3-D object must
be done mentally.
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lines, circles, and arcs; but the assemblage of the entities was no longer restricted to
being on a single plane. The geometric entities were represented in a 3-D database
within a 3-D coordinate system with x-, y-, and z-coordinates. Since simple curve or
path entities were used to define the edges of an object, such models were called 
wireframe models. Think of a wireframe as being similar to a box kite. A wireframe
model of a bracket is shown in Figure 6.05.

Wireframe models are still very limited in their representation of parts. The same
wireframe model can represent an object from two different viewing directions, as
demonstrated in Figure 6.06. Thus, the models were sometimes difficult to visualize
as solids. Some models were ambiguous, being interpreted by viewers as different
objects. Look at Figure 6.07 and try to imagine the solid object represented by the wire-
frame model in (a). Can you visualize the shape of the object? Does this figure represent
more than one object? When the hidden edges are removed and the surfaces shaded, as
in (b) and (c), it is much easier to see the desired shape.

chapter 6 Solid Modeling 6-5

FIGURE 6.04. Impossible 3-D objects can be drawn with 2-D elements.

FIGURE 6.05. A wireframe model of a
3-D object.
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FIGURE 6.06. Two possible
view interpretations of the same
wireframe model.

(a)

(b)

(c)

FIGURE 6.07. The wireframe
model in (a) can represent the
object in (b) or the object in (c).
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Another problem with wireframe CAD systems was that the geometry was limited
to shapes with simple planar and cylindrical surfaces. Also, parts with cylindrical fea-
tures, such as the one shown in Figure 6.08, generated wireframe models that did not
show the optical limit or silhouette of the cylindrical surface. Even so, wireframe mod-
eling represented a tremendous advance in technology compared to the drafting board.
It is estimated that more than 75 percent of all common machined parts can be accu-
rately represented using 3-D wireframe models.

6.02.03 Surface Modeling
As computers became more powerful and data storage capabilities increased, surface
modeling techniques were developed. With a surface model, the designer could dis-
play the surfaces of a part, such as those shown in Figure 6.09, and use the model to
perform engineering analyses such as calculating the part’s mass properties. Such mod-
els also could be used to generate computer programs that controlled the fabrication of
parts, for example, on a computer-controlled cutting machine called a mill.

Surface models evolved from wireframe models by mathematically describing and
then displaying surfaces between the edges of the wireframe model. Thus, a surface
model is a collection of the individual surfaces of the object. This modeling method is
called boundary representation, or b-rep, because the surfaces “bound” the shape.
The bounding entities of a simple part created using boundary representation are
shown in Figure 6.10. The bounding entities can be planes, cylinders, and other sur-
faces in three dimensions. These surfaces are in turn bounded by simpler curve entities
such as lines and arcs.

chapter 6 Solid Modeling 6-7

Optical limit Optical limit missing

FIGURE 6.08. Wireframe models do not show the optical limit of a
curved surface.

FIGURE 6.09. A surface model
with semitransparent surfaces
to reveal detail.

FIGURE 6.10. A surface
model exploded to show
individual surfaces.
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The use of surface models eliminates most of the problems with visual ambiguity
encountered with wireframe models.

6.02.04 Solid Modeling
Solid models are visually similar to surface models, so it is sometimes difficult to dis-
tinguish between them. With a solid model, however, the software can distinguish
between the inside and outside of a part and the objects can have thickness. Thus, the
information stored in the 3-D database is sufficient to distinguish between an empty
shoe box and a brick. The software also easily computes information such as the
object’s volume, mass, center of mass, and other inertial properties. Early solid models,
developed in the late 1980s, were made using a technique known as constructive
solid geometry (CSG). CSG models are composed of standard building blocks in
the form of simple solids such as rectangular prisms (bricks), cylinders, and spheres,
called primitives. The shapes are easy to define using a small number of dimensions.
Figure 6.11 shows some of these basic solids. To create more complex solids, the
primitives are assembled using Boolean operations such as addition (union), subtraction
(difference), and interference. Examples of these operations are shown in Figure 6.12.

Surface and CSG models were very powerful tools for design, but their early ver-
sions were rather cumbersome to use. As computational resources improved, so did the
capabilities of modeling software. Increasingly more sophisticated modeling methods,
such as creating a solid model by moving or rotating a closed 2-D outline on a path
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Cylinder

Box

Sphere

Cone Ellipsoid

Torus

FIGURE 6.11. Some 3-D primitives used in solid modeling.
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through space, as shown in Figure 6.13, were developed. Further developments
included software tools for taking many individual solid model parts and simulating
their assembly into a larger structure, as explained in Chapter 1, and for easily creating
formal engineering drawings for parts and assemblies from their solid models.

A more accurate and efficient modeling tool called feature-based solid
modeling was developed in the mid-1990s. This modeling method permitted engi-
neers and designers to create a more complex part model quickly by adding com-
mon features to the basic model. Features are 3-D geometric entities that exist to
serve some function. One common and easily recognizable feature is a hole. Holes in
a part exist to serve some function, whether it is to accommodate a shaft or to make
the part lighter. Other features, such as bosses, fillets, and chamfers, will be defined
later in this chapter.

Parametric solid modeling is a form of feature-based modeling that allows the
designer to change the dimensions of a part or an assembly quickly and easily. Since
parametric feature-based solid modeling is currently considered the most powerful 3-D
CAD tool for engineers and designers, the remainder of this chapter will be devoted to
this modeling method.
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Union

Union

Union

Subtraction

FIGURE 6.12. Steps in using
solid primitives to build a more
complicated solid model using
Boolean operations.
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A Parametric Solid Model
So how does one go about creating a parametric feature-based solid model? In this sec-
tion, a very simple model will be created to demonstrate basic concepts. More detail
and sophistication will be presented in subsequent sections of this chapter. The
tools that you need to create a parametric model are solid modeling software and a
computer that is powerful enough to run the software. As you create the model, the
software will display an image of the object which can be turned and viewed from any
direction as if it actually existed in three dimensions.

Using the mouse and keyboard, you will interact with the software through a
graphical user interface (GUI) on the computer’s display device (i.e., the computer
monitor). The GUI gives you access to various tools for creating and editing your mod-
els. GUIs differ slightly in different solid modeling software. However, most of the
packages share some common approaches. When creating a new model (i.e., with noth-
ing yet existing), you will probably be presented with a display of 3-D Cartesian coordi-
nate x-, y-, and z-axes and the three primary modeling planes, which are sometimes
called the principal viewing planes or datum planes. These planes help you visu-
alize the xy, yz, and xz planes and are usually displayed from a viewing direction from
which all three planes can be seen, as shown in Figure 6.14.

Nearly all solid modelers use 2-D sketches as a basis for creating solid features.
Sketches are made on one of the planes of the model with a 2-D sketching editor simi-
lar to a drawing editor found on most 2-D CAD drafting software. When you begin a
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(a)

(b)

FIGURE 6.13. Solids created by
(a) moving and (b) revolving a
2-D outline through space.

6.03
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new model, you often make a sketch on the one of the basic modeling planes. When the
sketching plane is chosen, some modelers will reorient the view so you are looking
straight at the 2-D sketching plane. You can then begin sketching.

Line segments are usually inserted using mouse clicks, as shown in Figure 6.15(a). A
sketch is initially created without much attention being paid to precise dimensions and
exact orientations of the different segments. For convenience, the sketching editor in
most solid models automatically corrects sloppy sketches by making assumptions about
the intended geometry. For example, if a line segment is sketched almost vertically or
almost horizontally, the sketching editor will force the line into a vertical or horizontal
orientation. Figure 6.15(a) shows a sketch of a rectangle created by clicking the four cor-
ners, or vertices; Figure 6.15(b) shows the cleaned-up sketch after the sketching editor
corrects the user input and reorients the line segments.

6.03.01 Valid Profiles
Before a solid feature can be created by extrusion or rotation, the final profile of the
shape must be a closed loop. Extra line segments, gaps between the line segments, or
overlapping lines create problems because the software cannot determine the bound-
aries of the solid in the model. Samples of proper and improper profiles are shown in
Figure 6.16.

6.03.02 Creation of the Solid
A completed sketch that is used to create a solid is called a profile. A simple solid
model can be created from the profile by a process known as extrusion, as shown in
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FIGURE 6.14. The primary modeling planes for solid modeling.

(b) rectangle corrected by software

(a) corners of rectangle specified by user
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FIGURE 6.15. 2-D sketching.
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Crossing

Gap

Proper Improper

Overlap, or extra segment

Double
nested

Wall inside of loop

Closed loop

Nested loops

Multiple loops

Revolve profile overlapping axis

Multiple single nested loops

Multiple loops

Simple revolved loop profile

FIGURE 6.16. Examples of proper and improper profiles.

Figure 6.17. Imagine the profile curve being pulled straight out of the sketching plane.
The solid that is formed is bound by the surfaces swept out in space by the profile as it
is pulled along the path. Both the geometry of the profile and the length of the extru-
sion must be specified to define the model fully.

A different model can be created from the profile by a process called revolution. To
create a revolved solid, a profile curve is rotated about an axis. The process is similar
to creating a clay vase or bowl on a potter’s wheel. The profile of a revolved part is also
planar, and the axis of revolution lies in the profile plane (sketching plane). One edge of
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the sketch may lie along the axis of revolution, as shown in Figure 6.18(a); or the sketch
may be offset from the axis, as shown in Figure 6.18(b). It is important to make sure
that the profile does not cross over the axis of revolution. This would create a self-
intersecting model (i.e., a solid created inside another solid), which most solid
modeling software interpret to be a geometric error. The geometry of the profile and
the angle of rotation must be specified to define the model fully. The models shown in
Figure 6.18 are revolved through a full 360 degrees.
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FIGURE 6.17. A solid created by extrusion of a 2-D profile.
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Making It Precise
Before a part can be submitted for analysis or fabrication, the sizes and locations of all
of its features must be completely specified. To see how this is done, let’s back up a few
steps in our discussion of the creation of the model. 

6.04.01 Orientation of the Sketch 
Before you begin to create the first extrusion or revolution, you must decide where to
place the part in the space relative to the xyz coordinate system. With the model
shown in Figure 6.17, the initial sketch was placed on one of the basic modeling
planes. If the sketch was placed on one of the other basic modeling planes instead, the
model would have the same geometry but with a different orientation in space, as
shown in Figure 6.19.
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FIGURE 6.18. A solid created by rotation of a 2-D profile, with the axis on the profile in (a) 
and with the axis off the profile in (b).
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6.04.02 Geometric Constraints 
Formally, constraints are the geometric relationships, dimensions, or equations that
control the size, shape, and/or orientation of entities in the profile sketch and include
the assumptions that the CAD sketcher makes about your sloppy sketching.
Constraints that define the size of features will be discussed in the following section.
The previous section provided a few examples of geometric constraints that were
applied to a simple sketch: lines that were drawn as nearly horizontal were assumed to
be horizontal, and lines that were drawn as nearly vertical were assumed to be vertical.
Those assumptions reduce the number of coordinates needed to specify the location of
the endpoints. Some solid modelers require you to constrain the profile fully and spec-
ify the sizes and locations of all of its elements before allowing the creation of a solid
feature; others allow more free-form sketching. Geometric constraints may be either
implicitly defined (hidden from the designer) or explicitly displayed so you can modify
them. A set of geometric constraints is not unique, as demonstrated in Figure 6.20. In
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FIGURE 6.19. The same profile made in different sketching planes produces the same
object but in different orientations. In (a), the profile is made in the yz plane; and in (b), the
profile is made in the xy plane.
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this example, a set of geometric constraints that restricts some lines to being horizon-
tal or vertical is equivalent to another set of constraints that restricts some lines to
being either parallel or perpendicular to each other.

Geometric constraints specify relationships between points, lines, circles, arcs, or
other planar curves. The following is a list of typical geometric constraints. The results
of applying the constraints are shown graphically in Figure 6.21.
■ Coincident—forces two points to coincide
■ Concentric—makes the centers of arcs or circles coincident 
■ Point on Line—forces a point to lie on a line
■ Horizontal/Vertical—forces a line to be horizontal/vertical 
■ Tangent—makes a line, a circle, or an arc tangent to another curve
■ Colinear—forces a line to be colinear to another line
■ Parallel—forces a line to be parallel to another line
■ Perpendicular—forces a line to be perpendicular to another line
■ Symmetric—makes two points symmetric across a centerline
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FIGURE 6.20. The line segments in a profile are numbered in (a). The
implied geometric constraints for each segment are shown in (b), and an
equivalent set of applied constraints is shown in (c). A letter or symbol
beside a segment signifies the type of geometric constraint applied to it.
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FIGURE 6.21. Geometric constraints commonly found in sketching editors.

The sketching editors in most solid modeling software are usually configured to
try to interpret the user’s sketching intent such that certain constraints are created
automatically. In addition to adjusting nearly horizontal or vertical lines into true
horizontal or vertical lines, if two lines are nearly perpendicular or parallel or an arc and
a line are nearly tangent at the common endpoint, the sketching editor will impose the
assumed geometric relationship. These automatically applied geometric constraints
can be changed at a later time if desired.

6.04.03 Dimensional Constraints 
Each of the 2-D entities in the profile must have size and position. Dimensional
constraints are the measurements used to control the size and position of entities in
your sketch. Dimensional constraints are expressed in units of length, such as
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millimeters, meters, inches, or feet. For example, look at the profile in Figure 6.22,
which shows dimensional constraints that define its size. If you, the designer, do not
fully specify all of the necessary information, the software will default to some value
that you may not want. It is better if you control the model, rather than have the soft-
ware assign assumed parameters and conditions to the model.

Dimensional constraints can be created interactively while you are sketching, but
also automatically as a result of a feature operation, an extrusion, or a revolution. There
are three principal types of dimensional constraints:
■ Linear dimensional constraints define the distance between two points, the

length of a line segment, or the distance between a point and a line. Linear
dimensions can be measured horizontally or vertically or aligned with the
distance being measured.

■ Radial and diametral dimensional constraints specify the radius or diameter of an
arc or a circle.

■ Angular dimensional constraints measure the angle between two lines. The lines
do not need to intersect, but they cannot be parallel.

6.04.04 Uniqueness of Constraints 
A set of dimensional constraints is not unique. It is possible to apply a different set of
dimensional constraints on a profile to produce exactly the same geometry, as shown
in Figure 6.23.
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FIGURE 6.22. A profile fully
constrained with geometric and
dimensional constraints.
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FIGURE 6.23. Two different sets of dimensional constraints that can be used to define the same geometry.
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Combinations of dimensional and geometric constraints also are not unique. It is
possible to have different combinations of geometric constraints and dimensional con-
straints define exactly the same geometry, as shown in Figure 6.24.

The natural question then becomes, which set of constraints is correct or pre-
ferred? The answer depends on what the function of the part and the design intent is or
how the designer wants to be able to change the model. You also should consider how
the solid model will be used for analysis, manufacturing, and documentation when
applying sets of constraints. One of the greatest advantages of a parametric solid model
is that the model can be changed easily as the design changes. However, the constraints
limit the ways in which the model can be changed. 

6.04.05 Associative and Algebraic Constraints 
Associative constraints, sometimes called algebraic constraints, can be used to
relate one dimensional constraint to another. The dimensional constraints on a profile
are expressed in terms of variables. Each dimensional constraint is identifiable by a
unique variable name, as shown in Figure 6.25. Algebraic constraints can be used to
control the values of selected variables as the result of algebraic expressions. Algebraic
expressions consist of constants and variables related to each other through the use of
arithmetic functions (+, −, *, absolute value, exponent, logarithm, power, square root,
and sometimes minimum and maximum); trigonometric functions; and conditional
expressions (if, else, or when) including inequalities comparisons (if A > B then . . . ).

There are two different methods for solving sets of algebraic constraint equations.
Software that uses variational techniques solves the equations simultaneously. A
compatible solution for all of the variables can be calculated when there are a sufficient
number of equations. In a system using parametric techniques, the equations are
usually solved in sequential order. The equations will have only one unknown variable.
All other variables in the algebraic expression must be known for the value of the
unknown variable to be calculated, which is called the dependent or driven dimension.
The known variables are called the driving dimensions. As shown in Figure 6.25, when
the value of a driving dimensional constraint is changed, the value of its driven dimen-
sional constraints are automatically changed too.
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FIGURE 6.24. Two different sets of geometric constraints that define the same geometry.
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Strategies for Combining Profile Constraints
A completed profile is constrained using a combination of geometric and dimensional
constraints and may include algebraic constraints as well. The constraint set must be
complete for the geometry to be fully defined. If a profile is overconstrained or under-
constrained, it may not be possible to create a solid feature from the profile. Some solid
modeling software automatically applies constraints, but these constraints usually
need to be changed to reflect the design intent. Furthermore, most software systems
expect the user to apply constraints in addition to the automatically generated
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constraints; in particular, variational modelers allow underconstrained sketches and
do not require user-applied constraints, but these systems can yield unpredictable
results when the dimension values are changed. By gaining a thorough understanding
of constraints (and how and when to apply them), you will be able to control the behav-
ior of your models and capture your design intent. A strategy for applying geometric
and dimensional constraints to a profile is demonstrated next.

The first constraint usually applied to a new sketch is a ground constraint.
Ground constraints serve as anchors to fix the geometry in space. Ground constraints
may have various forms. The most common type of ground constraint is a geometric
entity such as a line or point on the profile having been made coincident with one of the
basic modeling planes or with the origin of the coordinate system. For example, if
the first feature of a model is created by extrusion, it may be convenient to place a corner
of the profile on the origin of the coordinate system. This is usually done by placing
one of the vertices of the sketch exactly at the origin. If the first feature is created by rota-
tion, it may be convenient to place one of the endpoints of the center axis at the origin.

When the profile is closed and the automatically generated constraints have been
applied the interactive constraint definition phase begins. Some software creates a
fully constrained sketch, including both geometric and dimensional constraints; but
the constraint set chosen by the software is usually not exactly what you want. Other
software does not fully constrain the sketch, but leaves this task to the designer.
Ground constraints should be specified if this was not already done when the profile
was sketched. Next, geometric and dimensional constraints should be added and/or
changed until the profile is fully constrained. Typically, your solid modeling software
will alert you when the profile is fully constrained or when you try to overconstrain the
profile. In particular, you should take care to delete any unwanted geometric and
dimensional constraints that may have been automatically added. Finally, the profile
should be changed to reflect the design intent and the dimensional constraints
adjusted to the desired values. Some sketching editors automatically readjust the pro-
file after each constraint is added; others wait until all of the constraints have been
specified before readjusting the profile. Updating the profile to show its new shape
after constraints are added or changed is called regeneration. 

The way dimensional constraints are added depends largely on what the intended
function of the part is, how it is to be fabricated, and how the geometry of the part may
change in the future. What would a simple L-bracket look like if some of the dimen-
sions were changed, as shown in Figure 6.26? In this case, d1 was changed from 30 to 40
and d2 was changed from 3 to 8. The result is shown in the figure. But if you want to
make the bracket by bending a piece of sheet metal, the part should have a uniform
thickness throughout. One way to do this is to force the length of line segments that
define the thickness of both legs of the L to be equal. The geometric constraint shown
in Figure 6.27 has this effect. The equal length geometric constraint replaces the
dimensional constraint for the thickness of the vertical leg of the bracket. If you tried to
apply the equal length constraint and the dimensional constraints on both line seg-
ments, the sketch would be overconstrained, a situation the software would not accept.
In addition, an associative constraint needs to be added between the radius of the
inside corner of the bracket and the radius of the outside corner to ensure that
the thickness of the part is constant around the corner.

This constraint strategy demonstrates how to make your parts more robust.
Through this simple example, you can see the importance of fully understanding the
behavior of your model and the effects of your selection of dimensions and constraints.
Your choices for geometric, dimensional, and algebraic constraints are not unique; but
the decisions you make in selecting a set of constraints will have a big impact on the
behavior of your model if you make changes to it. You must choose a modeling strategy
that will reflect your design intent.
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values of the dimensions
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FIGURE 6.28. Geometric constraints need to be applied to the rough sketch (a) to produce
the desired, fully constrained profile (b).

As an exercise for developing skill in the application of constraints, consider the
rough sketch and the finished profile shown in Figure 6.28. For the profile to be fully
constrained using only the dimensional constraints shown, certain geometric constraints
are needed. Segment 1, for example, needs to be horizontal and tangent to Segment 2.
Segment 2 needs to be tangent to Segment 1 as well as to Segment 3. Segment 3 needs to
be tangent to Segment 2, perpendicular to Segment 4, and parallel to Segment 5.
Segment 4 needs to be perpendicular to Segment 3 and equal in length to Segment 14.
These constraints and the required geometric constraints on the remaining segments are
shown in Figure 6.29. Keep in mind that a set of geometric constraints may not be
unique. Can you specify another set of geometric constraints for this example that would
create the same profile with the same dimensional constraints?
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FIGURE 6.29. Applying geo-
metric constraints to the first
four segments of the sketch 
in Figure 6.28(a) to produce
the finished profile in 
Figure 6.28(b).
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More Complexity Using Constructive Solids
You have seen how to create solid models by sketching a 2-D profile on one of the
basic modeling planes and then using a single extrusion or a single rotation to create
a 3-D model. Adding material to or removing material from the original model can
create a more complex model. When material is added, a protrusion feature is cre-
ated. When material is removed, a cut feature is created. Both protrusions and cuts
begin with sketched profiles that are then extruded or revolved to form solid shapes
that are added to or removed from the existing body of the model. For an extruded
feature, the profile lies in the sketch plane and is extruded in a direction perpendicu-
lar to the sketching plane. For a revolved feature, the profile and the axis of revolution
must be coplanar so both will lie on the sketch plane.

When protrusions or cuts are made on an existing model, sketches and profiles
are no longer restricted to be located on one of the basic modeling planes. Instead, any
planar surface on the model can be selected and used as a sketching plane on which
sketches and profiles can be created. Once a sketching plane has been selected, any 
2-D element that is created will be forced to lie on that plane. After a sketching plane
is selected, the model can be reoriented to look directly into the sketching
plane. Although you can sketch when not looking directly into the sketching plane,
you need to be very careful when viewing from a different orientation. Edges of your
sketch may not be shown in their true shape, and angles may appear distorted. Most
people find it easier to create 2-D profiles when they are looking directly into the
sketching plane, just as it is easier for someone to draw straight lines and angles with
correct measurements when the paper is oriented straight in front of her.

Examples of profiles on various sketching planes on a model and resulting
extruded protrusions are shown in Figure 6.30; examples of extruded cuts are shown in
Figure 6.31. Examples of revolved protrusions are shown in Figure 6.32, and examples
of revolved cuts are shown in Figure 6.33. 

As with the first extrusion or revolution that created the main body of the model,
the profiles for the added protrusions or cuts must be fully defined by geometric,
dimensional, and algebraic constraints before they can be extruded or revolved. A com-
mon geometric constraint for protrusions or cut features is to make one or more edges
or vertices of the new profile coincident with edges of the surface used as the sketching
plane. In Figure 6.30(a), notice that one surface of the original object has been selected
as a sketching plane and a rectangular profile has been sketched on the selected plane.
The top and bottom edges of the sketched profile are coincident with edges of the
sketching surface. The direction of extrusion is, by default, perpendicular to these-
lected sketching plane.

The length of the extrusion or angle of rotation also must be specified. There are
several options for defining the length of the extrusion, as shown in Figure 6.30 and
Figure 6.31. The simplest is to specify a blind extrusion. A blind extrusion is one that
is made to a specified length in the selected direction, analogous to specifying a dimen-
sional constraint, as shown in Figure 6.30(b). If your extrusion is the first feature used
to create your initial model, it will be a blind extrusion. For a cut such as a hole, a blind
extrusion creates a hole of a specified depth, as shown in Figure 6.31(b).

Another way to determine the length of the extrusion is to use existing geometry.
One option for specifying an extrusion length is to extrude to the next surface.
With this option, the extrusion begins at the profile and the protrusion or cut stops
when it intersects the next surface encountered, as shown in Figure 6.30(c) and
Figure 6.31(c). Another option is to extrude to a selected surface, where the protru-
sion or cut begins at the profile and stops when it intersects a selected surface, which
may not necessarily be the first one encountered. See Figure 6.30(d) and Figure 6.31(d).
For extruded cuts, there is an option to extrude through all. This option creates a cut
or protrusion that starts at the profile and extends in the selected direction through all
solid features, as shown in Figure 6.31(e). A double-sided extrusion permits the
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FIGURE 6.30. Different ways to
terminate an extruded protru-
sion from the profile in the
sketching plane in (a). Blind
extrusion in (b), extrude to next
surface in (c), extrude to a
selected surface in (d).

protrusion or cut to extend in both directions from a profile. The method of termina-
tion in each direction can then be specified independently. Other methods of
terminating the extrusion length may be available depending on the specific solid mod-
eling software used. You also can specify the angle of rotation of a revolved protrusion or
cut in a similar manner by using a specified angle (blind revolution) or by revolving up
to next or selected surfaces.
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FIGURE 6.31. Different ways to
terminate an extruded cut from
the profile in the sketching
plane in (a). Blind cut in (b); cut
to next surface in (c). Cutting to
a selected surface (d) and cut-
ting through all (e).
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Breaking It Down into Features
When you build a solid model, you need to decide how to create the various shapes that
compose the part. Very few parts can be modeled as a single extrusion or revolution.
The various protrusions and cuts on the main body of a model are called features.
What are features? If you consider your face, you might say that its features are your
eyes, nose, lips, and cheeks. It is not much different on a manufactured part; a feature
can be any combination of geometric shapes that make up the part and are distinctive
in shape, size, or location. Features are characteristic elements of a particular object,
things that stand out or make the object unique. Features often have characteristic geo-
metric shapes and specific functions. A simple hole, for example, is a cylindrical cut
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FIGURE 6.32. The addition of a revolved protrusion to an
existing base in (a) by using one of its surfaces as a sketch-
ing plane to create a centerline and profile in (b) and
revolving it to produce the final result in (c).
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FIGURE 6.33. The addition of a revolved cut to an exist-
ing base in (a) by using one of its surfaces as a sketching
plane to create a centerline and profile in (b) and revolv-
ing it to produce the final result in (c).
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that is often used as a receptacle for a fastener such as a bolt or screw. A manufactured
part may have many different types of features. Since these features are the foundation
of contemporary solid modeling systems, you must be able to recognize them.

Engineered parts also have features that are composed of repeated combinations
of shapes. Most feature-based modelers have a collection of standard built-in features
and may also allow you to define your own features. This can be handy when your prod-
ucts are designed with a particular shape that varies in size, such as gear teeth, airfoils,
or turbine blades. The challenge for designers is to identify part features and build solid
models that reflect the function of the part and design intent.

6.07.01 The Base Feature
All of your parts will be created from a collection of features, but you need to start
your model with a basic shape that represents the general shape of the object. Your
first step should be to study the part and identify the shape that you will use as the
base feature. The base feature should be something that describes the overall shape
of the part or something that gives you the greatest amount of functional detail that
can be created with a single extrusion or rotation. Figure 6.34 shows several parts with
the base features used to create the solid models.

After the base feature is created, you can modify the shape by adding or subtracting
material to it to create form features. A form feature is a recognizable region or area
on the part geometry that may have a specific function and/or method of manufacture.
The geometric components or shapes within the feature usually have some geometric
relationships or constraints. Different CAD systems use various names for these fea-
tures, but you should become familiar with some of the common terms. The following
section discusses common feature types.

Base feature

Base feature

Base feature

Final part

Final part

Final part

FIGURE 6.34. Parts and their
base features.

42496_08_ch6_p6.1-6.96  12/21/07  3:29 PM  Page 29



6-30 sectiontwo Modern Design Practice and Tools

Base feature

Base feature

Base feature

Final part

Final part

Final part

Base feature

Base feature

Final Part

Final Part

FIGURE 6.34. (CONTINUED)
Parts and their base features.
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6.07.02 Chamfers, Rounds, and Fillets
Unless otherwise specified, adjoining surfaces on a virtual part can intersect to form
sharp corners and edges, but real parts often have smooth transitions along the edges
of these surfaces. The most common edge transitions are rounds, fillets, and
chamfers. A round is a smooth radius transition of the external edge created by two
intersecting surfaces. A fillet is a smooth transition of the internal edge created by
two intersecting surfaces. Geometrically, the rounds and fillets are tangent to both
intersecting surfaces. Examples of rounds and fillets are shown in Figure 6.35. Fillets
and rounds are specified by the size of their radii and the edge(s) that are rounded.

Chamfers also provide a transition between two intersecting surfaces, but the
transition is an angled cut instead of a radius. Examples of chamfers are shown in
Figure 6.36. Chamfers can be specified by the distance along each intersecting surface
to the original edge or by the distance along one of the original surfaces and the angle
made with that surface.

Functionally, on an inside edge, a fillet may be necessary to facilitate fabrication or
to reduce stresses at the corner so the part does not break as easily. On an outside edge,
rounds and chamfers are usually used to eliminate sharp edges that can be easily dam-
aged or that can cause injury or damage when the part is handled. Rounds, fillets, and
chamfers are generally small when compared to the overall size of the associated base or
parent feature.

Edges to
be modified

Edges to
be modified

Rounds Fillets

Round

Fillet

Original part Final result

Final resultOriginal part

FIGURE 6.35. Examples of rounds and fillets applied to the edges of a part.
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6.07.03 Holes
Holes are ubiquitous in nearly all manufactured parts and, therefore, can be inserted
into a model as features by most solid modeling software. Holes are often used with bolts
or screws to fasten parts together. Many different types of holes can be used with specific
fasteners or can be created using different manufacturing processes. Some special types
include holes that are blind, through, tapped, counterbored, or countersunk, as shown in
Figure 6.37. Each type of hole has a particular geometry to suit a specific function. You
should study the hole types so you recognize them when you model your parts.

Many solid modeling software packages include standard or built-in features to
help you with your modeling task. When you use a standard hole feature, the solid
modeling software makes certain assumptions about the geometry of a hole so you do
not need to specify all of the dimensions and constraints that make up the feature. A
countersunk hole, for example, can be made as a revolved cut. What do you need to do
to create this feature? You begin by selecting a sketching plane, then create and con-
strain the sketch and revolve the sketch about a specified axis. Many things can go
wrong if you are not careful. There might not be a plane on which to sketch. Your
sketch might not have the proper shape, or the axis might not be perpendicular to the
desired surface. However, a countersunk hole feature can often be created from a
standard feature by selecting the location of the axis of the hole on the desired surface,
the diameter of the hole, the diameter and angle of the countersink, and the depth
of the hole. The shape of the profile, axis of revolution, and angle of revolution are
included automatically in the feature definition. No sketching plane is needed.
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FIGURE 6.36. Examples of
chamfering applied to the edges
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Figure 6.38 illustrates the use of a cut feature compared to the use of a built-in hole
feature to create a countersunk hole. In most cases, it is more desirable to create a
hole using the built-in hole feature instead of a general purpose cut feature. Besides
being a more natural way to place a hole in a model, you avoid potential errors in cre-
ating the desired geometry. Furthermore, using a general cut feature does not incor-
porate the specific geometry and function of a “hole” in the knowledge base of the
model, which may be useful in downstream applications such as process planning for
manufacturing the hole.

Counter-bored Hole

Counter-Sunk Hole

Blind Hole

Through Hole

Tapped Hole

Screw threads

(a)

(b)

(c)

(d)

(e)

Cutting plane

FIGURE 6.37. Cross sections of
various types of holes to reveal
their geometry.
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6.07.04 Shells
The process of creating a shell, or shelling, removes most of the interior volume of a
solid model, leaving a relatively thin wall of material that closely conforms to the outer
surfaces of the original model. Shelled objects are often used to make cases and con-
tainers. For example, a soda bottle is a shell, as are cases for electronic products such as
cell phones and video displays. The walls of a shell are generally of constant thickness,
and at least one of the surfaces of the original object is removed so the interior of the
shell is accessible. Figure 6.39 shows examples of a model that has been shelled.

Shelling is sometimes considered an operation rather than a feature. It is usually
performed on the entire model, including all of its features, by selecting the surfaces to
be removed and the thickness of the shell wall. Any feature not to be shelled should be
added to the model after the shelling operation is complete. The order of feature cre-
ation and shelling operations may have a dramatic effect on the shape of the part, as
will be shown later in this chapter.
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(a)

(b)

V V

Create sketching plane

Sketch and constrain profile

Revolve 360 deg.

Specify location of hole axis Define diameters and
countersink angle

Execute feature creation

D1 = ___
D2 = ___
Angle = ___

Axis of
revolution

FIGURE 6.38. The countersunk hole shown in (a) can be created by using a general revolved
cut, as shown in (b), or by specifying the hole as a built-in feature, as shown in (c).
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Original part

Original part

Final result

Final result

Surface to be
removed

Surfaces to be 
removed

Specified wall
thickness

Specified wall
thickness

FIGURE 6.39. Examples of
shelling.

6.07.05 Ribs and Webs
Ribs are small, thin, protrusions of constant thickness that extend predominantly
from the surface of a part. Ribs are typically added to provide support or to stiffen a
part. Sometimes they are added to improve a part’s heat transfer ability. Webs are
areas of thin material that connect two or more heavier areas on the part. Examples of
ribs and webs are shown in Figure 6.40. These features are usually specified by their flat
geometry, thickness, and location.

Ribs Ribs

(a)

(b)

Web

Web

FIGURE 6.40. Ribs (a) added to
parts to reinforce them, and
webs (b) connect thicker
sections on parts.
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6.07.06 Other Feature Types 
The features that follow (and that are shown in Figure 6.41) are less commonly found
in solid modelers. When available, they should be used as needed. When such features
are not available in the solid modeler, the geometric shapes can still be created from
sketched profiles as protrusions or cuts. Note that special feature types usually imply a
particular shape, function, manufacturing process, or other feature attribute.
■ Boss—a slightly raised circular area, usually used to provide a small, flat, clean

surface
■ Draft—a slight angle in the otherwise straight walls of a part, usually used to facili-

tate its removal from a mold
■ Groove—a long, shallow cut or annulus
■ Island—an elongated or irregularly shaped raised area, usually used to provide a

flat, clean surface
■ Keyseat—an axially oriented slot of finite length on the outside of a shaft
■ Keyway—an axially oriented slot that extends the entire length of a hole
■ Slot—a straight, long cut with deep vertical walls
■ Spot face—a shallow circular depression that has been cut, usually used to provide

a small, flat, clean surface
■ Taper—a slight angle in the otherwise cylindrical walls of a part, usually used to

facilitate its insertion or removal into another part

Spotface Boss Island

Slot

Taper

Draft

Groove Keyway Seat
Keyway

FIGURE 6.41. Various features with specific functions that may be added to a solid model.
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6.07.07 Cosmetic Features
Parts can be modified by altering their surfaces characteristics. These characteristics are
called cosmetic features because they generally modify the appearance of the sur-
face but do not alter the size or shape of the object, just like lipstick or hair coloring.
Cosmetic features are necessary to the function of the part and may be included in the
model so they can be used in later applications, such as fabrication. Some common cos-
metic features include threads and knurls. Since the geometric changes are small and
detailed, the cosmetic features usually are not modeled in their exact geometric form in
the database of the object, but are included as notes or with a simplified geometric rep-
resentation. You will learn more about simplified representations on drawings in later
chapters. Some cosmetic features are shown in Figure 6.42.

6.07.08 An Understanding of Features and Functions
As a design engineer, you need to become familiar with the different types of features
on various parts. Doing so will help you communicate with other engineers as well as
imbed more of a part’s engineering function into your models. For example, if you look
at Figure 6.43, you will notice a rectangular cut on the edge of the hole. This cut is a
geometric feature called a keyway. Why is it there? What purpose does it serve? In
Figure 6.44, the gear is mounted to a shaft, which also has a rectangular cut. A small
part called a key is used to line up the shaft and the gear and transmits torque from the
shaft to the gear. If you were to create a feature-based solid model of the gear, you could
identify the rectangular cut as a keyway feature. If the model parts were to be assembled
with assembly modeling software (which is explained in detail in a subsequent chap-
ter), the computer and software would recognize the models as mating parts and orient
the gear, key, and shaft automatically.

Thread

Knurl

FIGURE 6.42. Some cosmetic
features.

Keyway

Bore

Teeth

FIGURE 6.43. A gear with teeth,
a bore, and a keyway as func-
tional features.

Key

Gear

Shaft

Keyseat

Keyway

Completed assembly

FIGURE 6.44. A gear and shaft
assembly. The key functions to
transmit torque. The keyseat
receives the key in the shaft, and
the keyway receives the key in
the gear.
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More Ways to Create Sophisticated Geometry
Creating protrusions and cuts by extending the sketch profiles made on either the basic
modeling plane or one of the existing surfaces of the model results in a wide variety of
possible models. Even more sophisticated models, however, can be created by using ref-
erence geometries called datums, which can be added to the model, displayed, and used
to create features. Generally, solid modelers offer at least three types of datum
geometries that can be placed into a model: datum points, datum axes, and datum
planes. These datum geometries do not actually exist on the real part (i.e., they cannot be
seen or felt) but are used to help locate and define features. Consider, for example, the
part shown in Figure 6.45(a). The angled protrusion with the hole would be easy to cre-
ate if an angled sketching plane could be defined as shown. The extrusion could be made
to extend from the sketching plane to the surface of the base feature. This feature would
be more difficult, although not impossible, to define using extruded protrusions and
cuts that extended only from the basic modeling planes or one of the surfaces on the
existing model. In Figure 6.45(b), the uniquely shaped web would be easy to create if a
sketching plane could be placed between the connected features as shown. An extruded
protrusion could extend from both sides of the sketching plane to the surfaces of the
connected features.

6.08

(a)

Original part

Sketch
Sketching plane

Extrude to base

Final result

FIGURE 6.45. Using a sketching plane and profile, which are not on an existing surface of
the object, to create a protrusion feature (a). 
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(b)

Original part

Final result

Sketching plane

Sketch

Two-sided extrusion

FIGURE 6.45. (CONTINUED) Using a sketching plane and profile, which are not on an
existing surface of the object, to create a web feature (b).

The next few sections will describe methods in which the three different types of
datums can be defined geometrically and how the datums can be used to create a vari-
ety of new types of features. Depending on the specific solid modeling software being
used, some of the methods described here for datum definition may or may not be
available.

6.08.01 Defining Datum Points
Following are some of the different ways a datum point can be defined and created.
The definitions are shown graphically in Figure 6.46.
■ At a vertex
■ On a planar surface at specified perpendicular distances from two edges
■ At the intersection of a line or an axis and a surface that does not contain the line
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(c) Vertex

(a) Endpoint of a line or arc

(d) On a plane surface, specifying 
perpendicular distance from two edges

(b) Center of an arc or circle

(e) Intersection of two lines (f) Intersection of a line or axis with a plane or surface

FIGURE 6.46. Various ways to define a datum point.

6.08.02 Defining Datum Axes
Following are some of the different ways a datum axis can be defined and created. The
definitions are shown graphically in Figure 6.47.
■ Between two points (or vertices)
■ Along a linear edge
■ At the intersection of two planar surfaces
■ At the intersection of a cylinder and a plane through its axis
■ Along the centerline of a cylinder or cylindrical surface
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6.08.03 Defining Datum Planes
Following are some of the different ways a datum plane can be defined and created.
The definitions are shown graphically in Figure 6.48.
■ Through three noncolinear points
■ Through two intersecting lines
■ Through a line and a noncolinear point
■ Offset from an existing flat surface at a specified distance
■ Through an edge or axis on a flat surface at an angle from that surface
■ Tangent to a surface at a point on that surface
■ Perpendicular to a flat surface and through a line parallel to that surface
■ Perpendicular to a flat or cylindrical surface through a line on that surface
■ Tangent to a cylindrical surface at a line on that surface

chapter 6 Solid Modeling 6-41

(a) Two points (b) Along an edge

(e) At the centerline of a cylinder or 
 cylindrical surface

(c) At the intersection of two planar surfaces (d) Intersection of a cylinder and a 
       plane through its axis

FIGURE 6.47. Various ways to define a datum axis.
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(a) Offset from Existing flat surface, and a distance (b) A flat surface, through an edge or axis on
       that surface, and an angle from that surface

(c) Tangent to a surface at a point on that surface (d) Perpendicular to a flat surface, and through
       a line parallel to that surface

(e) Perpendicular to a flat or cylindrical surface and
      through a line on that surface  

(f) Tangent to a cylindrical surface at
     a line on that surface

FIGURE 6.48. Various ways to
define a datum plane.  More
ways to define a datum plane.

(g) Perpendicular to a curve at a point on that curve (h) Three points

(i) Two intersecting lines (j) A Line and a point
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6.08.04 Chaining Datums
Series of simply defined datums are often used for creating more complex datums. In
the example shown in Figure 6.45(a), the angled protrusion was created in this manner:
On the top surface of the base extrusion, two datum points were created by defining
each of their locations from the edges of the base extrusion. A datum axis was then cre-
ated using the two datum points as the endpoints of the axis. Finally, the desired
datum plane was defined using the top surface of the base extrusion, using the datum
axis created in that plane, and specifying the angle that the new datum plane makes
with the top surface.

Another example is shown in Figure 6.49, where a datum plane is created to be tan-
gent to the surface of a cylindrical extrusion. An intermediate datum plane is defined
by one of the basic planes; the axis of the cylinder, which lies on that basic plane; and
the angle the intermediate datum plane makes with the basic plane. The final datum
plane is then created to be tangent to the surface of the cylindrical extrusion at its inter-
section with the intermediate datum plane. A datum plane tangent to the surface of a
cylinder is commonly used to create cuts that extend radially into a cylindrical surface,
such as holes or slots, and protrusions that extend radially from the cylindrical 
surface, such as spokes or vanes. Note that with protrusion from a tangent datum
plane, the extrusion must be specified to extend in both directions from that 
datum; otherwise, there will be a gap between the extrusion and the curved surface.

Intermediate DATUM

Final DATUM
Intermediate datum

(a) (b)

FIGURE 6.49. To create a datum plane that is tangent to a cylindrical surface at a specific
location, an intermediate datum plane, shown in (a), can be created through the centerline
of the cylinder. The intersection of the intermediate datum with the cylinder creates a
datums axis that is used to locate the final datum plane.
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6.08.05 Using Arrays (Rectangular and Circular)
One method of creating multiple identical copies of a feature in a model is to create a
feature array, which is sometimes called a feature pattern. A feature array takes
one feature, called the master feature, and places copies of it on the model at a spec-
ified spacing. The copied features are identical to the master feature, and changing the
geometry of the master at a later time also changes the geometry of the copies at that
time. Including features in this manner can save time and effort in creating the entire
model, especially when the features are rather complex. An example of a model with a
rectangular array of features is shown in Figure 6.50. An array of rectangular cuts is
shown in Figure 6.51. As shown, rectangular arrays can generate copied features in two
directions. These directions must be specified, as well as the spacing of the copied
features in each direction. Finally, the number of copies in each direction must be spec-
ified. Care must be taken to ensure that there is enough room on the model to accom-
modate all of the copied features.

Original feature Arrayed feature

Master feature

Spacing in direction 1Spacing in direction 2

FIGURE 6.50. A rectangular array of protrusions created from a master feature.

Original feature Arrayed feature

Master feature

FIGURE 6.51. A rectangular array of cuts created from a master feature.
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(a)

(b)

Original feature Arrayed feature

Original feature Arrayed feature

Master feature

Master feature

Axis

Axis

(c)

Original feature Arrayed feature

Axis

Axial
SpacingMaster feature

Radial Spacing
and Direction

Radial Spacing
and Direction

FIGURE 6.52. A circular array of protrusions created from master features in the axial direc-
tion (a) and (b), both in the axial and radial direction (c).

Examples of models with radial arrays of protrusions are shown in Figure 6.52.
Radial arrays can extend radially or axially. For radial arrays, in addition to the master
feature being selected, the axis of revolution for the array must be selected. If such
an axis does not already exist on the model, one must be created from an added datum
axis. The number of copies, the direction of the array, and the radial and axial spacing
of the copies must be specified.
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Mirror plane
Master feature

Mirrored feature

Final result

(a) (b)

(c) (d)

FIGURE 6.53. Creation of a mirrored feature. The master feature in (a) is mirrored by creat-
ing a datum plane as a mirror plane (b). A mirror image of the feature is produced on the
opposite side of the datum plane in (c), and the final result is shown in (d).

6.08.06 Using Mirrored Features
Another method of creating a feature, when applicable, is to create its mirrored image.
To create a mirrored feature, you must first identify a mirror plane. You can use an
existing plane or define a new datum plane to use as the mirror plane, as shown in
Figure 6.53. A mirrored duplicate of the master feature can then be created on the
model on the opposite side of the mirror plane. Mirrored features can be cuts or pro-
trusions; however, keep in mind that the copied feature will be a mirror image of the
master, not an identical copy. Changing the master feature at a later time also will
change the mirrored feature correspondingly. As with arrayed features, using mirrored
features can save a great deal of time in model creation, especially when the
mirrored feature is complex.

6.08.07 Using Blends 
Not all models can be created using just extruded or revolved features. One complex
feature is a blend. Figure 6.54 shows models with blended surfaces. A blend requires at
least two profile sketches, and the model is formed by a smooth transition between
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these profiles. The profiles can be sketched on the basic modeling planes, on surfaces
of an existing model, or on datum planes. In the simplest blends, the profiles are
sketched on parallel planes. Many software packages require the number of vertices on
each of the sketched profiles to be equal. If your profiles do not have the same number
of vertices, you will have to divide one or more of the entities to create additional ver-
tices. In some sketching editors, circles include four vertices by default. The vertices in
all profiles are usually numbered sequentially, and the software usually tries to match
the vertices to create an edge between vertices with the same number, as shown in (a)
and (b) of Figure 6.54. Rotating the profiles or redefining the vertex numbering can
control twisting of the blended transition, as shown in Figure 6.54(c). Further control
on the model transition usually can be performed by specifying the slope of the transi-
tion at each vertex for each shape.

1

2

3

4

1

2

3
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3

4
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1

1
2

3
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1

2

3

4

1

2

3

4

(a) (b)

(c)

Profile 1

Profile 2 Profile 2, vertices rotated

Profile 3

Profile 1

Profile 1

Profile 2

Numbered
vertices

Blended
solid

FIGURE 6.54. Blended solids created with two profiles in (a), with the same profiles but
rotated vertices in (b), and with three profiles in (c).
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6.08.08 Sweeps
Swept features, as with simply extruded or revolved features, are created with a sin-
gle profile. The difference is that a swept feature does not need to follow a linear or cir-
cular path, but can follow a specified curve called a path or trajectory. The profile is
created at an endpoint of the path on a sketching plane that is perpendicular to the
path at that endpoint. In sweeping out a solid volume, the profile is imagined to travel
along the path. Usually the profile is constrained to remain perpendicular to the path.
A good example of a swept solid is a garden hose. The cross section or profile is a sim-
ple circle, but the path can be curved. Figure 6.55(a) shows the path and profile of a
swept feature where the path is open. Figure 6.55(b) shows a swept feature where the
path is closed. Care must be taken in defining the profile and path of a swept solid. Just
as you cannot bend a garden hose around a sharp corner without creating a kink, if the
path of your sweep contains a sharp corner or a small radius, the feature may fail by try-
ing to create a self-intersecting solid. A special case of a swept solid is a coil spring. In
this case, the path is a helix, as shown in Figure 6.56. Many solid modelers include a hel-
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(a)

(b)

Profile

Profile

Final result

Final result

Path

Path

Sketching plane
for profile

Sketching plane
for path

Sketching plane
for profile

Sketching plane
for path

FIGURE 6.55. Features cre-
ated by sweeps. The sketch-
ing plane is perpendicular to
the path. The path in 
(a) is open, and the path in
(b) is closed.

Profile

Centerline

Final result

Pitch Sweep Direction

FIGURE 6.56. A tapered
spring created by sweeping 
a circular profile on a 
helical path.
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ical sweep as a special feature so you do not have to sketch the helix. In this case, you
sketch the profile and specify an axis on the sketching plane. The helix is specified by a
pitch dimension, which is the distance between coils, and the direction of the sweep. To
avoid self-intersection, the pitch must be larger than the maximum size of the profile in
the sweep direction.

The Model Tree
An extremely useful editing tool included in most solid modeling software is the
model tree, sometimes called the feature tree, design tree, or history tree.
The model tree lists all of the features of a solid model in the order in which they were
created, providing a “history” of the sequence of feature creation. Further, any feature
in the model tree can be selected individually to allow the designer to edit the feature.
An example of a model tree and its associated solid model are shown in Figure 6.57.
Usually new features are added at the bottom of the model tree. Some software allows
the designer to “roll back” the model and insert new features in the middle of the tree.
In this case, the model reverts to its appearance just before the insertion point, so any
inserted feature cannot have its geometry or location based on features that will be cre-
ated after it.

6.09 

Origin

DATUM1

DATUM2

DATUM3

Extrusion01

Shell01

Hole01

Insert Here

PART 01

Model tree

Model

Name of the model

Default origin

Basic modeling planes

Base feature

Features

Point of insertion
for new features

FIGURE 6.57. A typical model
tree showing the features of a
model in the order in which
they were created.

Origin

DATUM1

DATUM2

DATUM3

Extrusion01

Hole01

Shell01

Insert Here

PART 01FIGURE 6.58. The result of
reversing the order of creating
the hole and shell features.
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The order in which features are created may have a profound effect on the results.
In the previous example, a shell feature, which has the effect of hollowing out a part,
was performed with the top surface of the part removed from the feature. A hole was
then added to the model after the shelling operation. If the hole was added to the block
before the shelling operation, the result would be different, as shown in Figure 6.58,
because the surface around the hole through the block would have been considered a
part of the shell. In most solid modeling software, removing the feature from one loca-
tion in the model tree and inserting it in a new location changes the order of creation of
the feature.

The model tree also provides access to the editing of features. Each feature item on
the model tree can be expanded. The base extrusion in the previous example is com-
posed of a fully constrained rectangular sketch profile that has been extruded to a spec-
ified length. The feature can be expanded in the model tree, as shown in Figure 6.59, to
give access to the profile so it can be selected for editing. The sketch can then be edited
by restarting the sketching editor. The dimensional constraints can be changed by
selecting and editing their numerical values. Access to the sketching editor and feature
parameters may vary with different software, and changes made through the model
tree may be one of several different ways to modify your model.

In many models, certain features are dependent upon the existence of other fea-
tures. For example, consider the features shown in the model in Figure 6.60. The loca-
tion of the counterbored hole is measured from the edges of the rectangular base.

6-50 sectiontwo Modern Design Practice and Tools

Origin

DATUM1

DATUM2

DATUM3

Extrusion01

PART 01

Sketch 50.00
30.00

Shell01

Hole01

Insert Here

T

T

V

V

H

10.00

FIGURE 6.59. Use of the model
tree to access and edit the
sketch used to create the base
feature (Extrusion01).

25.00

30.00

20.00

30.00

Counterbored Hole

Countersunk Hole

Straight Hole

FIGURE 6.60. The holes in the
model show parent-child
dependencies. The existence of
the straight hole depends on the
existence of the countersunk
hole, which depends on the exis-
tence of the counterbored hole.
Elimination of a parent also
eliminates its child.
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However, the location of the countersunk hole is measured from the location of the
counterbored hole and the location of the straight hole is measured from the location
of the countersunk hole. Imagine what would happen to the straight hole if the coun-
tersunk hole were deleted. There would be no reference for placing the straight hole;
therefore, it could not be created. Similarly, if the counterbored hole was deleted, nei-
ther the countersunk hole nor the straight hole could be created. This relationship is
often referred to as a parent-child relationship. The straight hole is considered the
child feature of the countersunk hole, and the countersunk hole is considered
the child of the counterbored hole. The counterbored hole is considered the parent
feature of the countersunk hole, and the countersunk hole is considered the parent of
the straight hole. Just as you would not be reading this text if your parents did not exist,
neither can features in a solid model exist without their parent (or grandparent) fea-
tures. On the model tree, if you try to delete a particular feature, its progeny also will be
deleted. However, different software behaves differently; and while some software pro-
vides specific warnings about the deletion of features, other software does not.

Understanding parent-child relationships in solid models is important if your
model needs to be flexible and robust. As a designer, you undoubtedly will want to
change the model at some time. You might need to add or delete features to accom-
modate a new function for the part or reuse the model as the basis of a new design. If
you minimize the number of dependencies in the feature tree (like a family tree), it will
be easier to make changes to your model. When it is likely that some features will be
deleted or suppressed in a future modification of the part, those features should not
be used as parents for other features that must remain present. The most extreme
example of this strategy is called horizontal modeling, where the feature tree is
completely flat; that is, there are no parent features except the base feature. This type
of modeling strategy was patented by Delphi and has been used successfully by many
companies. In Figure 6.61, the locations of three holes have been redefined so they are
measured from the edge of the rectangular base instead of relative to one another. The
base then becomes the parent to all three holes, and deleting any one of the holes does
not affect the others.

80.00

25.00

50.00

20.00

FIGURE 6.61. This model demonstrates horizontal modeling. Each hole has no parent-child
dependencies except to the base feature.
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Families of Parts
Groups of engineered parts often have very similar geometry. An everyday example is
bolts and screws. A group of bolts may have the same head and thread geometries, but
differ in their available length. Another example is the family of support brackets
shown in Figure 6.62. Each bracket has a rough L-shaped base feature, holes, and a
support rib (except for Version 3). Only the size and number of holes are different for
each version.

When a group of parts is similar, it is possible to represent the entire group with a
family model, with different versions of that model selected to specify particular
parts. Such a model includes a master model, which has all of the features that are in
any of the members of the group, and a design table, which lists all of the versions of
that model and the dimensional constraints or features that may change in any of its
versions. The attributes that may change are sometimes called parameters. The first
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6.10

Version 1

Version 2

Version 3

FIGURE 6.62. A family of three parts with similar features and geometry.
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step in building a family model is to identify all of the features and parameters that can
be varied in the members of the family. In addition to a numerical value, every dimen-
sional constraint in a model has a unique dimension name, which can be shown by
selecting the appropriate display option. In Figure 6.63, all of the dimensional con-
straints have been changed to show their dimension names and the features have been
identified by the feature names that appear on the design tree.

The next step is to select the option for the construction of a design table, which is
usually an internal or external spreadsheet, in the solid modeling software. The spread-
sheet table should look similar to that shown in Figure 6.64. The first column usually
contains the names of the different versions of the model. In Figure 6.64, these versions
are called Version 1, Version 2, and Version 3 for convenience. The first row usually con-
tains the names of the parameters that can change with each version. The individual
cells of the spreadsheet show what the corresponding numerical values are of the
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dimensional constraints for each version and whether a particular feature is present in
that version. When a particular feature is present, it is specified as being unsup-
pressed. When that feature is not present, it is specified as being suppressed. When
the version of the part to be displayed has been selected, the corresponding model with
its specified parameters is shown.

With the existence of a design table, editing the values in the table can change the
numerical values of those dimensional constraints for any model version. In
Figure 6.65, selecting and editing the appropriate cell in the design table changed the
height of the L-bracket. In Figure 6.66, the support rib is no longer present because it
was suppressed in the design table. When suppressing a feature, remember to be cau-
tious, because suppressing a feature will also suppress its entire progeny.
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FIGURE 6.64. The design table for the parameters that change within the three versions of the family
of parts in Figure 6.62 and Figure 6.63.
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FIGURE 6.65. The height of the L-bracket in the model has been changed by changing the value of the
cell in the design table associated with this parameter.
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Strategies for Making a Model
You have a blank computer display in front of you, and your solid modeling software is
running. So where do you start? The first step in modeling a solid part is to decompose
it into features. Study the part and try to identify the base feature. Expanding on a pre-
vious statement, the base feature should be something that describes the overall shape
of the part or something that gives you the greatest amount of functional detail that
can be created with a single extrusion, rotation, sweep, or blend. Next, break the rest of
the part into subsections that can be created using extruded, revolved, swept, or
blended shapes. Look for standard features such as holes and slots that are manufac-
tured using a particular process. Identify the edge features such as chamfers and
rounds. Once you have studied the part, you can create the model using the following
eight-step procedure:

1. Create any datum geometries or paths required to create the base geometry.

2. Sketch and constrain profiles needed for the base.

3. Extrude, rotate, sweep, or blend to create the base.

4. Create any necessary datum geometries or paths to create the next feature.
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FIGURE 6.66. Features in the model can appear or not appear by changing their suppression states in
the design table.
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5. For sketched features, sketch and constrain or otherwise specify the feature pro-
files; then extrude, rotate, sweep, or blend to create the feature.

6. For standard features such as holes and edge features, specify the desired param-
eters and placement on the existing geometry.

7. Array or mirror the feature if necessary to create identical features.

8. Repeat steps 4–9 until the model is complete.

Once the model is complete, it can be modified to become more robust. For exam-
ple, additional associative constraints may be added in place of dimensional con-
straints or design tables may be created for families of parts.

6.11.01 Step-by-Step Example 1—The Guide Block
Consider the guide block in Figure 6.67 as an example. How would you build a solid
model for this part? What should be its base feature? What are its secondary features?

One reasonable base feature would be an extrusion made with the profile shown in
Figure 6.68. This extrusion would capture many details of the part in a single operation
and is representative of the general shape of the part. The sketch is made on one of the
basic planes and is geometrically and dimensionally constrained. Note the use of hori-
zontal and vertical geometry constraints, which would likely be applied automatically
if the segments were sketched approximately in the orientations shown. Also note that
a corner of the profile is grounded by constraining the vertex to be coincident with the
origin of the coordinate system; therefore, dimensional constraints locating the profile
on the plane are not needed. Note the use of the colinear constraint on the two short
horizontal sketch segments, which eliminates the need to place separate dimensional
constraints on the height of the segments. Once the profile is complete, it can be
extruded to the width of the part, as shown in Figure 6.68(d).
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FIGURE 6.67. A solid model of this part is to be created. What operations should be per-
formed, and in what sequence should they be made?
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FIGURE 6.68. The base feature
is created by sketching on one
of the basic modeling planes (a),
constraining the sketch to cre-
ate a profile (b), and extruding
the profile (c) to the required
depth to obtain the desired
result (d).

The first feature to be added is the slot across the upper portion of the part. The
slot can be made on the model by an extruded cut using a rectangular profile on
the sketching plane shown in Figure 6.69. Geometric and dimensional constraints are
added to the sketch. One edge of the sketch is constrained to be colinear with the top
edge of the base feature, guaranteeing that the slot always will be a slot (and not a
square hole) if the height of the part increases. An extruded cut is then made by extrud-
ing the completed profile to the limit of the part or through the entire part. If this
extruded cut was made to a specific length just beyond the limit of the part (e.g., with a
blind extrusion extending past the part), the resulting model would appear identical to
the desired model. However, blind extrusions like this are usually considered poor
modeling practice, because if selected length constraints of the part are increased, the
slot no longer extends entirely through the part.

Next, the hole is added. Simple through holes can be created as a cut feature by
selecting the desired plane or face of the existing solid, sketching a circle, and extruding
a cut or negative feature. However, a better way to make a hole is to use the standard
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hole feature, which will identify the feature as a hole in the database. Therefore, if your
part is to be manufactured by an automated production system, the holes can be recog-
nized and automatically drilled or bored. The way that the location dimensions of the
hole are included in the model is also important. Why does this matter? Looking at
the part, you might assume that the hole should stay centered on the width of the part.
What will happen if the width of the part changes? Wouldn’t you want the hole to
remain centered on the width of the part? Using an associative constraint on the width
location of the hole, making it always equal to one-half the part’s width, ensures that
the design intent will be maintained. No matter who uses your model or changes the
dimensions, the intended symmetry will remain embedded in the part. Adding the hole
with its associative constraint is shown in Figure 6.70. 

Finally, the round and fillet features need to be added to the model geometry.
Rounds and fillets are associated with particular edges, so no sketching is involved for
this step. Simply pick the desired edge and apply the round or fillet feature, specifying
the desired radius. The result of adding the rounds is shown in Figure 6.71, and the fil-
let is shown in Figure 6.72. There are no array or mirror features, so the model is now
complete.
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FIGURE 6.69. A slot is created by selecting a surface on the model to be the sketching plane 
in (a), on which a sketch is created and constrained in the magnified view in (b). The profile is
extruded to the end of the part in (c), and the material is removed to create the result in (d).
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FIGURE 6.70. The surface to which the hole is to be added is selected as the placement
plane in (a). The location and diameter of the hole are specified in (b). An associative
constraint is used on the variable names to ensure that it remains centered in (c), and the
final result is shown in (d).
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FIGURE 6.71. The
edges to be rounded
are selected in (a), and
the radius is specified
in (b) as an associative
constraint to ensure a
full radius across the
part. The result of the
rounding operation is
shown in (c).
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FIGURE 6.72. The
edge to be filleted is
selected in (a), and the
radius is specified 
in (b). The result of
the fillet operation is
shown in (c).

42496_08_ch6_p6.1-6.96  12/21/07  3:30 PM  Page 59



Depending on the design intent, several different modeling strategies can be used
for the same part. If the designer wants the entire part to be symmetrical, another way to
achieve the desired symmetry would be to create a two-sided extrusion of the base pro-
file from the original sketching plane. By creating a two-sided extrusion, no extra datum
planes are needed to ensure symmetry. Then the slot is constrained to be symmetrical
across the plane, and the hole center is constrained to lie in the symmetry plane.

6.11.02 Step-by-Step Example 2—The Mounting Brace
The mounting brace shown in Figure 6.73 includes two mounting plates with holes
connected by a cross-shaped web. The base feature is not as easily identifiable as in the
previous example. Also, one mounting plate is set at an angle with respect to the other
mounting plate, which is located on the bottom of the part. Note that no dimensions
are given for the location of the web on either mounting plate because the web is
assumed to be centered on both plates. The height of the web is measured at the center
of the cross section. Creating the model of this part provides a good example of how
datum axes and datum planes are used to help create and locate geometry.

A rectangular block that will help form the bottom mounting plate is selected as the
base feature. Even though this rectangular block does not dominate the overall part
shape, it is easy to locate and create; and the other features can be easily located and cre-
ated from it. The sketch, profile, and extrusion of this simple base using the basic mod-
eling planes are shown in Figure 6.74. The initial sketch is made on datum plane 1. Note
that the origin is not used to constrain the location of the profile. The sketch is to be
symmetrical across datum planes 2 and 3. The strategy used to achieve symmetry may
vary depending on your software. Some software allows you to place symmetry con-
straints across the basic datum planes that appear as edges in the sketch view, such as
datums 2 and 3 in this example. Otherwise, a datum axis must be used as a centerline.
With some solid modeling software, datum axes are present at the intersections of the
basic modeling planes and need not be created. Sometimes you may need to create
datum axis 1 at the intersection of datum planes 1 and 3 and datum axis 2 at the
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FIGURE 6.73. A solid model of this part is to be created. What operations should be
performed, and in what sequence should they be made?
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intersection of datum planes 2 and 3. Now the midpoints of two adjacent legs of the rec-
tangle can be constrained to lie on the datum axes using either coincidence or colinear-
ity constraints. With these constraints, the rectangular profile will be centered about the
axes and will remain centered about the axes if the design is modified in the future. 
The extrusion direction is chosen to be downward from datum plane 3, thus putting
that datum plane on top of the base.

(a)

(b)

(c)

DATUM 2

DATUM 1

DATUM 3

DATUM AXIS 1

DATUM AXIS 2

DATUM 2

DATUM 1

DATUM 3
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DATUM AXIS 2

Sketching plane Profile

12.50

FIGURE 6.74. To create the base feature, datum axes are added to the intersections of the basic
modeling planes in (a). Those axes are used to help center the base profile in (b) by constraining
the midpoints of the segments to be colinear with the axes. The base feature is extruded to the
required depth in (c).
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The next major feature to be added is the angled mounting plate. It may seem
peculiar to create disconnected geometry, but you will soon see how useful this strategy
can be. No sketching plane is available for creating the angled plate; so before the extru-
sion is created, some additional datum geometries need to be created. In addition to
the datum (sketching) plane, some datum axes are needed to position the sketch at the
center of the web. These datum geometries, shown in Figure 6.75, are as follows:
■ Datum plane 4—located 40 mm above and parallel to datum plane 1
■ Datum axis 3—at the intersection of datum plane 3 and datum plane 4
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FIGURE 6.75. To create the angled feature, datum axis 3 is created in (a) above the midline of the
model using intermediate datum plane 4 created above and parallel to the top of the base extrusion.
Angled datum plane 5 is created through the new datum axis in (b). Datum axis 4 is created at the
intersection of datum plane 5 and basic modeling plane 2 in (c) to create datum axes that can be used
to locate the center of the angled feature, as shown in (d).
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■ Datum plane 5— through datum axis 3, 60 degrees from datum plane 3
■ Datum axis 4—at the intersection of datum plane 2 and datum plane 4

Datum axes 1 and 2 mark the center of the base; and datum axes 3 and 4 mark the
center of the angled mounting plate, where the web will be located.

To create the angled mounting plate, a sketch of its rectangular profile is con-
strained and dimensioned on datum plane 5, as shown in Figure 6.76. Note that each of
the midpoints of two adjacent edges of the profile have been constrained to be colinear
with datum axis 3 or 4. In this way, the rectangular profile is always centered about the
axes. The sketched profile is then extruded to form the angled mounting plate.
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Midpoint
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Midpoint
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40.00
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H

H

8.00

DATUM 5

DATUM 5

FIGURE 6.76. The profile for the angled feature is sketched and constrained on the angled
datum plane in (a), constraining the midpoints of the segments to be colinear with the axes.
The profile is extruded to the required depth in (b).
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FIGURE 6.77. To create the web, the top of the base is selected as the sketching plane in (a) and
the profile of the web is constrained using midpoint and colinear constraints to ensure symme-
try. The profile is extruded to the underside of the angled feature in (b).
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The top of the base feature is used as the sketching plane for the profile of the web. A
cross-shaped profile is used, as shown in Figure 6.77. The midpoints of the line segments
representing the thickness of two adjacent legs of the cross are constrained to be coinci-
dent with datum axis 1 or with datum axis 2. Note the use of colinear constraints on
the edges of opposing legs of the cross. These constraints make the thickness of the legs
the same on opposite sides when one of the legs is dimensioned. The profile is extruded up
to the next surface that it intersects, which is the bottom of the angled mounting plate.

The rounds are added using the round and fillet feature creation tool by selecting
the edges shown in Figure 6.78 and specifying the desired round radius. By
grouping the rounds in one feature, their radii will be equal and will remain equal as
the part is modified in the future. Adding holes to both mounting plates using a hole
feature creation tool is shown in Figure 6.79. The centers of the holes are located on the
upper surface of each plate, with their locations specified relative to the edges of the
plates. The holes are then defined by their diameters and depth (all the way through to
the next surface on each plate). Note that you would not want to use the “through all”
option on these holes, as the holes from the angled plate would extend through the
baseplate as well. The model is now complete.
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FIGURE 6.78. The edges for
rounding are selected in (a), and
the desired radius of the rounds
is applied in (b).
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FIGURE 6.79. The holes are
added to the base feature in (a)
and to the angled feature in (b).
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6.11.03 Step-by-Step Example 3—The Handwheel 
The part shown in Figure 6.80 is a handwheel. It consists of a cylindrical hub with a 
D-shaped hole at its center, a circular rim with a circular cross section, and spokes that
connect the hub to the rim. The handwheel is a good example of a model that should
be created with a combination of rotation, sweep, and array.

A good base feature might be either the hub or the rim. Both of these features can
be created by revolving a suitable profile. Some solid modelers will let you create both
features in the same operation, as will be shown here. One of the basic modeling planes
is selected as the sketching plane. A centerline will be required on the same sketch as
the profiles, as shown in Figure 6.81. The centerline is placed coincident with the
intersection of the sketching plane and another basic modeling plane. The length of
the centerline is unimportant. The rectangular profile for the hub is sketched and con-
strained as shown in Figure 6.81(a). The circular profile of the rim is sketched and
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FIGURE 6.80. The handwheel to
be modeled is shown in (a). It is
cut away in (b) to help reveal all
of its dimensions. The D-shaped
center hole and a cross section
of a spoke are magnified in 
(c) to show their dimensions.
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the base feature is sketched in
(a), and the base feature is
created by revolution in (b).

constrained. Notice that the two profiles are not constrained to each other, but only to
the basic planes and centerline or axis of revolution. Thus, if the shape of the hub or
rim is changed, the other profile in the sketch will not change. Both profiles are rotated
360 degrees about the centerline in the same operation to produce the base feature. The
base feature appears as two disconnected solids, but this is fine as long as you remem-
ber to connect them later.

The next feature to be created is one of the spokes. Because it will be created using
a sweep, a path will be required in addition to the cross-section profile, as shown in
Figure 6.82(a). The path can be created on the same basic modeling plane that was used
for sketching the base profiles. Even though the same sketching plane is used, the pro-
files for the base and the path are considered separate entities. The spoke cross section
must be sketched on a plane perpendicular to the path. The only planes available for
sketching in this example are the basic modeling planes. Therefore, you will start the
swept profile on the basic modeling plane at the center of the hub, which is perpendi-
cular to the desired path.
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Some software requires the designer to create the path first, then the cross-section
profile; other software reverses the order. For this example, the creation of the path will
be described first. The path is comprised of three line segments and two arcs. The start-
ing point on the hub is constrained to be coincident with the rotation axis, and the
endpoint is constrained to be coincident with the center of the circle that represents
the profile of the rim. Additional geometric and dimensional constraints are added, as
shown in Figure 6.82(a). The profile must be created on a sketching plane that is
perpendicular to the path at one of its endpoints. As previously noted, another one of
the basic modeling planes satisfies this requirement, as shown in Figure 6.82; so creat-
ing a new datum plane is not necessary. The profile is sketched and constrained. Notice
that the bottom of the cross-section profile does not lie on the basic modeling plane; its
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FIGURE 6.82. The profile for the path is sketched and constrained in (a). The profile for the sweep
section is sketched and constrained in (b). The master spoke is created by sweeping in (c).
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vertical location is controlled by a dimensional constraint that is measured from the
endpoint of the path curve. A sweep operation using the just-created path and profile is
performed to create a solid spoke. A round is added to the top of the hub, and fillets are
added at the intersections of the spoke with the hub and rim, as shown in Figure 6.83.

Multiple spokes are created with a circular array. The axis for the array is selected to
be the same as the axis of rotation of the base. The features to be arrayed are selected
to be the swept spoke as well as all of the fillets on it. Most solid modeling systems
allow multiple features to be arrayed or patterned in a single operation. This is particu-
larly useful when a parent feature has children that should be included in the pattern.
In fact, some software systems automatically include the child features in the pattern.
Some software requires a separate pattern operation for each feature. In either case,
four spokes are made with equal rotational spacing, as shown in Figure 6.84.

The final feature to be added is the D-shaped hole. This feature is created as an
extruded cut, as shown in Figure 6.85. The top surface of the hub is selected as the
sketching plane. The profile is sketched and constrained. Note that the center of the arc
for the hole is constrained to be coincident with the center axis of the hub. The profile
is extruded to the next intersecting surface to create the cut and thus completes the
model. Notice that the D-shaped cut for the hole was performed after the creation of
the spokes. What would happen if the hole was created before the spokes were mod-
eled? Since the path of the master spoke starts at the axis of revolution of the hub, the
spoke is essentially embedded in the hub. If the hole was created first, material would
be created in this region and would fill up portions of the hole when the spokes were
created. A good rule of thumb to remember when modeling is to create solid geometry
first (protrusions), then remove material (cuts) whenever possible.

Result

Edges to be
filleted

Edge to be
rounded

FIGURE 6.83. The edge at the top of the hub is rounded, and the intersections of the spoke are filleted to the specified dimensions.

Master feature

Axis of pattern
rotation

Result

FIGURE 6.84. Multiple spokes are created by a circular pattern, or array, using the center of the wheel as the axis of rotation.
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Extraction of 2-D Drawings
Nearly all solid modeling software packages have a facility for easily creating 2-D engi-
neering drawings from solid models. Formal engineering drawing, which is covered in
detail in later chapters, displays the part with all of its features in multiple predesignated
views. It also displays the sizes and locations of the features. Solid modelers, which dis-
play a model from any viewpoint, can easily create the required views and display dimen-
sions, thus greatly reducing the time and effort required to produce a drawing. Note
that the dimensional constraints used in creating the solid model may be different from
the dimension values that should be displayed on the engineering drawing. For example,
the drawing is required to display all of the dimensions that are necessary for manufac-
turing the part. Some of these dimension values may be controlled by geometric con-
straints and are not included in the model as dimensional constraints. You will learn
more about proper dimensioning practices in later chapters of this text. An example of a
2-D engineering drawing produced from a solid model is shown in Figure 6.86.
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6.12

(a)

(b)

(c) Result

Magnified area

Sketching
plane

15 dia

6.00

Arc center coincident
with centerline of wheel

FIGURE 6.85. The D-shaped
hole is created by selecting the
top of the hub as the sketching 
plane in (a). The profile is
sketched and constrained in (b).
The profile cut is extruded
through the hub in (c).
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NOTES:

1    20 DEG CHAMFER FROM THIS SURFACE, BOTH SIDES.

2    CENTER FOR 20 DEG CHAMFER ON BOTH SIDES AT R16.

3    CENTER FOR R16.2 CUT.

4    HARDEN LATCH ARM TO RC 45,  FACE PLATE TO BE ANNEALED.

5.    COAT FINSIHED PART IN LIGHT MACHINE OIL.

6.    EACH PART TO BE BAGGED INDIVIDUALY
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Formal Working Drawing

FIGURE 6.86. A typical solid
model and a formal working
drawing extracted from 
the model.

Inexperienced users of solid modeling software usually commit common errors in cre-
ating models. Some of these errors are merely a nuisance, such as generating extra
unnecessary dimensions. Other errors do not let the user proceed with the creation
process and must be resolved before the user can proceed. Still other errors let the user
create a model that may appear like the one desired; however, problems manifest them-
selves later when the model is edited or when the part is fabricated. The following sec-
tions are a compilation of common errors made in solid modeling.

CAUTION
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Base Profile Not Properly Positioned
A 3-D model is defined not only by its geometry but also by its location in space.
When a solid model is built, the location of the model should be defined relative to the
origin of the model’s coordinate system. Defining this location is done by defining the
location of the profile used for the base feature, most commonly by making one vertex
(or point on the centerline) on the profile coincident with the origin. If this is not done,
as shown in Figure 6.87, the profile will not be fully constrained and extra dimensional
constraints would have to be added to define the location of the profile. These extra
dimensional constraints are meaningless and add confusion to the model.

Invalid Profile
Valid profiles were discussed earlier in the chapter. Often invalid profiles are created
inadvertently, usually through careless use of the computer’s pointing device. Three
common errors are shown in Figure 6.88. In Figure 6.88(b), the user attempted to close
the sketch to make a valid profile, but missed the target endpoint and left the sketch
open. Valid profiles must be closed. In Figure 6.88(c), while attempting to close the
sketch, the user crossed over the first sketch element with the final sketch element.
Valid profiles cannot cross, overlap, or self-intersect. A similar problem occurs when
the profile contains a duplicate line segment. Overlapping lines can be very difficult to
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x

y

z

NO!

Yes
x

y

z

x

y

Unnecessary dimensional
constraints

x

y

FIGURE 6.87. The base feature should be aligned with the origin whenever possible to avoid
the need for extra dimensions.
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Yes

NO!

NO!

NO!

Magnified area

Gap Crossing
or overlapping

Extra Segment

Endpoints
meet

NO!

Segmented line
(extra dimensional
constraint needed)

FIGURE 6.88. Careless construction leads to invalid profile errors that are sometimes
difficult to find.

find; you may want to delete a line segment if you suspect that it might be duplicated,
then redraw the line if no duplicate is found. In Figure 6.88(d), the user inadvertently
used two line segments in place of one continuous line segment, resulting in an inter-
nal vertex along the desired edge. The profile cannot be fully constrained until the
lengths of both line segments are defined. This results in an unnecessary and meaning-
less dimensional constraint. A profile with a segmented line like this is considered poor
modeling practice. Invalid profile errors are usually difficult to see and, therefore, diffi-
cult to resolve. Some sketching editors alert the user by highlighting the location of
gaps or intersections. Otherwise, you may be faced with the tedious task of searching
for the source of the problem. Careful use of the computer’s pointing device usually
keeps these errors to a minimum.

42496_08_ch6_p6.1-6.96  12/21/07  3:30 PM  Page 73



Profile Not Constrained with Design Intent
It is sometimes tempting to use dimensional constraints instead of geometric constraints
that reflect the intent of the design, because application of dimensional constraints fol-
lows traditional drafting practice and is typically easy to do in a sketching editor. The
availability of geometric constraints in solid modelers offers an opportunity to include
aspects of design intent that were previously unavailable in 2-D drafting. Consider the
profile for the base feature of a rod clamp, shown in Figure 6.89. The profile is fully
constrained, specifying the location of the center of the circular cutout. The design
intent, however, is for the circular cutout to be concentric with the rounded part of the
exterior of the clamp. If the overall height of the profile was changed, this design intent
would not be maintained. In replacing the location dimensions of the circular cutout
with a concentricity constraint (coincident arc centers), the design intent is maintained as
the overall height of the profile changes. Also note that symmetry constraints on the
lower edge of the part ensure that the gap is centered along the axis of the clamp and that
both sides have equal thickness.
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(Desired Behavior)

NO!

13.00

20.00

30.00

13.00

30.00

Yes

20.00

Arc and circle
concentric

FIGURE 6.89. The desired
behavior is for the outer radius
of this part to be concentric
with the hole. A geometric con-
straint rather than a dimen-
sional constraint is preferred to
guarantee this behavior, even if
other dimensions are changed.
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Profile Overconstrained by Automatic Constraints
For the most part, sketching editors that intelligently apply presumed geometric con-
straints are very useful. For example, a great deal of time is saved when lines that are
sketched to be almost horizontal or almost vertical have these constraints applied auto-
matically. However, automatic constraint application can sometimes lead to problems,
particularly when the constraints are applied inadvertently. If your sketching editor has
been set to search automatically for equal element sizes, as in Figure 6.90, line segments
created to almost the same length in the sketch will automatically be constrained equal
in length to each other. Arcs created to almost the same radius as other arcs also will be
automatically constrained equal in radii to each other. If that is your intent, then fine.
But if that is not your intent, then you must be careful not to create line segments or arcs
that are too close in size to each other or you must delete the unintentional constraints
when they appear and replace them with separate dimensional constraints on each
entity. Figure 6.91 shows a case where an intelligent colinear constraint has been unin-
tentionally applied. In Figure 6.92, an unintentional perpendicularity constraint has
been applied. In all cases of unintentional constraints, the addition of the desired geo-
metric constraints or dimensional constraints cause the profile to be overconstrained. In
this case, you need to delete the unintentional constraints and then add constraints to
capture your design intent.

(Desired)

NO!

1L

1L

5.004.003.00

FIGURE 6.90. Automatic
geometric constraints in
the sketching editor
sometimes cause equal
length constraints to be
applied inadvertently.

(Desired)

NO!

12.00
10.00

12.00

Colinear

FIGURE 6.91. Automatic geometric constraints
in the sketching editor sometimes cause colin-
ear constraints to be applied inadvertently.

(Desired)

NO!

T

1

T

1

85˚

FIGURE 6.92. Automatic geomet-
ric constraints in the sketching edi-
tor sometimes cause perpendicular
constraints to be applied
inadvertently.
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depth

(Desired)

NO!

Yes

Hole through
entire part

Partial hole when
base thickness changes

extrude cut to 
selected surface

Cut through all, or

Top

Bottom

Original model

Modified model

FIGURE 6.93. When a cut is to
extend to a specific surface or
all the way through a part, cut-
ting to a specified distance
should not be done.

Dimensional, Instead of Geometric, Constraints
A common error in making extruded cuts and protrusions is to use a blind depth to
extrude the feature a specific distance, when what is really desired is to extrude the fea-
ture to a particular surface. In the model shown in Figure 6.93, for example, the design
intent is for the extruded cut to extend all the way through the base. However, the cut
was created by specifying a dimensional constraint for the length of the extrusion. The
specified length of the extrusion is an unnecessary, meaningless dimension, because
the cut was to extend all the way through. Also, if the thickness of the base increases, as
sometimes occurs when the design changes, the extruded cut may no longer extend all
the way through the base. By specifying, instead, that the extruded cut is to continue
until it intersects the bottom of the base, the design intent is always fulfilled.

In the model shown in Figure 6.94, the design intent is for the protrusion to extend
from the angled datum plane to the top of the base. However, it was created by specify-
ing a dimension for the length of the extrusion. The specified length of the extrusion is
a meaningless dimension, because the protrusion was to extend to the top surface of
the base. Also, if the thickness of the base decreases, as may occur if the design ever
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depth

(Desired)

NO!

Yes

Protrusion extends to
top of base

Protrusion error when
base changes

Extrude to selected
surface

Top

Bottom

Original model

Modified model

FIGURE 6.94. When a protru-
sion is to extend to a specific
surface, extending to a specified
distance should not be done.

changes, the extruded protrusion may extend beyond the bottom of the base. By speci-
fying, instead, that the extruded protrusion is to continue until it intersects the top of
the base, the design intent is always fulfilled.

Using a Cut or Protrusion Instead of a Built-in Feature
A common practice for beginning designers is to use a cut feature to create a hole, for
example. Figure 6.95 shows the creation of a counterbored hole using two concentric cir-
cular cut features compared to using the built-in counterbored hole feature. Even though
the geometry of the resultant holes is identical, the use of cut features can result in unde-
sired results. What if you decreased the diameter of the counterbore to a value that was
smaller than the diameter of the through hole? What if the location constraints for the
two cut features had different values? The resulting geometry would not represent your
intent, a counterbored hole. The built-in counterbored hole feature does not permit such
changes in the geometry. Another reason to use the built-in features is to capture more
design information. While it may seem easy to sketch a circle on a given surface to create
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a hole, the solid modeler may be integrated with a larger, more sophisticated CAD/CAM
system that might not recognize the feature as a hole. If the CAD system has intelligent
assembly capabilities, it may automatically align the axis of the hole with the shaft of a
bolt or screw. If you are creating manufacturing plans from your solid model, the soft-
ware may recognize certain types of holes and specify the appropriate fabrication
sequences automatically. But when you create the hole using a cut feature, the CAD sys-
tem does not know it is a hole; and you will have to specify the assembly and fabrication
sequences yourself. That leaves a great deal of room for errors such as putting bolts in
upside down or omitting one of the machining operations. To save time and avoid errors
in later applications, it is prudent to use the appropriate feature type that imbeds the spe-
cial attributes of the feature in your solid model.

Chapter Summary
In this chapter, you learned about features and parametric solid modeling.

Features are distinctive shapes that compose a solid model. Parametric models have
the capability to be modified by changing the sizes and other attributes of the features
in the model. The history of solid modeling shows how CAD has evolved from wire-
frame to solid models and provides some insight regarding the strategies used to cre-
ate solid models.
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FIGURE 6.95. Functional fea-
tures such as this counterbored
hole should be created as fea-
tures and not constructed from
extruded cuts or protrusions.

6.13
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Part modeling can be a very complicated process, but some general strategies make
it easier to create good, robust solid models. But before you go to the computer, you
need to consider how the part model will be used. Later applications such as manufac-
turing and documentation will be easier when the part is modeled properly. Thus, you
need to plan carefully and ask yourself some questions before the first feature is cre-
ated: How can you decompose that complicated widget into simpler features that are
available on your solid modeler? Which feature should you create first? Which features
are related to each other? How is the part used? Manufactured? Can standard
features such as holes be modeled to imbed design intent and/or manufacturing infor-
mation in addition to simple geometric characteristics? How does the part fit into an
assembly? What will the engineering drawing look like? These are just a few questions
you need to consider before you begin. For now, you may not know the answers to all of
these questions; but as you gain experience, you will develop an appreciation for the
importance of building a robust solid model that captures your design intent.

The solid modeling process begins with identification of the features of the part,
followed by selection of the base feature. Profiles for extrusion, rotation, sweeps, and
blends are created with sketches and are controlled using different types of geometric,
dimensional, and associative constraints. After the base feature is created, other fea-
tures are added to the model; these features are dependent upon the base feature or
other previously created features. Care must be taken in the creation of solid models to
make flexible models that are robust and that can be used for purposes such as analy-
sis, manufacturing, and documentation.

As modeling systems continue to develop, designers and engineers want to include
more information in the model to better simulate the physical characteristics of the
parts. These models, called behavioral models, might include features such as physical
properties, manufacturing tolerances, surface finish, and other characteristics of the
parts. Besides a person’s appearance, you would need to know something about his or
her education or physical abilities to determine whether the person might be able to do
a particular job. Likewise, a designer or an engineer may need to know more than just
the shape of an object or assembly model to determine whether it will perform its
intended function. As they become more realistic and can simulate the actual behavior
of the parts and assemblies, product models of the future will contain even more char-
acteristics and features.

algebraic constraints: Constraint that define the
value of a selected variable as the result of an algebraic
expression containing other variables from the 
solid model.
associative constraints: See algebraic constraints.
base feature: The first feature created for a part, usu-
ally a protrusion.
blend: A solid formed by a smooth transition between
two or more profiles.
blind extrusion: An extrusion made to a specified
length in a selected direction.
boundary representation (b-rep): A method used to
build solid models from their bounding surfaces.
chamfers: Angled cut transitions between two inter-
secting surfaces.

child feature: A feature that is dependent upon the
existence of a previously created feature.
constraints: Geometric relationships, dimensions, or
equations that control the size, shape, and/or orienta-
tion of entities in a sketch or solid model.
constructive solid geometry (CSG): A method used
to build solid models from primitive shapes based on
Boolean set theory.
cosmetic features: Features that modify the appear-
ance of the surface but do not alter the size or shape of
the object.
cut: A feature created by the removal of solid volume
from a model.
database: A collection of information for a computer
and a method for interpretation of the information
from which the original model can be re-created.

6.14 glossary of key terms
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datum geometries: Geometric entities such as points,
axes, and planes that do not actually exist on real parts,
but are used to help locate and define other features.
datum planes: The planes used to define the locations
of features and entities in the construction of a
solid model.
design table: A table or spreadsheet that lists all of the
versions of a family model, the dimensions or features
that may change, and the values in any of its versions.
design tree: See model tree.
dimensional constraints: Measurements used to con-
trol the size or position of entities in a sketch.
dimension name: The unique alphanumeric designa-
tion of a variable dimension.
driven dimension: A variable connected to an alge-
braic constraint that can be modified only by user
changes to the driving dimensions.
driving dimension: A variable used in an algebraic
constraint to control the values of another (driven)
dimension.
double-sided extrusion: A solid formed by the
extrusion of a profile in both directions from its
sketching plane.
extrude through all: An extrusion that begins on the
sketching plane and protrudes or cuts through all por-
tions of the solid model that it encounters.
extrude to selected surface: An extrusion where the
protrusion or cut begins on the sketching plane and
stops when it intersects a selected surface.
extrusion: A solid that is bounded by the surfaces
swept out in space by a planar profile as it is pulled
along a path perpendicular to the plane of the profile.
family model: A collection of different versions of a part
in a single model that can display any of the versions.
feature array: A method for making additional fea-
tures by placing copies of a master feature on the model
at a specified equal spacing.
features: Distinctive geometric shapes on solid parts;
3-D geometric entities that exist to serve some function.
feature-based solid modeling: A solid modeling sys-
tem that uses features to build models.
feature pattern: See feature array.
feature tree: See model tree.
fillets: Smooth transitions of the internal edge created
by two intersecting surfaces and tangent to both inter-
secting surfaces.
form feature: A recognizable area on a solid model
that has a specific function.

geometric constraints: Definitions used to control
the shape of a profile sketch through geometric
relationships.
graphical user interface (GUI): The format of infor-
mation on the visual display of a computer, giving its
user control of the input, output, and editing of the
information.
ground constraint: A constraint usually applied to a
new sketch to fix the location of the sketch in space.
history tree: See model tree.
holes: A cut feature added to a model that will often
receive a fastener for system assembly.
horizontal modeling: A strategy for creating solid
models that reduces parent-child relationships within
the feature tree.
master feature: A feature or collection of features
that is to be copied for placement at other locations in
a model.
master model: In a collection of similar parts, the
model that includes all of the features that may appear
in any of the other parts.
mirrored feature: A feature that is created as a mirror
image of a master feature.
model tree: A list of all of the features of a solid model
in the order in which they were created, providing a
“history” of the sequence of feature creation.
parameters: The attributes of features, such as dimen-
sions, that can be modified.
parametric solid modeling: A solid modeling system
that allows the user to vary the dimensions and other
parameters of the model.
parametric techniques: Modeling techniques where
all driven dimensions in algebraic expressions must be
known for the value of the dependent variables to be
calculated.
parent feature: A feature used in the creation of
another feature, which is called its child feature.
path: The specified curve on which a profile is placed
to create a swept solid.
primary modeling planes: The planes representing the
XY-, XZ-, and YZ-planes in a Cartesian coordinate system.
primitives: The set of regular shapes, such as boxes,
spheres, or cylinders that are used to build solid models
with constructive solid geometry methods (CSG).
principal viewing planes: The planes in space on
which the top, bottom, front, back, and right and left
side views are projected.
profile: A planar sketch that is used to create a solid.

6.14 glossary of key terms (continued)
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protrusion: A feature created by the addition of solid
volume to a model.
regeneration: The process of updating the profile or
part to show its new shape after constraints are added
or changed.
revolved solid: A solid formed when a profile curve is
rotated about an axis.
ribs: Constant thickness protrusions that extend from
the surface of a part and are used to strengthen or
stiffen the part.
rounds: Smooth radius transitions of external edges
created by two intersecting surfaces and tangent to both
intersecting surfaces.
shelling: Removing most of the interior volume of a
solid model, leaving a relatively thin wall of material
that closely conforms to the outer surfaces of the origi-
nal model.
sketches: Collections of 2-D entities.
sketching editor: A software tool used to create and
edit sketches.
sketching plane: A plane where 2-D sketches and pro-
files can be created.
solid model: A mathematical representation of a physi-
cal object that includes the surfaces and the interior
material, usually including a computer-based simula-
tion that produces a visual display of an object as if it
existed in three dimensions.

splines: Polynomial curves that pass through multiple
data points.
suppressed: Refers to the option for not displaying a
selected feature.
surface model: A CAD-generated model created to
show a part as a collection of intersecting surfaces that
bound a solid.
swept feature: A solid that is bound by the surfaces
swept out in space as a profile is pulled along a path.
trajectory: See path.
unsuppressed: Refers to the option for displaying a
selected feature.
variational techniques: Modeling techniques in
which algebraic expressions or equations that express
relationships between a number of variables and con-
stants, any one of which can be calculated when all of
the others are known.
vertex: A point that is used to define the endpoint of
an entity such as a line segment or the intersection of
two geometric entities.
webs: Small, thin protrusions that connect two or more
thicker regions on a part.
wireframe models: CAD models created using lines,
arcs, and other 2-D entities to represent the edges of the
part; surfaces or solid volumes are not defined.

6.14 glossary of key terms (continued)

1. What are some of the uses of solid models?

2. What is a feature?

3. Why are features important in solid modeling?

4. What types of features can be used as base features
for your solid models?

5. Why are wireframe models inferior to solid models?

6. What are the steps in creating a solid model?

7. What are some errors that make a sketch invalid for
creating a solid?

8. Why is it necessary to constrain a 2-D sketch?

9. What are the different types of geometric constraints?

10. What are associative constraints?

11. What are dimensional constraints?

12. What does it mean when a feature is a child of
another feature? A parent of another feature? 

13. What are some errors that constitute poor modeling
practices?

14. What are some examples of good modeling-
strategies?

6.15 questions for review
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1. Create the following closed-loop profiles using the 2-D drawing capabilities of your solid modeling software. Define
the geometry and sizes precisely as shown, using the necessary geometric constraints. Do not over- or undercon-
strain the profiles.

6.16 problems

(a)

(c)

(b)

(d)

(e) (f )
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6.16 problems (continued)

2X R.60

2X  R.55

.375

.375

.65

.64

.62

.58

R3.00

R2.25

.63

.76

2X  R1.18

R.75

R.505

R.75 R.75

1.00 1.88 2.25 .50

.87

4X  Ø.50 2X  Ø.38

1.50

1.38

R.50

R.25

2X  R.50

1.75

R10 R14

15º

R15

14

24

5

44

60

8
17

35

50

R10

65

45º

45º

(g) (h)

(i) ( j)

FIGURE P6.1. 
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6.16 problems (continued)

(a)

(b)

(c)

(d)

(e)

Initial

Final

Initial

Final

Initial

Final

Initial

Final

Initial

Final

FIGURE P6.2. 

2. Study the following closed-loop profiles for which geometric constraints have not been added. Number each seg-
ment of the profiles and specify the necessary geometric constraints on each segment to create the final profile.
Do not over- or underconstrain the profiles.
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6.16 problems (continued)
3. At first glance, these profiles may appear to be missing key dimensions. However, they are fully constrained by

the addition of geometric constraints. Number each segment of the profiles. What were the geometric constraints
used for each segment?
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6.16 problems (continued)
4. Create solid models of the following parts in your CAD system. Identify what you consider to be the base geome-

try for each part. Are any (child) features dependent upon the existence of other (parent) features? If so, specify
the hierarchy.
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6.16 problems (continued)
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6.16 problems (continued)
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6.16 problems (continued)

(s) (t)

(u) (v)

(w) (x)
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6.16 problems (continued)

(z)

(aa)
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(cc) (dd)
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6.16 problems (continued)
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6.16 problems (continued)
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6.16 problems (continued)
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7-1

Assembly Modeling

objectives
After completing this chapter, you should be able to
● Apply new terminology in the context of assembly modeling
● Create an appropriate hierarchy for effective assembly

modeling
● Apply assembly constraints between instances
● Create a bill of materials and an assembly drawing
● Determine interferences and clearances between instances in

an assembly

7
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Assembly Terminology
As with most categories in engineering design and analysis, one of the first things you
must learn is the terminology particular to the topic. For assembly modeling, you need
to learn a few new terms so you can work productively. Some of these terms will be dis-
cussed in the subsequent paragraphs.

In the creation of solid models, computer-generated geometry was referred to as
parts, features, or objects; however, the objects that make up a system are referred to 
as components. A system component is identical to its referenced object geometry,
and the change in terminology is to avoid confusion between two closely related mod-
eling tasks. Think of a component as a 3-D part that has been brought into an assem-
bly model. For example, consider the footbridge shown in Figure 7.01. Notice that the
assembly model consists of abutments, approaches, a bridge deck, and handrails.

7-2 sectiontwo Modern Design Practice and Tools

I n a previous chapter, you learned about the techniques used to create solid
models with computer tools. Most engineered systems, however, do not con-
sist of a single part, but comprise multiple parts that work together and form

the system or assembly. Think of a bicycle. It is used for personal transportation,
and its purpose is to allow an individual to get from point A to point B through
pedaling. It is composed of several subsystems, each of which serves a distinct pur-
pose in allowing a person to operate the bicycle in a safe and consistent manner.
Some of the subsystems found on a bicycle are the pedal system, the gear system,
the tire system, and the frame. Each subsystem is composed of other subsystems
or parts. For example, the gear system contains many single parts (e.g., the indi-
vidual gears and the cables), as well as other subsystems (e.g., the derailleur).

This chapter describes how systems or assemblies are created with the use of
CAD software and what type of information can be extracted from the assembly
models. Because the foundation of assembly modeling is most often the initial cre-
ation of the components that make up the assembly, the assumption is that you
are already familiar with the creation of solids.

7.01
introduction

7.02 

Land sample

Handrail

Deck

Approach

Abutment

FIGURE 7.01. An assembled footbridge placed on a sample cutout section of land.
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You can create a solid model of the abutment within solid modeling software. In this
case, the solid model of the abutment is the desired final outcome of the modeling
process. When you are working on assembly modeling where the desired final outcome is
a bridge assembly, the parts brought into the model that you are working on (the assem-
bly) are called components. When the solid model of the abutment is brought into the
assembly model, it is referred to as a component and is no longer thought of as a “part.”

In the case of the bridge assembly model, two abutments are in the desired final
result. It would be cumbersome to bring a new abutment component into the assembly
each time it is required. Further, the abutments are identical to each other (they are just
oriented differently in space), so you want it to be clear that the abutments in the final
assembly are copies of the same component. In assembly modeling, the copies of a
component within the system are called instances. Thus, for the bridge, an abutment
can be an overall component associated with the system with two instances of the par-
ticular component within the assembly. Figure 7.02 illustrates the concept of instances
of components in an assembly model.

In reality, system components do not actually appear on the computer screen—they
are stored in memory within the assembly model, waiting for you to instance them into
the system, but are not displayed in the work area. It is similar to having certain vocabu-
lary words stored in your brain. You can put the words on a sheet of paper to form
sentences and paragraphs, but the words do not physically exist anywhere in space—they
exist only in your memory. When you want to put a copy of a component in an assembly,
you instance it into your workspace.

chapter 7 Assembly Modeling 7-3

Components

Part modeling

Assembly modeling

Abutment part

Abutment
component

Two abutment instances

Features
FIGURE 7.02. The concept of
parts, components, and
instances in assembly modeling.
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Another new term for you to consider in assembly modeling is the concept of a
subassembly. A subassembly is a grouping of components that serves a single purpose
within the overall assembly. Going back to the bridge example, a subassembly could be
created to represent the handrail. Notice that the handrail consists of vertical members,
angled members, and the horizontal crossbar at the top, as shown in Figure 7.03.

Instead of instancing each of the individual members that make up the handrail
into the overall assembly, you could create one subassembly of the handrail that
includes appropriate instances of all of its components—including the vertical, angled,
and horizontal members—and just instance that subassembly into the overall system
two times. The completed handrail subassembly is shown in Figure 7.04.

Since it is unlikely that the horizontal member of the handrail will act independ-
ently of the vertical or angled members, it makes sense to put them into a subassembly
together so you can work with them as a single unit. You might think it would be easier
to make the handrail a single part. But because the individual components may be
made of different materials, you want to keep them as separate objects for any analysis
you perform later on. Linking them in a subassembly allows you the flexibility to alter
properties of components independent of one another, but also affords you the effi-
ciency of treating them as one unit in the assembly modeling process.

Subassemblies are unique in that they are composed of instances, but subassem-
blies also can be instances. When you are creating the overall system, you can insert
instances that are individual components or that are subassemblies made up of several
individual components. Subassemblies also can contain other subassembly instances.
For the handrail subassembly, you could choose to combine two angled members and
one vertical member as one subassembly, as shown in Figure 7.05. The subassembly

7-4 sectiontwo Modern Design Practice and Tools

Horizontal member

Vertical member

Angled member

FIGURE 7.03. The handrail
subassembly (with the bridge
deck shown in phantom for
reference only).

Original handrail
subassemblyInstanced handrail

subassembly

FIGURE 7.04. The second
handrail subassembly as an
instance of the first handrail
subassembly.
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could be instanced into the overall handrail subassembly two times, along with one
additional vertical member and the horizontal bar, to make up the overall handrail
subassembly shown in Figure 7.06.

It may seem that the change in terminology between solid modeling and assembly
modeling is picky and overly complicated. Why not just put multiple copies of the
abutment part within the assembly? Why do you have to learn about components and
instances? Why are subassemblies that are made up of instances and that are instances
themselves important? The main reasons for the changes are to improve assembly
modeling efficiency and to save computer storage space. Saving computer storage
space may seem like a trivial matter; however, the less memory a model takes up, the
faster your computer modeling software will work. Files that are too large (in terms of
memory) are difficult and slow to work with. The improvement in assembly modeling
efficiency through the use of subassemblies should be apparent. But how do you save
on computer storage space or memory?

To answer that question, consider just the horizontal member of the handrail sub-
assembly. Depending on the design of the member, the computer must “remember”
many points to define the model. Each time there is a vertex where two or three edges
intersect, the software must remember where the point is located in 3-D space. If the
edges of the member are rounded, not sharp, corners, several points on the rounded edge
must be remembered for the part geometry to be defined completely. Because some
designs for a horizontal handrail are fairly complex, the number of geometric data points
used to define it can be large; and the number of 3-D locations in space for the part the
computer model must remember also is large. If you were to put the horizontal member
directly into the assembly model, each time you moved the member in space within the
assembly model, the computer would have to remember the new location of each multi-
ple point that defines the horizontal member. In the case of a bridge with two handrails,
the number of points to be remembered is relatively large.

By organizing with components and instances, however, the data to be stored is sig-
nificantly reduced. The component is referenced to an object, and all the component has
to remember is that the component looks exactly like the object. When an instance of the
component is placed in the assembly (or subassembly), all that has to be remembered is
location of the instance relative to that of the component. In other words, when the
instance is located 6 units along the x-axis and 0 units along both the y- and z-axes and it
is rotated 90 degrees about Z relative to the component definition, the only thing to be
remebered is the location of the instance compared to the location of the component.
Thus, for each instance, only six pieces of data must be remembered by the computer—
translations in X, Y, and Z and rotations about X, Y, and Z. The amount of data stored

chapter 7 Assembly Modeling 7-5

FIGURE 7.05. The web
subassembly composed of two
angled components and one
vertical component.

Horizontal
members

Vertical
member

Web subassembly

Web subassembly

FIGURE 7.06. The complete handrail subassembly composed of one vertical member, two
horizontal members, and two web subassemblies (with the bridge deck shown in phantom
for reference only).
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under this scheme is significantly less than what would be stored if copies of an object
were placed directly into the system. Figure 7.07 shows the object for the horizontal
handrail member and an instance of it in a subassembly. Also shown in the figure are the
data points defining the location of the instance that define its location within the 
subassembly.

7.02.01 Associativity
In the solid modeling chapter, you learned about associativity between parts and draw-
ings. When an object changed, any associated drawings also changed in the same way.
Associativity also can exist between parts, components, and assemblies. In assembly
modeling, associativity means that if you change the geometry of a part, the compo-
nent and all instances of it also will change by the same amount. With some software,
when you change a component within assembly modeling, the object geometry also
changes by the same amount. That also means that any drawings, finite element mod-
els, or manufacturing models associated with the part also will be updated.

Associativity greatly increases your computer modeling efficiency for complex
parts and systems. Thinking back on the footbridge example, imagine you are working
for a company that designs and produces footbridges for parks and recreation areas.
The company might have several bridge models that use the same bridge deck. If the
bridge deck design division of the company changes its design, the changes can be
reflected throughout all bridge models simultaneously as long as the associative rela-
tionships between parts and assemblies have been maintained throughout the com-
pany’s product line. If the associations have been broken, the engineers working with
the various models must be aware of the changes in the bridge deck design and then
make the required changes model by model. If the engineers forget one of the models,
the overall design will be incorrect, which could have a significant impact when the
production phase of the project is initiated.

7-6 sectiontwo Modern Design Practice and Tools

(a)

(b)

x

y

z

Six surface definitions
stored in memory

Eight vertices
stored in memory

Twelve edge definitions
stored in memory

Translation in x, y, and z directions
stored in memory

Rotations about the x, y and z directions
stored in memory

FIGURE 7.07. A schematic
representation of a horizontal
member part (a) and an 
instance (b).
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Assembly Hierarchy
Assembly models are easier to work with when they are organized in a logical manner.
An assembly is usually thought of as a composition of several smaller subassemblies,
each of which may consist of other subassemblies or individual components. The
organization or structure of a system is referred to as its hierarchy. The hierarchy is
similar to an inverted family tree. Another way to think of an assembly hierarchy is as a
corporate structure. The president of the company is at the top of the hierarchy and at
the next level has several vice presidents reporting to him. Each vice president, in turn,
is responsible for several managers; and structure of the organization continues until
you reach the lowest level in the company hierarchy, where the laborers are located. In
this analogy, the individual laborers can be thought of as subassembly instances, the
managers would be the first level of subassemblies, the vice presidents would be the next
level of subassemblies, etc., until the entire assembly is defined. The top-level assembly
could be considered the company president.

As with objects and features, the associations between components and subassem-
blies are often called parent-child relationships. Going back to the handrail subassembly,
the handrail would be a parent whose children are the horizontal member, the subassem-
bly of two angled members and a vertical one, etc. The overall bridge would be the parent
whose children consist of two handrails, two approaches, two abutments, the bridge
deck, etc. As with objects and features, to work effectively, you must understand the vari-
ous parent-child relationships defined in assembly modeling. A schematic of a possible
hierarchy for the footbridge is shown in Figure 7.08.

Organizing an assembly in a logical hierarchy enables you to work more efficiently
with the assembly. The technique is similar to the way you organize files on a computer,
establishing folders to group files together in your work space. As stated previously,
one advantage of creating an assembly hierarchy is that subassemblies can be dealt with
as a whole rather than as separate components. For example, one subassembly can be
moved as a single unit within the system, rather than individual components of the sys-
tem being moved separately, just like the way you move folders and all of the files in
them on your computer workstation.

chapter 7 Assembly Modeling 7-7

7.03

Footbridge
Assembly

Handrail Assembly
Instance 1

Handrail Assembly
Instance 2

Decking
Assembly

Bridge Deck Surface Layer
Instance 1

Surface Layer
Instance 2

Approach
Instance 1

Approach
Instance 2

Abutment
Instance 1

Abutment
Instance 2

Web
Instance 1

Web
Instance 2

Horizontal Member
Instance 1

Horizontal Member
Instance 2

Vertical Member

Angled Member
Instance 1

Angled Member
Instance 2

Vertical Member

FIGURE 7.08. The footbridge
assembly hierarchy.
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Assembly Constraints
The first thing you want to do after setting up your system hierarchy is to orient the
instances so they are properly located in space relative to one another. To do that, you
need to select one component to serve as the base instance. The base instance remains
stationary with the other instances moving into place around it. For example, if your
assembly model was a car, you might choose the chassis as the base instance. Usually the
choice of a base instance is fairly obvious; however, in some cases, you may have to
choose one from among several choices.

After selecting the base component, you should establish reference planes for the
assembly that are connected to the base component. These reference planes will serve
as the coordinate planes for the space defined by the system. For the footbridge assem-
bly, the bridge deck was selected as the base component, with the reference planes
established as shown in Figure 7.09. You will use these reference planes as you orient
the various components within the system.

When creating parts, you used constraints to establish geometric and dimen-
sional relationships between 2-D entities or features. Thus, you constrained two lines
to be parallel or perpendicular to each other. Or you constrained the diameter of a cir-
cle to be a specific size and its center to be located given distances from lines on the
drawing or from edges on an object. In assembly modeling, you can apply assembly
constraints between two 3-D instances so the instances maintain dimensional or
geometric relationships with respect to each other within the assembly.

Each time you bring an instance of a component into an assembly, you introduce
six degrees of freedom (DOF). The instance will have a set of coordinate axes associated
with it, and the six new DOFs will correspond to the three translational DOFs (distance
along X, Y, and Z from the instance origin to the base component origin) and to the
three rotational DOFs (rotations about X, Y, and Z) relative to the coordinate planes
associated with the base component. Each time you apply a constraint to the assembly,
you remove one or more DOFs. As with part modeling, you can continue to apply con-
straints until all of the DOFs are removed from the assembly model.

7.04.01 Concentric Constraints
One of the more useful applications of assembly constraints is to define two different
instances to be concentric with each other. This is especially useful in dealing with
cylindrical shafts that fit within a cylindrical hole in another part. You can constrain
the centerline of one instance to coincide with the centerline of a different instance,

7-8 sectiontwo Modern Design Practice and Tools

7.04 

x

y

z
FIGURE 7.09. The bridge deck
as the base instance, with
reference planes and axes.
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forcing the two instances to be concentric. After constraining the instances to be con-
centric, you only need to determine how far along each centerline the instances are
located relative to each other. For the bridge assembly, nuts and bolts are used to fasten
the instances of the system together. (The nuts and bolts were not shown in previous
figures of the bridge assembly to simplify the discussion.) Figure 7.10 shows a concen-
tric constraint applied between two instances in the bridge assembly. Note that when
the concentric constraint is applied to the system, several DOFs are removed, since the
x-, y-, and z-rotations are now fixed and one of the translation DOFs also has been
removed.

In some modeling packages, an “insert” constraint is a special type of concentric
contraint used to insert a fastener such as a bolt into a hole in a different part. When
the bolt is inserted into the hole, the system automatically applies a concentric con-
straint between the two components.

7.04.02 Mating Surfaces Constraints
Another useful constraint available in most assembly modeling software is used to
define two surfaces as mating surfaces. Mating surfaces coincide with each other—in
other words, they line up on top of each other. Usually that type of constraint works
only with flat or planar surfaces. When creating a mating surface constraint, you are
essentially working with the surface normals. A surface normal is defined as “a vector
that is perpendicular to the surface and points away from it.” So when you are applying
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(a)

(b)

Center axis
of hole

Center axis 
of bolt

Center axis of
bolt and hole

FIGURE 7.10. Concentric
constraint used to locate a bolt
in its hole. Before application 
of constraint (a) and after
constraint (b).
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a mating surface constraint, you are forcing the normals of the two surfaces to be par-
allel to each other. Depending on the final desired result, you may have to flip one of
the instances around in order to apply the mating surface constraint to achieve the cor-
rect orientation between instances. Figure 7.11a shows a mating surface constraint
applied between the inner face of the hex head at the end of the bolt and the outer sur-
face of the handrail member for the bridge. Figure 7.11b shows the result of incorrect
mating surface orientation. Figure 7.11c shows the correct surface orientation, with
bolt flipped in the final result. Also notice that when the constraint is applied, several
DOFs for the system are removed, including both rotational and translational DOFs.
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(a)

(b)

(c)

Surfaces to
be mated

Surfaces incorrectly mated

Surfaces correctly mated

Gap between bottom of bolt
and face of member

Washer installed in gap between bolt
and member

(a)

(b)

FIGURE 7.11. Applying mating surfaces con-
straint after concentric constraint to the bolt
and hole. The mating surfaces are identified
in (a). The incorrect mating orientation is
shown in (b); the correct orientation, in (c).

FIGURE 7.12. Applying an offset constraint
between the bolt and member to permit a washer
instance.
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Another type of constraint that is related to the mating surfaces constraint is one
whereby you include an “offset” from one surface to the other. Basically, you are saying
that the surface normals for the two surfaces are still parallel to each other, but now the
surfaces do not line up on top of each other. Figure 7.12a shows the bolt and handrail
member after an offset constraint has been included between the instances to make
room for the washer that is included in Figure 7.12b.

7.04.03 Coincident Constraints
One definition of coincidence is that two entities take up the same space. For that type of
constraint in assembly modeling, coincidence can occur between two lines, between two
points, or between a point and a line. (Note that coincidence of two planes has already
been defined with the mating surfaces constraint.) In assembly modeling, defining coin-
cident constraints often means that you select a corner or an edge on one instance to be
coincident with a corner or an edge on another instance. When applying this type of
constraint, you typically are required to input offset distances between points in order to
achieve your final desired result. Figure 7.13a shows the effect of making one edge on a
vertical handrail member coincident with an edge on the horizontal member, and
Figure 7.13b shows the final result achieved after including a dimensional constraint
between corresponding endpoints of the edges. Figure 7.14a and Figure 7.14b show the
effect of making the edges of two members coincident and then making the two corre-
sponding corner points coincident to achieve the desired final result.

When applying coincident constraints, you may again have to flip one instance
around to achieve the desired final result. Figure 7.15a shows two instances with a coin-
cident constraint applied, and Figure 7.15b shows the same two instances after one has
been flipped to put it into its desired orientation.
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This distance specified Result

ResultThese edges to be coincident

(a)

(b)

Coincident
surfaces

FIGURE 7.13. A coincident edge
constraint is used in (a) to align
the edges of the horizontal and
vertical members. A dimensional
constraint is used in (b) to per-
form the final location of the
horizontal member with respect
to the vertical member.
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(a)

(b)

Result

ResultThese edges to be coincident

These vertices to be coincident

Coincident
surfaces

FIGURE 7.14. A coincident edge
constraint is used in (a) to align
the edges of the vertical and
angled members. A coincident
vertices constraint is used on
the vertices shown in (b) to
perform the final location of
the angled member with respect
to the vertical member.

(a)

(b)

Result

Result
Edges to be coincident

Vertices to
be coincident

Surfaces to
be coincident

Mated surfaces to be flipped

FIGURE 7.15. The effect of
flipping a coincident surface
constraint. Coincident surfaces,
edges, and vertices are used in
(a) to align the vertical and
angled members. The coincident
surface constraint is flipped in
(b) to realign the members.
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7.04.04 Distance Constraints
When creating a 3-D solid model, you often add dimensions between features to define
sizes of parts. With assembly models, you add distance constraints to define the rela-
tionship between two instances. When adding the distance constraints, you use points,
edges, and surfaces to define the distances between the instances. Often a distance con-
straint is used in conjunction with a second or third assembly constraint. For example,
for the two instances shown in Figure 7.16, a coincident constraint was applied
between the point on the angled member and the edge on the horizontal crossbar. A
distance constraint was then applied between the endpoint of the two instances, as
shown in the figure.

A distance constraint also can be applied between parallel surfaces on two separate
instances, as shown in Figure 7.17.

7.04.05 Adding Constraints to Your Assembly
In addition to putting your parts together to see how they look, certain types of analy-
sis that are best performed on an assembled system will aid you in your engineering
design tasks. One predominant type of analysis that you can perform with an assem-
bled model is to model it as a mechanism. With this type of analysis, you add joints
such that two parts are able to rotate freely about an axis or you add a joint such that
two parts slide relative to each other. Consider a piston in a cylinder. The piston can
slide in and out; and as is illustrated schematically in Figure 7.18, the cylinder and the
connecting rod are also free to pivot about the piston pin and the connecting pin.

Mechanism analysis is important for a piston assembly. The analysis allows you to
determine whether the connecting rod bumps up against the walls of the cylinder as
the mechanism goes through its cycle of motion or whether the piston bumps up
against the fixed end of the cylinder. For you to accomplish this type of analysis, how-
ever, your assembly must be properly constrained.

When you learned about including constraints with sketches or models as you
were studying part creation, you learned that sketches could be unconstrained, fully
constrained, or partially constrained. Similarly, assemblies can be unconstrained,
fully constrained, or partially constrained. You should avoid unconstrained systems
since all instances in the assembly are free to move relative to one another. If you have
an unconstrained assembly, you need to move each instance and subassembly one at
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d

FIGURE 7.16. A distance constraint between vertices to
locate the horizontal member with respecte to the angled
member.

d1

d2

FIGURE 7.17. Parallel distance constraints used to create
clearance gaps between the deck and the abutment and
between the abutment and the approach.
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a time—a tedious task—to perform your analysis. An assembly that is fully con-
strained is rigid and unable to move. Each time you try to move one instance, the
entire system reverts to its original orientation to satisfy all of the constraints on it.
Like Goldilocks, you want a system that is “just right”—with just enough constraints
to define the permissible motion in the assembly but not too many constraints that
its ability to function properly is hindered.

Going back to the piston/cylinder assembly, you want the constraint between the
piston and the pin to be rigidly defined—these two instances should not be able to
move relative to each other (ever!). However, the cylinder and piston should be partially
constrained such that they remain concentric to each other but the piston is still free to
move up and down along the centerline of the cylinder. Likewise, the connecting rod
should be partially constrained such that the pin remains concentric to the pin hole
but is free to rotate about its axis as the system moves. To achieve the balance between
systems that are over- or underconstrained, you should think about the types of
motion your assembly will go through in computer analysis as well as in real life. If you
think about the bridge assembly presented earlier in this chapter, the instances in this
system should never move relative to one another—a bridge is a rigid structure that is
built to remain rigid its entire life cycle. In the case of the footbridge, having a fully con-
strained assembly is permissible.

Some software requires assembly models be fully constrained. In this case, you are
usually permitted to include “assumptions” with your constraints in order to satisfy
the need for system flexibility and movement. For example, in the case of the connect-
ing rod and piston pin, you could include the concentric constraint and then add an
“assumption” that the two instances are able to rotate relative to each other. In this
case, the assumption will eliminate DOFs in the system and the software will be satis-
fied that the assembly is “fully” constrained.

Exploded Configurations
For most mechanical systems, an assembly drawing is necessary in order to put the sys-
tem together. You probably saw that kind of drawing if you ever put together a furni-
ture kit or a model. Once you assemble your system, you can create an exploded
configuration that will essentially be an assembly drawing for the system. Figure 7.19
shows an exploded configuration for a small flashlight assembly. Note that the config-
uration shows how all of the parts in the system will be put together, or assembled.
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Cylinder

Piston

Connecting rod

Connecting pin

Free to slide

Crank shaft

Free to rotate

Piston pin

FIGURE 7.18. Schematic drawing of piston/cylinder assembly.
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Interferences and Clearances
One of the main advantages to be gained from assembling a system of parts is that you
are able to determine whether two parts overlap or interfere with each other. Since dif-
ferent engineering teams often work on separate parts of an assembly and since com-
munication between groups may not always be clear, being able to determine overlap
is especially important when working collaboratively on a large design. The amount
that two instances overlap is referred to as the interference between them. Another
advantage is that you can determine clearances, or minimum distances, between
parts. You can use that information to optimize the assembly. You can change the size
of features as appropriate to remove interference or to increase clearances between
parts. For some systems, you may choose to perform a kinematic analysis of the parts
in the assembly. You can then check each part for interference or clearance problems
as the parts move through the kinematic analysis. For example, if you are designing a
piston and cylinder system, in the initial position, none of the parts will overlap.
However, as the crankshaft is rotated and the piston slides in or out of the cylinder,
you may find that the connecting rod interferes with the end of the cylinder, as illus-
trated in Figure 7.20. Since that is a problem with the design, you can modify the
design to alleviate the problem and re-check the interferences and clearances.

One other consideration in accomplishing interference or clearance checks for an
assembly is the number of checks you want to perform. If you have a system with
twenty-five parts, you probably will not want to check for interference between all parts
in the assembly; that would require (25 – 1)! (24 factorial, or more than 6 x 1023) checks.
With most CAD software, you can specify two groups of parts. The software will per-
form the interference or clearance checks, checking all of the parts in one group against
all of the parts in the second group.

Only one of the two, interference or clearance, is possible between two instances.
If two parts overlap, there is an interference; and a clearance is not defined between
the two. Conversely, if two instances have a clearance, or distance, between them, they
do not overlap; and an interference is not defined.

One common place where you need to check interferences and clearances is
between shafts and circular holes. When you align shafts in holes by making them
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FIGURE 7.19. An exploded view
of a small flashlight assembly.
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concentric, you may not realize that the shaft is too large or too small for the hole. In
a later chapter, you will learn about classes of fits between holes and shafts. In that
chapter, you will learn that sometimes you want the shaft to be larger than the hole
and other times you want the shaft to be smaller than the hole. The class of fit you
need depends on your design intent. Figure 7.21 shows an end view of two shafts in
holes—in one case, the shaft is larger than the hole; in the other case, the shaft is
smaller than the hole. The clearance and interference between the shaft and the hole
in each case are shown in the figure.
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(a)

(b)

(c)

Interference

Size changed on base

Handle

Link

Base

Plunger

Bolt

FIGURE 7.20. The completed toggle clamp assembly is
shown in (a). In its original form, the link and the base
interfere, as shown in (b), preventing the handle from
being pushed all the way down into a closed and locked
position. The base has been modified in (c) to eliminate
the interference, allowing the toggle to work properly.

(a)

(b)

Shaft

Hole

Clearance

Interference

FIGURE 7.21. When the shaft has a smaller diameter
than the hole, as in (a), there is clearance between
the two parts. If the shaft has a larger diameter 
than the hole, as in (b), there is interference 
between the parts.
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Bill of Materials
Most real-life assembly drawings contain a bill of materials, which consists of a table
listing all parts in the assembly as well as the quantity of each part required to put the
assembly together. If you were to begin assembling a system, you could look at the bill
of materials and easily determine how many screws, how many washers, etc., you
needed to gather to assemble the system. Figure 7.22 shows an assembly drawing
(exploded configuration) for a system, along with the associated bill of materials.

In some cases, a bill of materials lists subassembly items, as shown in Figure 7.23.
In that case, the assembly drawing for the subassembly is usually shown on a different
sheet of paper and you are expected to have constructed the subassembly before you
begin putting the entire assembly together.
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FIGURE 7.22. The assembly drawing for a small flashlight, with its bill of materials on the
drawing.
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Assembly Strategy
When creating an assembly, you can choose from two modeling methods—top-down or
bottom-up. Bottom-up assembly modeling was used extensively in the past; however,
top-down modeling is now gaining in popularity. A description of each method follows.

7.08.01 Bottom-up Assembly Modeling
With bottom-up modeling, you create all of the parts required for the system. When
more than one copy of a given part is in an assembly, you do not have to create more
than one copy of the part—you include multiple instances of the component in the sys-
tem. You then establish the assembly hierarchy, making sure you organize instances
into smaller subassemblies as appropriate. You orient all of the instances using con-
straints to establish relationships between instances. Next, you check for clearances
and interferences between instances to make sure your constraints were properly
applied and you achieved your design intent. If you so choose, you obtain a bill of mate-
rials for the assembly. Your final step is to create an exploded view of the system as
necessary to create its assembly drawing.
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BILL OF MATERIALS, PART NUMBER XKZ0001, FOOTBRIDGE ASSEMBLY

ITEM PART NUMBER                DESCRIPTION   MATERIAL  QNTY

1 XKZ0023  ABUTMENT   POURED CONCRETE  2

2 XKZ0013  APPROACH   POURED CONCRETE  2

3 XKX0009  DECKING ASSEMBY  WOOD, CONCRETE  1

4 XKZ0015  HANDRAIL ASSEMBLY WOOD    2

BILL OF MATERIALS, PART NUMBER XKZ0009, DECKING ASSEMBLY

ITEM PART NUMBER                DESCRIPTION   MATERIAL  QNTY

1 XKZ0006  DECK    WOOD    1

2 XKZ0007  SURFACE LAYER  FIBER REINFORCED  2
        CONCRETE BOARD

BILL OF MATERIALS, PART NUMBER XKZ0030, WEB ASSEMBLY

ITEM PART NUMBER                 DESCRIPTION   MATERIAL  QNTY

1 XKZ0001  VERTICAL MEMBER  WOOD    1

2 XKZ0002  ANGELED MEMBER  WOOD    2

BILL OF MATERIALS, PART NUMBER XKZ0015, HANDRAIL ASSEMBLY

ITEM PART NUMBER                 DESCRIPTION   MATERIAL  QNTY

1 XKZ0001  VERTICAL MEMBER  WOOD    1

2 XKZ0003  HORIZONTAL MEMBER WOOD    2

3 XKZ0030  WEB ASSEMBLY  WOOD    2

FIGURE 7.23. The bill of
materials for two levels 
of subassembly, leading to the
final assembly of the footbridge.
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7.08.02 Top-down Assembly Modeling
Top-down assembly modeling has evolved in recent years in much the same way concur-
rent engineering evolved—both were facilitated through the modern computer tools and
CAD systems. With top-down modeling, the system is first defined, including its
hierarchy. In some cases, physical space may be assigned to the assembly as well as to all
subassemblies and components contained in it. The function of the system and its com-
ponents also is articulated at this time. After the framework of the system has been
established, engineering teams then work on creating the individual parts and sub-
assemblies that go into the overall system. For example, because the engineers working
on subassembly A know that their subassembly connects and interacts with subassem-
blies B, D, and G, they can collaborate through e-mails or other means as they create
their assigned subassembly. Further, the team members working on subassembly A
know that the space they occupy cannot encroach on the space occupied by subassembly C
and must take that fact into account when they do their design work. Teams working on
subassembly B know that they must work with teams working on subassemblies A and
C as they complete their assigned task. In this way, efficiency in assembly design is
achieved—problems can be solved before they arise. With the bottom-up design
approach, problems between subassemblies A and D might not be apparent until the
entire design is completed, meaning that all teams need to start from scratch to solve 
the problem. Top-down assembly modeling is especially effective when multiple teams,
many times in different parts of the world, are working on a single design. Most
modern-day CAD systems have the tools necessary to implement a system of top-down
assembly modeling; however, as a student, you may not have the opportunity to work
in this efficient environment.

Strategy for Bottom-up Assembly Modeling
Suppose you needed to model the assembly shown in Figure 7.24. The distinct compo-
nents that make up the assembly are shown in Figure 7.25. Note that the bottom-up
approach will be employed in the assembly modeling of this case, since all of the parts
have already been created and must simply be put together to form the assembly model.
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7.09 

FIGURE 7.24. A fully assembled
model of a bearing block.

Top

Pins

Bushings

Base

FIGURE 7.25. An exploded view of the parts that form the bearing block
assembly.
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With the bottom-up assembly modeling approach, after the individual compo-
nents have been modeled, you need to define a hierarchy for the system. For this partic-
ular assembly, it might make sense to link the four pins into one subassembly; however,
this is probably not necessary. Since the bushings have a flat surface for alignment, you
probably need to know if they should be aligned independent of each other before 
you decide whether they make up a subassembly. Since the base block and the cap
block will likely be considered a single unit, the two components should be put into a
subassembly. Two possible hierarchies for the system are shown in Figure 7.26.

For purposes of demonstration, you will work with the hierarchy established in
Figure 7.26a. In this case, your first step is to assemble the base subassembly. This sub-
assembly consists of the base block and the cap block. You should establish the base
block as the base instance for the assembly, setting the coordinate planes for the system
as shown in Figure 7.27.

If you bring the cap block onto the screen, you can put it in place within the system
through the use of coincident constraints. For this subassembly, the edges of the half
circles of the cap and base should coincide. If this constraint is applied, notice the two pos-
sible orientations for the cap where this constraint is satisfied, as shown in Figure 7.28.

To achieve the desired orientation for the cap block, you need to apply one more
coincident constraint using any of the remaining edges, or you can use the endpoints
of the corresponding half circles. Figure 7.29 shows the second coincident constraint
applied, which leads to the desired final result.

Now you put the pin subassembly in place within the overall system. The pin sub-
assembly consists of four instances of the pin component. You can bring the pins on-
screen one at a time and locate each of them relative to the base subassembly that is
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Bearing Block
Assembly

Base Top Bushing
Instance 1

Bushing 
Instance 2

Pin
Instance 1

Pin
Instance 2

Pin
Instance 3

Pin
Instance 4

(a)

Bearing Block
Assembly

Base Top

Bushing
Instance 1

Bushing 
Instance 2

Pin
Instance 1

Pin
Instance 2

Pin
Instance 3

Pin
Instance 4

Housing Block
Subassembly

(b)

FIGURE 7.26. Two possible
hierarchies for the bearing
block assembly, with no
subassemblies (a) and with a
housing block subassembly (b).
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x

y

z

DATUM 1

DATUM 2
DATUM 3

FIGURE 7.27. Definitions of
coordinate axes and datum
planes for the base as the first
object in the assembly model.

(a)

(b)

(c)

Edges to be
coincident

Coincident edge

Coincident edge

FIGURE 7.28. A coincident constraint applied to the
edges shown in (a) can result in two possible orienta-
tions of the top, as shown in (b) and (c).

(a)

Coincident edge

Edges to be
coincident

(b)

Result

FIGURE 7.29. Adding a coincident edge constraint to the
edges shown in (a) is one method used to create the final
alignment between the base and the top, as shown in (b).
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already in place. If you bring the first instance of the pin on-screen, you need to estab-
lish two constraints to put it in its final location. The two constraints to be added are a
concentric constraint between the axis of the pin and the axis of the corresponding
hole, and a mating surfaces constraint can be applied between the “bottom” surface of
the pinhead and the top surface of the cap, block. These two constraints are shown in
Figure 7.30a, with the final result shown in Figure 7.30b.

Using a similar strategy, the remaining three instances of the pin component can
be oriented within the assembly, with the result shown in Figure 7.31.

Finally, the two bushings can be inserted one at a time into the assembly using a
strategy similar to the one used in locating the pins—applying a concentric constraint
between the centerlines of the bushing and the base-block semicircular cutout and a
mating surfaces constraint between the corresponding surfaces of the bushing and the
base block. Figure 7.32a shows the constraints applied to the leftmost bushing, and
Figure 7.32b shows the result of applying these constraints. 
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(a)

(b)

Result

Surfaces to be
concentric

Surfaces to be
coincident

(a)

(b)

Concentric and
coincident Concentric and

coincident

Concentric and
coincident

Result

FIGURE 7.30. Applying a concentric constraint between the
shaft of the pin and the hole in the top and a coincident
constraint between the bottom of the pinhead and the top,
as shown in (a), locates the pin in the hole, as shown in (b).

FIGURE 7.31. The remaining three pins are inserted
in their holes by applying the same types of concen-
tric and coincident constraints used for the first pin.
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When the pins were added to the assembly, it did not matter what angular orienta-
tion they had with respect to the axis of the pin; however, the bushing instances include
a flat surface that can be used for alignment. To align the surface properly, you want to
include a distance constraint between the flat surface on the bushing and the bottom
(or top) flat surface on the base. In this case, the distance constraint forces the two sur-
faces to be parallel to each other. Figure 7.33a shows the constraint applied between the
flat surface of the bushing and the upper flat surface of the top, and Figure 7.33b
shows the result of applying this constraint.

Finally, the second instance of the bushing can be brought into the assembly and
oriented with the use of appropriate constraints. The final assembly model is shown in
Figure 7.34.

Once your assembly model is complete, you may want to check for interferences or
clearances between instances. Figure 7.35 includes the results from an interference 
and clearance check for the instances in the assembly. Since there is a relatively small
number of instances in the assembly, all instances were checked against all others.

Other items you might need from this model include an assembly drawing and
a bill of materials. Most modern-day software can generate these automatically.
Figure 7.36 shows an assembly drawing with the bill of materials for the block
assembly you have been working with thus far.
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Surfaces to be
concentric

Surfaces to be 
coincident

(a)

(b)

Result

FIGURE 7.32. The bushing is placed by applying
the concentric and coincident constraints to the
surfaces indicated in (a) to produce the result
shown in (b).

(a)

(b)

Result

Surfaces to be
aligned

FIGURE 7.33. An alignment constraint
is applied between the flat on the
bushing and the top surface, as shown
in (a), to create the desired orientation
of the bushing, as shown in (b).
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Interference
0.010 mm

Interference
0.010mm

Interference
0.010 mm

Interference
0.010 mm

Result

Surfaces to be 
concentric

Surfaces to be
coincident

Surfaces to be 
aligned

FIGURE 7.34. The second bushing is placed by
applying the same type of concentric, coincident,
and aligned constraints as were used to place the
first bushing, as shown in (a). The final position
of the second bushing is shown in (b).

FIGURE 7.35. The result of an interference check between all of
the parts in the bearing block assembly, showing the interfer-
ence from the forced fit between the pins and the base block.

1

2

3

4

BILL OF MATERIALS, PART NUMBER CDX010, BEARING BLOCK ASSEMBLY

ITEM PART NUMBER                DESCRIPTION   MATERIAL  QNTY

1 CDX011  BASE BLOCK   ALUMINUM, 6061 T6  1

2 CDX012  CAP BLOCK   ALUMINUM, 6061 T6  1

3 CDX089  PIN    STEEL, 1060   4

4 CDX076  BUSHING   BRONZE, SINTERED  2

FIGURE 7.36. An assembly
drawing of the block assembly
(removed from its drawing
header) identifying its parts in
its bill of materials.
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FIGURE 7.37. A fully assembled
model of a table vise.

Base

Sliding jaw

Jaw plates

Flathead
screws

Set screws

Taper pins
Handle rod

Handle balls

Vise 
screw

Retainer

Collar

Slide
plates

FIGURE 7.38. The various pieces of the table vise prior to assembly.

As another example, consider the vise assembly shown in Figure 7.37, with the indi-
vidual components shown in Figure 7.38.

The first step is to establish the hierarchy for the system. In this case, you can con-
sider the vise base to be the base instance. The sliding jaw is a subassembly that consists
of two subassemblies—a jaw plate subassembly and a handle subassembly. A jaw plate
subassembly also attaches to the base. Each subassembly includes several screws that
are used for fastening. The overall hierarchy for that assembly is shown in Figure 7.39.

Table Vise 
Main Assembly

Sliding Jaw
Subassembly

Handle
Subassembly

Collar Retainer Set Screw
Instance 1

Slide Plate
Instance 1

Slide Plate
Instance 2

Set Screw
Instance 2

Sliding Jaw Jaw Plate Flathead Screw
Instance 1

Flathead Screw
Instance 2

Vise Screw Handle Rod Handle Ball
Instance 1

Handle Ball
Instance 2

Taper Pin
Instance 1

Taper Pin
Instance 2

Base
Subassembly

Base Jaw Plate Flathead Screw
Instance 1

Flathead Screw
Instance 2

FIGURE 7.39. The assembly
hierarchy for the table vise.
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To put this assembly together, you once again start with the base instance.
Attached to the base instance is the jaw plate subassembly that consists of a jaw plate
and two screws that hold the jaw plate in place. Using concentric and mating surfaces
constraints, you can assemble the jaw plate subassembly as shown in Figure 7.40; and
that subassembly can be added to the base instance through coincident constraints as
shown in Figure 7.41.

At this point, it is probably easier to put the base instance (along with the attached
jaw plate subassembly) away and work only with the sliding jaw subassembly. When
you start with the sliding jaw as the “base” of the subassembly, you can insert another
instance of the jaw plate subassembly and put it in place using coincident constraints
between the appropriate elements, as shown in Figure 7.42.

The handle subassembly can be put together with a concentric constraint between
the handle and the vise screw, as shown in Figure 7.43.
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Result

These surfaces
coincident

These holes
concentric

These holes
concentric

(a)

(b)

Conical surfaces
coincident

Shaft and hole
concentric

Result

(a)

(b)

FIGURE 7.40. Adding assembly constraints between
the jaw plate and the base on the base subassembly
(a) to get the assembled results in (b).

FIGURE 7.41. Adding assembly constraints to
one flathead screw (a) to get the assembled
results in (b). The second flathead screw is
constrained in a similar manner within the
other hole.
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Result

Result

(a)

(b)

Surfaces to be
coincident

Holes to be
concentric

Holes to be
concentric

Conical surfaces to
be coincident

Shaft and hole to
be concentric

(a)

(b)

(c)

Result

Result

Result

Rod and hole to
be concentric

Rod and hole to
be concentric

Pin holes to
be concentic

Pin and hole to
be concentric

End of pin and
edge of hole to
be coincident

FIGURE 7.42. The sliding jaw
subassembly is created from 
its parts. The jaw plate is
constrained in (a); and the
flathead screws are constrained,
first one and then the other, 
in (b).

FIGURE 7.43. The handle
subassembly is created by apply-
ing constraints to the rod (a),
the end balls (b), and the pins
that retain the end balls (c).
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Next, the handle subassembly and the set screws that hold it in place can be added
to the sliding jaw through use of mating surfaces and concentric constraints, as shown
in Figure 7.44. 

Finally, the sliding plate and associated screws can be added to the bottom of the slid-
ing jaw through the use of coincident and distance constraints, as shown in Figure 7.45.

You now can retrieve the base component and orient the sliding jaw subassembly
through the use of coincident constraints between appropriate edges on the base and
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(a)

(b)

(c)

Surfaces to be
coincident

Surfaces to be
coincident

Result

Base subassembly

Sliding jaw subassembly

FIGURE 7.44. The base subassembly and
sliding jaw subassembly are brought together 
in (a). The sliding jaw subassembly is rotated 
to expose the surfaces to be constrained in (b).
The final result is shown in (c).

(a)

(b)

FIGURE 7.45. By applying coincident
constraints between the two slide plates and
the sliding jaw and concentric and coincident
constraints between the two setscrews and the
sliding jaw in (a), the sliding jaw can move
freely in one direction only, as shown in (b).
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the sliding jaw. Note that you do not want to include any distance constraints at this
time, enabling the sliding jaw to be located anywhere along its “track.” Figure 7.46
shows the completed assembly of the vise model.

If you like, you can check for clearances and interferences (Figure 7.47) or create an
assembly drawing and a bill of materials for the assembly (Figure 7.48).
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(a)

(b)

Interference
0.012 mm

Interference
0.012 mm

FIGURE 7.46. The retainer and collar are assembled
onto the screw and sliding jaw in (a) to complete the
vise, shown in (b). The detail in (b) shows the final
positions of the retainer and collar in the sliding jaw.

FIGURE 7.47. An interference check on the entire vise
assembly warns that there will be interference between the
taper pins and the pin holes on the end balls on the
handle rod. The interference, in this case, is desirable for
the purpose of keeping the end balls on the handle rod.
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One thing to avoid when working with assembly models is the creation of a flat hierar-
chy. With a flat hierarchy, the main assembly is the parent and every instance is a child
of the main assembly—there are no subassemblies, just individual instances. With a flat
hierarchy, you cannot treat several instances as one, but must deal with each one indi-
vidually. Creating a flat hierarchy may save you time in the planning stages, but it is
likely to cost you a great deal of time when you work with the assembly. To avoid a flat
hierarchy, make sure you logically group instances together in subassemblies to save
time later. Figure 7.49 shows an undesirable flat hierarchy for the footbridge assembly,
in contrast to Figure 7.08 at the beginning of this chapter which shows a hierarchy that
advantageously employs subassemblies to link instances together logically.

As discussed previously, another situation you should avoid in assembly modeling
is the creation of a system that is too rigid. A rigid system consists of instances that are
fixed in space and not fixed relative to one another. To avoid an overly rigid system,
make sure you establish relationships between instances with constraints rather than
merely locate instances by moving them in 3-D space. Using constraints will add flexi-
bility to your assembly model. For example, consider the bolt used to hold together two
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BILL OF MATERIALS, PART NUMBER RNP1000, TABLE VISE ASSEMBLY

ITEM PART NUMBER         DESCRIPTION   MATERIAL  QNTY

1 RNP050  BASE     STEEL, CAST   1

2 RNP051  SLIDING JAW   STEEL, CAST   1

3 RPN010  JAW PLATE   STEEL,  AISI 1020  2

4 RPN015  SCREW    STEEL, AISI 1060  1

5 RPN017  COLLAR   BRASS    1

6 RPN018  RETAINER   STEEL, AISI 1060  1

7 RPN020  HANDLE ROD   STEEL, AISI 1040  1

8 RPN022  HANDLE BALL   STEEL, AISI 1040  2

9 RPN012  SLIDE PLATE   STEEL, AISI 1060  2

10 RPN008  TAPER PIN   STEEL, AISI 1060  2

11 RPN009  FLATHEAD SCREW  STEEL, AISI 1060  4

12 RPN007  SETSCREW   STEEL, ASIS 1060  2

1

2

3

4

7
8

10

11

10

FIGURE 7.48. The bill of
materials and assembly drawing
for the table vise.

CAUTION
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members of the handrail for the footbridge. If you use a concentric constraint between
the bolt and the holes in the members, as you move the members around, the bolt will
move with them. However, if you put the bolt in the hole without a constraint, when
you move the members, the bolt will stay where you put it and will not move with the
members. Without a constraint, you would have to move the members and then move
the bolt in an additional step.

chapter 7 Assembly Modeling 7-31

Footbridge
Assembly

Bridge Deck Surface Layer
Instance 2

Surface Layer
Instance 1

Approach
Instance 2

Approach
Instance 1

Abutment
Instance 2

Abutment
Instance 1

Horizontal Member
Instance 2

Horizontal Member
Instance 1

Vertical Member
Instance 1

Angled Member
Instance 2

Angled Member
Instance 1

Vertical Member
Instance 3

Angled Member
Instance 3

Angled Member
Instance 4

Vertical Member
Instance 2

Horizontal Member
Instance 4

Horizontal Member
Instance 3

Vertical Member
Instance 4

Angled Member
Instance 6

Angled Member
Instance 5

Vertical Member
Instance 5

Angled Member
Instance 7

Angled Member
Instance 8

Vertical Member
Instance 6

NO!

FIGURE 7.49. A “flat” assembly
hierarchy, such as this one for
the footbridge model, should 
be avoided. A more reasonable
hierarchy is shown in Figure 7.08.

assembly constraints: Used to establish relationships
between instances in the development of a flexible
assembly model.
associativity: The situation whereby parts can be
modified and the components referenced to the parts
will be modified accordingly.
base instance: The one fixed instance within an
assembly.
bill of materials: A tabular list of the components,
with quantities of each for the parts, that make up an
assembly.

bottom-up modeling: The process of creating individ-
ual parts and then creating an assembly from them.
clearances: The minimum distances between two
instances in an assembly.
components: References of object geometry used in
assembly models.
exploded configuration: A configuration of an
assembly that shows instances separated from one
another. An exploded configuration is used as the basis
for an assembly drawing.

7.10 glossary of key terms
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hierarchy: The parent-child relationships between
instances in an assembly.
instances: Copies of components that are included
within an assembly model.
interference: The amount of overlap between two
instances in an assembly.

subassembly: A logical grouping of assembly
instances that is treated as a single entity within the
overall assembly model.
top-down modeling: The process of establishing the
assembly and hierarchy before individual components
are created.

7.10 glossary of key terms (continued)

1. Describe the differences between an object and a
component.

2. What is an instance?

3. What does the term associativity mean in the context
of assembly modeling?

4. What type of relationships are made when an assem-
bly model is established?

5. Name and describe three types of assembly
constraints.

6. Define interference and clearance in the context of
assembly modeling.

7. What is a bill of materials?

8. What is the primary difference between bottom-up
assembly modeling and top-down assembly modeling?

7.11 questions for review

1. The two parts in Figure P7.1 are to be mated together as shown. Using only the features labeled, apply assembly
constraints to mate the two pieces so that the top part is fully constrained and assembled correctly with the bot-
tom part. Assume the bottom part is already fixed in position. Specify five ways of doing that using only coinci-
dent and concentric constraints. An example follows:

Constraint set 1: hole 1 concentric with hole 2

surface 1 coincident with surface 3

surface 2 coincident with surface 4

7.12 problems

Assembled

Surface 1

Surface 2

Surface 3

Surface 4

Cylindrical surface 1

Cylindrical surface 2

Hole 1

Hole 2

Edge 1

Edge 2

FIGURE P7.1. Constrain the edges and surfaces of (a) to create the assembled position (b).
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7.12 problems (continued)
2. The parts shown in Figure P7.2 are to be assembled into a screw clamp. Create a solid model for each part and

apply assembly constraints to create an assembly model of the clamp. All parts are made of steel. The notation
“M10” designates a standard metric screw thread with a 10 mm outer diameter. (You will learn more about this in
a later chapter.)

FIGURE P7.2. Create an assembly model for the screw clamp.
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7.12 problems (continued)

FIGURE P7.4. 

4. Figure P7.4 shows a conceptual model for a garden
hose nozzle in whole, cutaway, and exploded views.
Using reasonable materials and dimensions of your
choice, expand the concept to create solid models of
the individual parts. Using assembly constraints,
create an assembly model of the nozzle.

FIGURE P7.5. 

5. Conceptual sketches (top view, front view, and side
view) for a toggle clamp are shown in Figure P7.5.
Using reasonable materials and dimensions of your
choice, expand the concept to create solid models of
the individual parts. Using assembly constraints,
create an assembly model of the toggle clamp.

3. Figure P7.3 shows a conceptual model for a pen-type
eraser in whole and in cutaway view. Using reason-
able materials and dimensions of your choice,
expand the concept to create solid models of the
individual parts. Using assembly constraints, create
an assembly model of the eraser.

FIGURE P7.3. 
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7.12 problems (continued)

FIGURE P7.7. 

7. Conceptual sketches (top view, front view, and side
view) for a caster are shown in Figure P7.7. Using rea-
sonable materials and dimensions of your choice,
expand the concept to create solid models of the
individual parts. Using assembly constraints, create
an assembly model of the caster.

8. Conceptual sketches (top view, front view, and side
view) for a gear puller are shown in Figure P7.8.
Using reasonable materials and dimensions of your
choice, expand the concept to create solid models of
the individual parts. Using assembly constraints,
create an assembly model of the gear puller.

–
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FIGURE P7.8. 

6. Conceptual sketches (top view, front view, and side
view) for a wheelbarrow are shown in Figure P7.6.
Using reasonable materials and dimensions of your
choice, expand the concept to create solid models of
the individual parts. Using assembly constraints,
create an assembly model of the wheelbarrow.

FIGURE P7.6. 
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8-1

Design Analysis

objectives
After completing this chapter, you should be able to
● Explain the importance of analysis in the design process
● Apply the reverse engineering process to a simple device
● Perform a mass properties analysis for a computer-

generated model
● Describe the fundamental principles in performing a Finite

Element Analysis

8
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Reverse Engineering
Reverse engineering is a systematic methodology for analyzing the design of an
existing device or system, either as an approach to study the design or as a prerequisite
for redesign. Reverse engineering essentially is a process used to gain information
about the functionality and sizes of existing design components. For instance, you
might have an idea or a concept concerning a unique addition to an existing product or
system. It would make sense that you first analyze the products or systems already on
the market to see how they work and what features they have that could be used or
improved for the new design. A careful dissection and study of several similar designs
could contribute much toward the new process or design. In industry, the most com-
mon reasons for reverse engineering are these:
■ Existing prototypes are available but no design data, CAD computer files, or

drawings exist.

■ The original manufacturer of the product or part is hesitant, unwilling, or unable
to provide replacement parts for a system in use or the data to reproduce them.

8-2 sectiontwo Modern Design Practice and Tools

I n an earlier chapter, you learned about the stages in the design process and
about the role of the computer in the process. You also learned that some
engineers focus on the design stage, some on the manufacturing stage, and

some on the analysis stage. Most of the computer-based analysis techniques
described in this chapter require a high level of mathematical understanding and
are beyond the scope of this text. In fact, for some analysis techniques, such as the
finite element method, entire books are written on the topic. In this chapter, you
will learn about analysis techniques that are typically found in an introductory
design graphics course. You should understand that many other types of analysis
techniques are available to engineers as they design devices and systems. You will
probably learn about many of these techniques as you make your way through
your engineering curriculum. This chapter introduces three analysis techniques:
reverse engineering, mass properties analysis, and the finite element method.

Analysis is a broad term that involves the study of the behavior of a physical
system under certain imposed conditions. Analysis usually involves quantitative
reasoning and techniques, but it might not. As you learned previously, engineering
analysis characterizes a significant part of the design process, since all design ideas
have to be verified for feasibility. 

Analysis can be conducted in many different ways, but generally an underlying
physical principle (equation) is involved. Although modern analysis is typically
done using special computer programs, conducting an experiment in a laboratory
setting or reverse-engineering a product also is a feasible analysis method. Many
of the numerical analysis techniques are based on advanced-level mathematical
descriptions and are highly computerized. A few numerical techniques are as fol-
lows: structures can be analyzed for stresses and deformations; bodies, for
motion; engines, for temperature distributions; and dynamic systems, for their
vibrations. In performing lab experiments, engineers can determine the strength of
a new design component through tensile testing. Through reverse engineering,
systems and parts can be analyzed for their function and possible modification.
These are just a few of the analysis tools available to engineers as they design
products or infrastructure for the general public.

8.01
introduction

8.02
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■ Old, worn, or broken parts for a system exist for which there are no known data
sources.

■ Existing geometry data needs to be modified to improve a part’s functionality,
dimensionality, or appearance.

It should be noted that reverse engineering is a legitimate activity in industry and
is not the same as industrial espionage. Determining “how something works” is not
stealing someone’s ideas and manufacturing counterfeit products. Indeed, some engi-
neering companies offer reverse engineering services using sophisticated measuring
systems.

Reverse engineering is a technique within the practice of engineering design that
can be useful in several ways. Reverse engineering can save time because there is no need
to “reinvent the wheel” when you can start from existing geometric data. The reverse
engineering technique also can help an engineer develop a systematic approach to
thinking about and improving the design of devices and systems. Seeing and holding
the existing parts, noting their dimensions, and understanding their mating relation-
ships improve an engineer’s design and visualization abilities. By repeated practice of
the reverse engineering process, you can gradually acquire a mental data bank of many
design solutions for use in future products.

Reverse engineering is sometimes called mechanical dissection because it involves
taking apart, or dissecting, a mechanical system. As you dissect the system, you carefully
sketch the parts and show how they fit and work together so the system can be reassem-
bled at a later date. You also need to measure all of the features on each part carefully
during the dissection process so you can create solid models of them at a later time. Since
accurate measurements are a significant part of the reverse engineering process, this
chapter will discuss some of the more common measurement tools available. In engineer-
ing, the practice of measuring parts is called metrology.

Metrology Tools for Reverse Engineering
Reverse engineering is essentially a measurement and documentation process. As you
take systems apart, you document how the parts work together and measure the sizes of
the features of the parts. Tools used to do this measuring vary from simple handheld
devices to the most sophisticated computer-driven machines. Accuracy will usually be a
direct function of the cost of the metrology device, with less expensive tools providing
less accurate measurements. Traditional inexpensive engineering scales or a ruler
can be used for linear measurements with 0.25 mm “eyeball” accuracy; however, this is
not always accurate enough for reverse engineering purposes. The following sections
outline some common reverse engineering metrology tools.

8.03.01 Handheld Calipers
Other than engineering scales or rulers, the most economical tool for reverse engineer-
ing is a handheld caliper. Fairly accurate measurements can be obtained using a set of
calipers such as those shown in Figure 8.01. With calipers such as these, the jaw, shown
on the left, expands to fit around the part being measured. The distance between the
flat surfaces of the caliper—and thus the distance you are trying to measure—can be
determined by reading the scale on the long side of the device in combination with the
digital readout. Calipers also can be used to determine the inside diameters of holes
and other features through use of the opposite ends of the jaws. Typical calibers have a
jaw-gap range of up to 100 mm, with a resolution accuracy of 0.025 to 0.010 mm. The
numerical readout of calipers can be either a dial gauge needle or a digital LCD display,
and they come in both English and metric units.
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8.03
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8.03.02 Coordinate Measuring Machine (CMM)
Coordinate measuring machines, such as the one shown in Figure 8.02, use a
probe to touch the part. The computer system built into the probe senses the x-, y-, and
z-coordinates of the location of the probe and records that information into memory.
The probe then lifts and touches the next point on the part, once again recording 
the coordinates of the endpoint of the probe. The system repeats the process until the
whole part has been systematically scanned. This process is sometimes called digitizing
the model since it converts the 3-D continuous part geometry to digital data. The
points determined by the probe can then be used to build a 3-D computer model of 
the part. High-density scans, where the probe moves a small distance each time, may
take a long time; but the result is a data set with accuracy in the 0.001-mm range. Typical
volume capacities (measurement space) for CMM systems are 0.6 m x 0.6 m x 0.6 m and
larger, with larger volumes greatly increasing the cost of the system.

8.03.03 3-D Laser Scanner
Laser scanning systems use a laser projector and cameras to determine part dimen-
sional coordinates to a high degree of accuracy. During a scan, the projector shines a
series of white-light stripes on the object. The two cameras pick up the light and use the
principle of triangulation to determine the point’s x-, y-, and z-coordinates. As many as
1.3 million coordinate points can be obtained in one scan session in less than 24 hours
with an accuracy of 0.025 mm per point. Similar to working with a CMM system, the
points can then be downloaded to a CAD system for solid modeling creation. A two-
camera laser scanning system is shown in Figure 8.03. Due to the high cost of both
CMM and laser scanning systems, you will likely be using rulers, scales, and calipers for
any mechanical dissection projects you are involved in at the university.
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FIGURE 8.01. Handheld calipers.

FIGURE 8.02. A single probe coordinate
measuring machine. Courtesy Hexagon
Metrology, Inc.
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The Reverse Engineering Process
Like many technical activities, reverse engineering can be viewed as a process. In the
following sections, the reverse engineering process is illustrated through a simple
example—a common kitchen scale such as the one shown in Figure 8.04.

8.04.01 Defining the Reverse Engineering Project
Just like design projects, the first step in a reverse engineering project is to clearly define
the project and determine the relevant factors and parameters. Careful planning of the
project begins with assessing the customer needs and the engineering specifications.
The overall functionality of the system, such as input and output relationships, also
must be defined. Finally, subsystems and individual components should be estimated
and outlined, perhaps through the use of a product dissection approach. After you
have determined the relevant parameters and factors, you should summarize your find-
ings in a problem statement so you have a clear picture of the reverse engineering proj-
ect—what you hope to discover and what you hope to show. If your goal is to make
improvements to a product, you should include that goal in the problem statement.

The problem statement can be in narrative or bulleted format, but you may find it
easier to list the items rather than write a narrative statement. The problem statement
should include a clear definition of the project/problem, a look at what a customer
might be expecting in the product, a view of what an engineer will have to consider, as
well as a definition of how the product must function. Figure 8.05 illustrates a problem
statement for the kitchen scale project.

chapter 8 Design Analysis 8-5

FIGURE 8.03. A handheld 3-D laser scanner used to extract geometry. Courtesy of Z Corporation

8.04

FIGURE 8.04. A kitchen scale.
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The Small Kitchen Scale

The Problem Statement

The Kitchen Scale is a useful device to measure out small amounts of food that are to be 

prepared. There are many people who need to be careful of the quantity of food that they 

take in. Diabetics must be careful of the amount of certain foods that they eat in order to 

maintain a proper blood sugar level. People on weight loss diets must also be careful with 

the number of calories that they consume at every meal. The Kitchen Scale is a device 

that can help to control the amount of food consumed by an individual.

Customer’s Perspective

Some of the things that the customer might look for in a kitchen scale are the cost of the 

item and its appearance. Some other factors he/she would be concerned about would be 

how sturdy the device is, the accuracy of the weighing process, and its size. The customer 

may even ask if he/she is getting quality for the price.

Engineer’s Perspective

The engineer has a totally different perspective from which she operates. The engineer

will be looking at things like the material that the object is made of, the mechanisms that 

are required, the strength of the materials used, etc. In relation to the kitchen scale: Is the 

riveting process of the plate to the stem adequate? Are the materials used strong enough 

to hold 1 pound of weight? Does the scale have any sharp edges that could cause injury? 

What mechanism is necessary to give an accurate reading on the scale?

Functional Requirements

The kitchen scale must be able to accommodate 1 pound of food.

The plate must be large enough to hold 1 pound of food.

The stem must be strong enough to support the plate and the food.

The linkage must be designed so that the reading is accurate to the nearest .5 ounce.

The read-out must be easily read.

The design must lend itself for easy cleaning and sanitizing.

FIGURE 8.05. A problem statement for the kitchen scale reverse engineering project.
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As part of this initial stage in the reverse engineering project, you may find it help-
ful to create a black box diagram. With a black box diagram, you specify the overall
inputs and outputs on the system, ignoring the inner workings of the device.
Sometimes this black box diagram is referred to as the “view from 10,000 feet.” A black
box diagram of the small kitchen scale is shown in Figure 8.06.

At this time, you also might want to develop a sketch of the device for reference
later. Figure 8.07 shows a sketch of the kitchen scale.

8.04.02 Dissecting a System
Once the preliminary examination of the project is completed, the problem statement
is completed, and the black box diagram has been created, it is time to dissect the
device. As you take apart the device, you need to document how the mechanism was
dissected. Write down detailed notes for every step in the dissection process, because
you may need the directions to reassemble the device at a later date. Figure 8.08 shows
the dissection notes obtained as the kitchen scale is dissected. As part of the documen-
tation of the dissection, you also should create a fishbone diagram. A fishbone
diagram shows each of the subassemblies as a major “stem” from the “backbone” with

BLACK BOX

Weight on
Platform

INPUTS

Readout
Indicator

OUTPUTS

BLACK BOX DIAGRAM
(Example: Small Kitchen Scale)

FIGURE 8.06. A black box diagram for the small kitchen scale.

FIGURE 8.07. A sketch of the kitchen scale.
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Dissection Notes for a Small Kitchen Scale

1. Remove the small Phillips-Head screw from the bottom of
 the scale.
2. Remove the cover plate from the bottom of the scale.
3. Remove the small brass knurled nut located under the
 weighing plate.
4. Release the spring from the lower end of the metal stem
 inside the scale, and remove the spring and threaded stem
 subassembly.
5. The four-bar linkage will now release from the back wall of
 the scale body.
6. Gently remove the metal stem from the plastic four-bar
 linkage.
7. The weighing plate and the stem can now be removed from
 the scale.
8. The read-out scale can now be removed from the front of the
 scale body. 
9. If deemed necessary, the four-bar linkage can be taken
 apart and the spring can be removed from the threaded
 shaft.

FIGURE 8.08. Dissection notes.

Kitchen
Scale

Platform

Top Plate

Rivets

Stem

Spring

Nut

Threaded Pin

Housing

Cover

Readout Screw

Bottom

Link 1

Link 3

Link 2

Four-Bar
Mechanism

Spring
Mechanism

FIGURE 8.09. A fishbone diagram for the dissection of the kitchen scale.

all of the individual parts within a subassembly shown as branches from the correspon-
ding stem. Figure 8.09 shows a fishbone diagram for the kitchen scale. Notice that for
this diagram, four major subassemblies are identified: the housing, the platform, the
four-bar mechanism, and the spring mechanism.

You also should sketch the subassemblies as you take them apart so you can refer to
them later as needed. Figure 8.10 shows a sketch of the housing subassembly; Figure 8.11
shows the platform and spring mechanism subassemblies; Figure 8.12 shows the sketch
of the four-bar linkage for the kitchen scale. It may not seem important to document
each small step of dissection on a simple product; however, on a more complicated mech-
anism, it is essential to document each step for reassembly at a later time.
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FIGURE 8.10. A sketch of a housing subassembly.

FIGURE 8.11. A sketch of platform and spring subassemblies.
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8.04.03 Obtaining Part Sizes
Through the use of metrology equipment, the individual parts are now studied for size,
shape, and position data, which is usually done with simple handheld devices such as a
set of scales or calipers. Or you can use more accurate and sophisticated measurement
systems such as a coordinate measuring machine if you have one available or if greater
accuracy is needed.

Sometimes this dimensional data can be written down in a set of notes or in an inspec-
tion report. Making sketches of the part and applying dimensions directly to the sketch
also can be used to document the part. Note that the assembly sketches you made in the
previous step may not be suitable for this part of the exercise, since they are essentially
assembly pictorials. You may need to make new sketches of individual parts for this step.

8.04.04 Developing a 3-D CAD Model
Some believe that the most important phase of the reverse engineering process is to
obtain an accurate 3-D computer model of the devices being dissected. You have
learned about 3-D solid modeling and assembly modeling in previous chapters of this
text. To create accurate 3-D solid models, you may need to refine the CAD data once
the preliminary model is completed, adjusting the data as needed. If you used a coordi-
nate measuring machine for the part measurements, the computer system might be
able to download the data automatically to a CAD file and create the parts for you. If
not, you will need to build the 3-D CAD parts and systems individually using the avail-
able software commands. Figure 8.13 shows a CAD model of the kitchen scale. In this
figure, the front plate of the model is not shown, exposing the interior of the assembly.
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FIGURE 8.12. A sketch of a four-bar linkage subassembly.
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FIGURE 8.13. A computer
model of the kitchen scale
assembly.
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FIGURE 8.14. An engineering drawing of the kitchen scale body.

Once you have created each of the 3-D CAD models, you can generate engineering
drawings from them. These drawings will contain dimensions and could be used by a
machinist to create the part. Figure 8.14 shows an engineering drawing of the kitchen
scale body that was created from its 3-D CAD model. You will learn more about engi-
neering drawings and the machining process in later chapters of this text.
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8.04.05 Considering Potential Redesign
Since one purpose of the reverse engineering process is to study an existing design and
suggest improvements to it, the final task of the dissection project should be to con-
sider potential modifications to the product. During your thorough study of the
design, some weaknesses may have become apparent. For example, the hole on the top
of the body of the kitchen scale may be too large, causing the stem and weighing plate
to be unstable. For the model studied here, the weighing plate and the stem are made of
stamped metal and have relatively sharp edges. A different process of manufacturing or
a different selection of materials might be desirable. The materials used in the spring
may be prone to creep, meaning that the springs “stretch out” slightly but permanently
with repeated use and thus will not accurately weigh food over the long term. You also
may decide that the capacity of the scale should be increased from 0.5 kg to 1 kg. Some
of these modifications would require that the entire system be redesigned; other modi-
fications would merely require a different specification for materials. In any case, if you
are asked to suggest design modifications for the product you dissected, you should
outline them in a memo or report, including new drawings or 3-D CAD models as
needed to illustrate your new product.

Geometric Properties Analysis
In the preceding sections of this chapter, you learned about one type of analysis—
reverse engineering. Although 3-D CAD played a role in the reverse engineering
process, solid modeling was not an absolute necessity in performing reverse engineer-
ing. You could have stopped with the creation of sketches and drawings of the physical
parts in the device and not created 3-D CAD models. Your analysis of the device would
have been complete at that time. For the remainder of this chapter, you will learn about
two types of analysis for which 3-D CAD modeling is absolutely essential. For these
analysis activities, the basis for the analysis is a 3-D solid model. In other words, to per-
form the analysis, you must create the solid model and then proceed from there.

The physical properties of a part can be computed about any set of axes—the
global, the local, or some other set of user-defined axes. Properties can be input by
material type for computational purposes. For example, in specifying that a given part
is composed of steel, the software will automatically use the standard density of steel in
its calculation of physical properties.

In some instances, you may want to compute the physical properties of your 3-D
models. For example, you may want to minimize an object’s volume or weight. Or you may
need to know where a system’s center-of-mass is so you can increase the device’s stabil-
ity. If you check the physical properties of the object as you make changes to it, you should
be able to optimize your design through an iterative process. The types of physical proper-
ties that are typically calculated from a 3-D part definition include the surface area,
volume, mass, density, and center-of-mass. Distances and dimensions on the parts also can
be measured or computed. In addition, inertial properties (such as radii-of-gyration,
moments-of-inertia, principal-axes of rotation, and products-of-inertia) also can be cal-
culated from the models. You learn more about these types of properties in courses such as
Statics and Dynamics; but for now, you merely need to understand that these are calcu-
lated from the geometry, mass, and mass distribution of the part.
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8.05.01 Measurement Analysis
With measurement analysis, you can determine the dimensions and other geometric
parameters of a CAD model. Most modern 3-D modeling software can display the
dimensions of the object one way or the other, especially the dimensions you input to
create the model. In addition, the software can compute dimensions that are not
shown. For example, most software has a Measure function that can be applied to a 
2-D sketch or to a 3-D solid model. When using this type of command in the software,
you query the solid model on-screen and the software returns the value you desire.
■ Measure Point: This command returns the coordinates (x-, y-, and z-) of a specific

point on a sketch or model. Usually, this point has to be a pickable point, such as
a corner or circle center. You could, however, interpolate between two pickable
points to return the coordinates of a point that is halfway between two defined
points. Figure 8.15a illustrates the Measure Point command.

■ Measure Line Length: This measure command returns the length of a line, as shown
in Figure 8.15b. The line can but does not have to be a specific edge on the model.
In other words, the software can be used to determine the distance between two
points on the model.

■ Measure Line Distance: This measure command returns the shortest (perpendicular)
distance between a line and another identified entity, such as a point. The Measure
Line Distance command is illustrated in Figure 8.15c.

■ Measure Circle: This measure command returns the center and diameter of a circle,
such as a hole diameter. Figure 8.15d illustrates the use of the Measure Circle
command.

■ Measure Arc: The Measure Arc command returns the center and radius of an arc, as
shown in Figure 8.15e.

■ Measure Surface: Measure Surface returns the area of a specified surface and the
length of the perimeter surrounding that surface. This command is illustrated in
Figure 8.15f.

8.05.02 Mass Properties Analysis
Mass properties are the static properties of a solid body. Mass properties depend on two
things: the geometry of the part and its density, where density is defined as the mass
per unit volume. Table 8.01 includes the fundamental mass properties that can typically
be computed with 3-D CAD software. Your computer system may include other proper-
ties; however, the properties provided here are the “basics.” For now, you may not under-
stand all of the terminology found in the table; you will likely learn about some of these
mass properties in more advanced-level engineering and science courses.

The mass properties of an object are related to one another through various for-
mulas. For example, the density is the mass divided by the volume. Likewise, the radius-
of-gyration about a given axis is derived directly from the object’s moment-of-inertia
about that same axis. For most CAD systems, densities of standard materials are inter-
nally stored and are available for assignment to the parts you create. So for an assembly
model, you could assign some parts to be made from steel, others from aluminum, and
still others from plastic. The software would automatically insert the correct density
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FIGURE 8.15. Various measure commands. 

(c) (d)

(e) (f)

(a) (b)
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value in its calculations. After computing the volume of the object, the software would
simply multiply the volume by the density and return the object’s mass for your further
calculations.

Many engineering calculations require data on mass properties of the component parts
of the mechanical system for further analysis. The data required might include the mass,
the centroid, moments-of-inertia, products-of-inertia, or radii-of-gyration. The moments-
of-inertia, products-of-inertia, or radii-of-gyration may be calculated for any set of axes of
rotation. The most commonly used sets of axes for these calculations are either the
Cartesian axes (standard x-, y-, or z-axes) or the centroidal axes, with the centroidal axes
being the preferred set for this type of calculation. The origin of the centroidal axes is
located at the centroid of the object and is the “mass center” of the object. For simple
objects such as a sphere, the centroid coincides with the exact center of the sphere. For 
an object such as a cube, the centroid would be at a point in the cube’s interior that is
halfway between all six surfaces that make up the cube. For more complex objects, the
software can compute the exact centroid (and the various inertial properties) for you.

PROPERTY DEFINITION

DENSITY DENSITY IS THE WEIGHT PER UNIT VOLUME FOR THE MATERIAL
FROM WHICH THE PART IS MADE.

MASS THE MASS OF A BODY IS THE MEASURE OF THE BODY’S
PROPERTY TO RESIST CHANGE IN ITS STEADY MOTION.THE
MASS DEPENDS ON THE VOLUME OF THE BODY AND THE
DENSITY OF THE MATERIAL FROM WHICH THE BODY IS MADE.

VOLUME THE VOLUME OF A BODY IS THE TOTAL VOLUME OF SPACE
ENCLOSED BY THE BODY’S BOUNDARY SURFACES.

SURFACE AREA THE SURFACE AREA IS THE TOTAL AREA OF THE BOUNDARY
SURFACES DEFINING THE SOLID.

CENTER-OF-MASS OR CENTROID CENTER-OF-MASS (OR CENTROID) OF A VOLUME IS THE ORIGIN
OF COORDINATE AXES FOR WHICH FIRST MOMENTS ARE ZERO.
IT IS CONSIDERED THE CENTER OF A VOLUME. FOR A PARALLEL
GRAVITY FIELD,THE CENTER OF GRAVITY COINCIDES WITH THE
CENTROID.

PRINCIPAL AXES-OF-INERTIA PRINCIPAL MOMENTS-OF-INERTIA ARE EXTREME (MAXIMAL,
AND PRINCIPAL MINIMAL) MOMENTS OF INERTIA FOR A BODY.THEY ARE
MOMENTS-OF-INERTIA ASSOCIATED WITH PRINCIPAL AXES-OF-INERTIA THAT HAVE

THEIR ORIGIN AT THE CENTROID, AND THE DIRECTION OF EACH
IS USUALLY GIVEN BY THE THREE UNIT VECTOR COMPONENTS.

MOMENTS-OF-INERTIA A MOMENT-OF-INERTIA IS THE SECOND MOMENT OF MASS 
OF A BODY RELATIVE TO AN AXIS, USUALLY X-,Y-, OR Z-. IT IS A
MEASURE OF THE BODY’S PROPERTY TO RESIST CHANGE IN ITS
STEADY ROTATION ABOUT THE AXIS. IT DEPENDS ON THE
BODY’S MASS AND ITS DISTRIBUTION AROUND THE AXIS.

RADIUS-OF-GYRATION THE RADIUS-OF-GYRATION IS THE DISTANCE FROM THE AXIS OF
INTEREST WHERE ALL OF THE MASS CAN BE CONCENTRATED
WHILE STILL YIELDING THE SAME MOMENT-OF-INERTIA.

TABLE 8.01. Mass Properties of
a Solid Body.
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As stated previously, you will learn about most of these mass properties in other
engineering courses; but consider just one example now. To spin a wheel about an axis,
you have to apply a moment or torque to it. The level of resistance of the wheel to rotate
faster and faster under the action of the moment is governed by its moment-of-inertia.
If the moment-of-inertia is large, the wheel will require a higher torque to accelerate to
a desired rotation rate; conversely, if the moment-of-inertia is small, the wheel will eas-
ily accelerate to the same rotation rate with a smaller torque applied to it. In essence,
the moment-of-inertia is the weight of the mass multiplied by a distance the mass is
away from the rotation axis. Thus, a wheel with a large diameter will be harder to accel-
erate to a desired rotation rate than a wheel with a small diameter. 

Moments-of-inertia are easily computed for standard shapes by simple formulae;
however, most objects are not made up of simple shapes and the computer is an effective
tool for computing moments-of-inertia for complex shapes. The computer software
determines an object’s moment-of-inertia by dividing the body into small pieces. The
software then multiplies the mass of each piece by the distance the small piece is away
from the axis of interest. Adding up all of the individual moments-of-inertia, you obtain
the moment-of-inertia for the entire body. An example of this procedure is shown in
Figure 8.16. In this figure, a solid model of a cam wheel is shown in 8.16a and the wheel
has been subdivided into small pieces in Figure 8.16b. The moment-of-inertia of each
small piece (one of which is shown in Figure 8.16c) is calculated by multiplying the mass
of the piece by the distance from the axis; in this case, rx. Summing all of the individual
moments-of-inertia from each piece produces the overall moment-of-inertia for the cam
wheel. You should realize that trying to calculate by hand the moment-of-inertia about X
for the cam wheel would be a tedious, painstaking, and error-prone procedure. With the
use of computer software tools, quantities such as the moment-of-inertia can be calculated
easily with a few mouse clicks, provided you already created the solid model of the part.

To see how an engineer might use a property such as a moment-of-inertia in the
design process, consider the two flutter plates shown in Figure 8.17 and Figure 8.18 (A
and B). The mass properties for design A are given in Table 8.02, and the mass proper-
ties of design B are given in Table 8.03. 
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FIGURE 8.16. Numerical
computation of the 
moment-of-inertia.

FIGURE 8.17. Flutter plate design A.
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TABLE 8.02. Mass Properties of Flutter Plate A.

DENSITY = 0.10 POUNDS PER CUBIC INCH

MASS = 2.58 POUNDS

VOLUME = 26.46 CUBIC INCHES

SURFACE AREA = 99.72 SQUARE INCHES

CENTER-OF-MASS: (INCHES)

X = 0.00

Y = -0.01

Z = 0.00

PRINCIPAL AXES-OF-INERTIA AND PRINCIPAL MOMENTS-OF-INERTIA: (POUNDS * SQUARE INCHES) TAKEN 
AT THE CENTER-OF-MASS

IX = (1.00, 0.00, 0.00)  PX = 2.68

IY = (0.00, 0.00, -1.00)  PY = 15.62

IZ = (0.00, 1.00, 0.00)  PZ = 16.26

MOMENTS-OF-INERTIA: (POUNDS * SQUARE INCHES) TAKEN AT THE CENTER-OF-MASS AND ALIGNED 
WITH THE OUTPUT COORDINATE SYSTEM

LXX = 2.68 LXY = 0.00 LXZ = 0.00

LYX = 0.00 LYY = 16.26 LYZ = 0.00

LZX = 0.00 LZY = 0.00 LZZ = 15.62

MOMENTS-OF-INERTIA: (POUNDS * SQUARE INCHES) TAKEN AT THE OUTPUT COORDINATE SYSTEM

IXX = 2.68 IXY = 0.00 IXZ = 0.00

IYX = 0.00 IYY = 16.26 IYZ = 0.00

IZX = 0.00 IZY = 0.00 IZZ = 15.62

FIGURE 8.18. Flutter plate design B.
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TABLE 8.03. Mass Properties of
Flutter Plate B.

DENSITY = 0.10 POUNDS PER CUBIC INCH

MASS = 3.66 POUNDS

VOLUME = 37.51 CUBIC INCHES

SURFACE AREA = 115.29 SQUARE INCHES

CENTER-OF-MASS: (INCHES)

X = 0.00

Y = -0.01

Z = 0.00

PRINCIPAL AXES-OF-INERTIA AND PRINCIPAL MOMENTS-OF-INERTIA: (POUNDS * SQUARE INCHES) TAKEN 
AT THE CENTER-OF-MASS

IX = (1.00, 0.00, 0.00)  PX = 3.74

IY = (0.00, 0.00, -1.00)  PY = 27.81

IZ = (0.00, 1.00, 0.00)  PZ = 28.86

MOMENTS-OF-INERTIA: (POUNDS * SQUARE INCHES) TAKEN AT THE CENTER-OF-MASS AND ALIGNED 
WITH THE OUTPUT COORDINATE SYSTEM

LXX = 3.74 LXY = 0.00 LXZ = 0.00

LYX = 0.00 LYY = 28.86 LYZ = 0.00

LZX = 0.00 LZY = 0.00 LZZ = 27.81

MOMENTS-OF-INERTIA: (POUNDS * SQUARE INCHES) TAKEN AT THE OUTPUT COORDINATE SYSTEM

IXX = 3.74 IXY = 0.00 IXZ = 0.00

IYX = 0.00 IYY = 28.86 IYZ = 0.00

IZX = 0.00 IZY = 0.00 IZZ = 27.81

The primary motion of the flutter plate is rotation about the given z-axis. In this
case, the thickness of the arm plates is the key difference in the two designs, with a
larger thickness used for design B. A check of the moment-of-inertia about the z-axis
(Izz) for design A has a value of 15.62 lbs-in2, and the moment-of-inertia about the 
z-axis for design B has a value of 27.81 lbs-in2. This means that design B would require
more torque to accelerate the flutter plate to a desired rotation rate, making A the bet-
ter choice if required torque were the only design consideration. In some cases, how-
ever, a strength requirement for the flutter plate arms might supersede the torque
requirement; and design B, with its thicker and thus stronger arms, might be the better
choice overall.

Mass properties analysis offers fast insight into the performance of a design con-
cept without requiring significant additional effort. Once you have created the CAD
model, you can obtain the mass properties with a few simple mouse clicks. Hence, com-
puting mass properties is an initial design analysis tool that allows you to identify pos-
sibilities that can be ruled out or possibilities that require further exploration. More
advanced analysis tools, such as the finite element method described in the next sec-
tion of this chapter, require more sophisticated input parameters and take more time
to complete, but they also yield a better in-depth insight into the mechanical behavior
of the designed object.

Finite Element Analysis
Finite Element Analysis (FEA) is an advanced design analysis technique that has
been made possible through the development of sophisticated 3-D CAD solid model-
ing tools. In engineering practice, there are some cases where desired quantities can be

8.06
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calculated by simple mathematical expressions. For example, for a simple circular rod
that is pulled on either end, the stress in the member can be computed as the pulling
force applied to the end of the shaft divided by the cross-sectional area of the member.
Armed with knowledge of the physical properties of the rod’s material, an engineer can
calculate whether the stress applied to the rod is too large, resulting in permanent
deformation. Design changes can then be made to reduce the stress in the rod if
desired. One simple method for reducing the stress is to increase the cross-sectional
area of the rod.

Unfortunately, most real-life objects are not simple circular rods and the determi-
nation of stresses within these objects is a complicated process. Thus, determining
whether an object will be permanently deformed through applied loads would be a
nearly impossible proposition without the use of tools such as FEA. For complex
objects, engineers can still model their behavior mathematically under various loading
conditions; however, for these objects, the equations are virtually impossible to solve
using simple mathematics. In these cases, the behavior of the object is governed by a set
of differential equations for which no simple solution exists. Similar to the way the
computer solved for the moment-of-inertia of a complex object, the FEA method is
founded on dividing the part into small pieces, which are together called a mesh. The
governing differential equation can be easily solved for each of these individual pieces,
called elements. The results are then compiled by the computer across all of the ele-
ments to produce an accurate picture of the stresses throughout the object.

In essence, FEA is in the category of engineering analysis tools that apply computa-
tional approximations to classic field problems. By dividing an object into small ele-
ments, solving for stresses within the individual elements, and then compiling the
results across the entire object, you have obtained an approximate solution to the prob-
lem. Generally speaking, this approximate solution is “close enough.” In fact, since an
exact solution is virtually impossible to achieve, the FEA approximation is far better
than no solution at all. The types of field problems for which the FEA method is a
viable analysis technique are presented in the following paragraphs.

Mechanical stress and displacement fields. Objects that are subjected to loads experience
mechanical stresses. On a microscopic level, these stresses tend to pull molecules
apart or push them closer together. A shear stress, for example, tries to slide molecules 
apart in a motion similar to when you slide your hands against each other. The stresses
experienced by an object will result in slight changes in shape as the molecules move
relative to one another. If you are pulling on an object, it will tend to elongate or
stretch. If you are pushing on the object, it will compress or squash together. If you are
applying a shear stress to the object, it will shear and become distorted. The FEA
method can be used to solve for all of these types of stresses and deformations for
objects subjected to various types of loads.

Figure 8.19 shows the stresses experienced by a simple cantilever beam that has
been loaded by pushing down on one end. In this case, the lower stresses are found at
the end of the beam where the load is applied, with higher stresses found at the end of
the beam where it is attached to the wall.

Fluid flow and pressure fields. Another application of the finite element method is in
the computation of fluid flow and pressure fields, and one of the primary uses is in
analyzing airflow. (In engineering analysis, air is considered to be a fluid.) This type of
analysis is used to compute the airflow around airplane wings, enabling engineers to
design bigger and better jets that can develop sufficient lift with bigger payloads. Air
pressure fields also can be determined through this type of analysis. Figure 8.20 shows
the movement of particles suspended in a moving fluid. The particles, for example,
could be blood cells or nano-particles in a blood vessel. By predicting and altering the
way the fluid flows, or altering the geometry of the particles, a desired motion of the
particles can be produced. 

Thermal flow and temperature fields. Another class of problems that can be solved
using the finite element method is the computation of thermal flow and temperature
fields. For a satellite system, one side of the system is typically exposed to the sun

chapter 8 Design Analysis 8-19
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FIGURE 8.19. Stress analysis of a cantilever beam.

FIGURE 8.20. Particle motion is a moving flow field. Courtesy of Tarek Zohdi, University of
California.
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and the other is not. As you can imagine, the side exposed to the sun is much warmer than
the other side. It is important to determine how the temperature flows from one side to
the other, because temperature may affect the performance of the satellite. For example,
large variations in temperature can cause thermal stresses, because the warmer side
expands and the colder side contracts. If the stresses are too large, permanent deformation
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or even fracture can result. Figure 8.21 shows a spindle motor for a disk drive that has
been analyzed for its temperature distribution. 

Electromagnetic fields. When electricity flows through wire, an electromagnetic field is
created. Electromagnetic fields are also a significant consideration in the design of anten-
nas. The size and shape of the electromagnetic field depends on the type of antenna used.
If the steel in the body of the automobile interferes with the electromagnetic field from
the antenna, radio reception will be poor and owners will not be satisfied with their cars.
Due to poor electromagnetic performance, the simple vertical mast antenna has been
virtually eliminated in new car models—new antennas are more sophisticated and are less
likely to have poor performance issues.

The finite element method can be used to solve for electromagnetic fields so 
that antennas for automobiles can be optimized. Figure 8.22 shows the output from a
finite element model that was used to determine an electromagnetic field for a linear
step-motor.

chapter 8 Design Analysis 8-21

FIGURE 8.21. Thermal analysis of the inside of a disk drive spindle motor.
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The key to successful numerical solution of engineering field problems is the divi-
sion of the solid volume into small, finite-sized elements. The process of subdividing the
solid into elements is referred to as meshing. In general, the smaller the elements, the
more accurate the solution; however, if the elements are too small, you may introduce
error into your model due to computational approximations. Further, smaller element
sizes mean more elements and computation time will significantly increase. Element
sizes should be reduced wherever there is curvature in the model to compute desired
quantities accurately in those regions. In general, you can use larger elements in areas
where stresses are relatively static and you need small elements in areas where the
stresses are rapidly changing. Knowing what sizes to use for elements will take practice.

Fortunately, most of the tedium in meshing has been eliminated or greatly reduced
with modern FEA software applications. In most cases, you merely specify a nominal
element size and the software will automatically create the elements for you; the soft-
ware also will automatically reduce the element sizes when it encounters curved
regions. As you gain experience with the finite element method, you will get a better feel
for reasonable nominal element sizes; but for now, you should rely on your instructor
to provide insight into the modeling procedure. Figure 8.23 shows a simple part for
which a finite element mesh has been created.

In the FEA meshing scheme, the finite elements are connected through their edges
and nodal points. It is at these nodal points and along the element edges that the
boundary conditions are specified. In the case of stress analysis, boundary condi-
tions might be forces or defined displacements; for thermal analysis, boundary condi-
tions might be input as a temperature. In the case of objects subjected to external
forces, you must fix some of the nodal points in space so the object is not able to move
at those points. 

During the analysis, each finite element is treated as a simple solid body with limited
properties, interacting with its surrounding region only through the nodal points and
element edges. Although this approximation seems very rough, proper selection of the
element properties and sizes will ensure an accurate solution to the problem. When 
the analysis results are displayed, deformations are usually given to an enlarged scale and
colored contours are used to show the stress distribution, as shown in Figure 8.24.
Thermal gradients and fluid pressure fields also can be shown as colored contours on the
output plots.
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FIGURE 8.22. Electromagnetic analysis of a linear step-motor.
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FIGURE 8.23. A finite element mesh applied to a
3-D CAD model.

FIGURE 8.24. Stress distribution contours obtained 
through FEA.

The Finite Element Analysis Process
The following example details a step-by-step approach toward the use of FEA in solving
an engineering problem. This example introduces the power of the FEA technique in
solving numerical problems and illustrates that it is possible to solve problems such as
these with a limited mathematical background. However, it is important to realize that
in engineering practice, you should not perform this type of analysis without a proper
mathematical foundation. Solving complex problems without a thorough understand-
ing of the scientific and mathematical principles involved could lead to significant mis-
takes, sometimes having catastrophic results.

8.07.01 Creating the Model Geometry
The first step in the process is to create the model geometry—you cannot perform an
analysis unless there are objects or systems to analyze. For this example, you will con-
sider a pillow block and a shaft positioned at its center. Figure 8.25 shows a solid model
of the pillow block, and Figure 8.26 shows the solid model of the shaft. As you create
the parts, make sure you input the correct material characteristics so the software will
use the appropriate material properties as it solves for stresses and displacements.

After the two parts are created, an assembly model is defined in which the shaft is
centered in the hole of the pillow block. The assembly will look like the model in
Figure 8.27.

The complete analysis of the pillow block could be a complex procedure, since
analysis of the pillow block might have to include the effects of the rotating shaft on
the pillow block or the thermal stresses developed in the assembly. For this example,
only a simple static analysis of the pillow block will be carried out.

8.07
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FIGURE 8.25. A solid model of a pillow block. FIGURE 8.26. A solid model of a shaft.

FIGURE 8.27. A pillow block assembly.

8.07.02 Applying Constraints
If a body is subjected to an external force, it will move unless it is constrained. Imagine
an eraser sitting on your desk as you read this book. If you push the eraser, it will
merely slide across the desk until you stop pushing it. If, however, you hold the eraser
in place with one hand while pushing with the other hand, it will deform in response to
the applied force. For a finite element study, your object or assembly must be fixed in
space. If you do not constrain the object, it will merely translate in space. Stresses and
displacements will develop in response to the combination of forces and
constraints. For the pillow block assembly under consideration here, you can imagine
that it is sitting on a flat surface. As you push the shaft downward, the flat surface
resists the force, preventing the assembly from moving in that direction. Therefore,
putting constraints along the bottom surface, fixing that surface in space, would realis-
tically model the assembly. Figure 8.28 shows constraints applied to the pillow block
assembly that fix these points in space, mimicking the action of the flat surface on
which the assembly rests.
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8.07.03 Applying Loads
After the constraints are specified, loads (in the form of forces, pressures, and/or
torques) can be applied. For this example, forces applied to the ends of the shaft will
test the integrity of the pillow block. The forces could be applied in any direction—in a
direction parallel to the axis of the shaft or in a direction perpendicular to the axis.
Alternatively, a torque could be applied to twist the shaft and produce shearing stresses
in it. If you wanted to apply a torque to the shaft, you would have to make sure that the
shaft was constrained from rotating within the pillow block hole; otherwise, the shaft
would merely spin in the hole and no stresses would be generated. For this example, the
force will be applied downward perpendicular to the axis of the shaft, as shown in
Figure 8.29.
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FIGURE 8.28. The pillow block assembly with restraints applied.

FIGURE 8.29. The pillow block assembly with applied forces.
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8.07.04 Meshing
The final preparatory step before the model can be submitted for analysis is to create the
mesh. The nominal mesh size is carefully chosen to minimize computation time with-
out compromising accuracy. Most modern-day software will automatically generate the
mesh for you; and at the end of the meshing process, your model will look similar to that
shown in Figure 8.30. For some software, you may have to mesh the objects before you
apply the constraints and loads, because the boundary conditions can be applied only to
existing nodes and element edges.

8.07.05 Computing the Results
The finite element solver computes various quantities for the model based on the
boundary conditions—constraints and loads—that you applied. For stress analysis,
the two primary quantities of interest are the stresses and displacements. Other
quantities can be computed, such as strains; but since strains are directly related to
stresses, they are of secondary importance in the analysis. After the analysis is com-
plete, the results are retained in the computer’s memory. The results can be accessed
and displayed in various ways as you investigate the model performance.

8.07.06 Investigating the Results
At this point, the software has all needed calculations and you can display the results.
Figure 8.31 shows the von Mises stress (or a combined stress) distribution. An explana-
tion of von Mises stresses is beyond the scope of this text; however, you should under-
stand that red contours typically signify high stresses (hot areas) and blue contours
typically signify low stresses (cool areas). For the pillow block assembly, the von Mises
stress distribution display shows high stresses in the shaft where the shaft and the pil-
low block are in contact. High stresses also are found in the base of the pillow block in
the vicinity directly below the shaft near the corners.

Figure 8.32 shows the displacements for the model. The displacements are typi-
cally shown exaggerated in the display—the true displacements are usually too small to
be seen with the naked eye, and the exaggeration helps you visualize the response of the
model. From the displacements shown in Figure 8.32, it is apparent that the ends of
the shaft experience the largest displacements, as expected.
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FIGURE 8.30. The pillow block
assembly with the finite element
mesh applied.
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Some software may have the capability to perform a Design Check. With a
Design Check, the software identifies areas of the model that could be modified to
improve performance. Typically, the Design Check identifies areas of high stress or
large displacements. Figure 8.33 shows the results from a Design Check performed
for the pillow block assembly. In this case, the sharp corners on the bottom thru slot
of the pillow block have been identified as a potential area for modification.

8.07.07 Modifying the Design
One of the purposes of analysis is to identify design flaws or areas for improvement
prior to production. For the pillow block example, some fundamental design changes
can be made to improve the performance of the original model. If the internal edges of
the pillow block were rounded, stresses in the model would be greatly reduced. Sharp
internal corners and edges produce stress concentrations in a model (as you will learn
in later courses), so rounding the corners should relieve the stress concentrations.
Another design modification would be to reduce the size of the slot on the lower part of
the pillow block. By reducing the size of the slot, more material would be located
beneath the portion of the pillow block where the shaft is pressing against it. Another
design modification would be to increase the wall thickness around the shaft hole—
again providing greater resistance to the force and reducing the stress. A modified pil-
low block is shown in Figure 8.34.

chapter 8 Design Analysis 8-27

FIGURE 8.31. Stress distribution on the pillow block
assembly.

FIGURE 8.32. Displacement distribution for the pillow block
assembly.

FIGURE 8.33. A Design Check of the model identifies areas
for potential redesign.

FIGURE 8.34. A modified pillow block design.
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After these modifications have been made, the constraints and forces are reapplied
to the model and a new mesh is created so the system can be analyzed again. In this way,
you can verify that the new design has better design performance in terms of stress con-
centration and displacement when compared to the original design. With this redesign
of the pillow block, its performance was significantly improved, as shown by the von
Mises stress plot shown in Figure 8.35.

Chapter Summary
In this chapter, you learned about the importance of analysis in the engineering design
process. You learned that many of the analysis methods are founded in mathematical
and scientific principles. You learned that reverse engineering is a type of analysis where
devices are dissected and the functions of the parts that make up the devices are stud-
ied. The dissection process is documented through notes and sketches so the device can
be reassembled at a later time. Parts in the device are measured, and computer models
are created and assembled. You also learned about mass properties analysis as a tech-
nique for computing various quantities from part geometry. Computing mass proper-
ties provides a quick look at the part geometry and is an analysis technique that helps
rule out possible designs or identify potential solutions that are worth pursuing in the
initial stages of the design process. Finally, you learned about the FEA technique and
the way it is used to solve complex engineering problems. You learned about the classes
of problems that can be solved through FEA, including stress analysis, fluid flow, ther-
mal flow, and electromagnetic fields.

FIGURE 8.35. Stress distribution for the modified pillow block assembly.

8.08 
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analysis: The study of the behavior of a physical system
under certain imposed conditions.
black box diagram: A diagram that shows the major
inputs and outputs from a system.
boundary conditions: The constraints and loads
added to the boundaries of a finite element model.
caliper: A handheld device used to measure objects
with a fair degree of accuracy.
center-of-mass (centroid): The origin of the 
coordinate axes for which the first moments are zero.
constraint: A boundary condition applied to a 
finite element model to prevent it from moving 
through space.
coordinate measuring machine: A computer-based
tool used to digitize object geometry for direct input to
a 3-D CAD system.
density: The mass per unit volume for a given material.
displacement: A change in the location of points on
an object after it has been subjected to external loads.
engineering scale: A device used to make measure-
ments in much the same way a ruler is used.
Finite Element Analysis: An advanced computer-
based design analysis technique that involves subdivid-
ing an object into several small elements to determine
stresses, displacements, pressure fields, thermal distri-
butions, or electromagnetic fields.

fishbone diagram: A diagram that shows the various
subsystems in a device and the parts that make up 
each subsystem.
laser scanning (three-dimensional): A process where
cameras and lasers are used to digitize an object based
on the principle of triangulation.
mass: A property of an object’s ability to resist a change
in acceleration.
mechanical dissection: The process of taking apart a
device to determine the function of each part.
mechanical stress: Developed force applied per unit
area that tries to deform an object.
mesh: The series of elements and nodal points on a
finite element model.
metrology: The practice of measuring parts.
moment-of-inertia: The measure of an object’s ability
to resist rotational acceleration about an axis.
radius-of-gyration: The distance from an axis where
all of the mass can be concentrated and still produce the
same moment-of-inertia.
reverse engineering: A systematic methodology for
analyzing the design of an existing device.
surface area: The total area of the surfaces that bound
an object.
volume: The quantity of space enclosed within an
object’s boundary surfaces.

8.09 glossary of key terms

1. How does reverse engineering differ from industrial
espionage?

2. Describe the following metrology tools: scales,
calipers, coordinate measuring machine, and 3-D
laser scanner. Which is least expensive? Which is
most accurate?

3. How are volume, density, and mass for an object
related to one another?

4. What are some of the mass properties that can be
computed for a CAD model?

5. What is a moment-of-inertia? Is it easier to spin a
wheel with a large diameter or a small diameter?

6. What are constraints in an FEA?

7. What kinds of boundary conditions can be applied
to a finite element model?

8. Describe a finite element mesh. In general, will accu-
racy improve as element size gets smaller or as it gets
larger?

9. What is one disadvantage in using a small element
size for a finite element model?

8.10 questions for review
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1. For the objects shown in Figure P8.1, the given coordinate system is to be placed at the lower rear corner of each
object. Create a solid model for each object and calculate its volume using the units shown. Relative to the given
coordinate system, find the x-, y-, and z-coordinates of the centroid for each object.

8.11 problems

x

y

z

Coordinate system used from Problem 1.

(c) (d)

(a) (b)
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8.11 problems (continued)

(e) (f )

(g) (h)

(i) ( j)
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8.11 problems (continued)
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8.11 problems (continued)
2. For each object shown in Figure P8.2, create a solid model and calculate its mass and moment-of-inertia about the

main rotational symmetry axis. For some objects, a portion has been cut away to reveal interior detail. Assume
first the object is made of steel, then aluminum.

(a) (b)

(c) (d)
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8.11 problems (continued)
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8.11 problems (continued)
3. The object shown in Figure P8.3 is made of steel. It is placed on a smooth, flat table with its “leg” pointing down.

A downward point force of 20 pounds is placed atop the object at its center. Create a solid model of the object,
mesh it, and apply the proper boundary conditions for an FEA of the stress and deflection of the object under the
given load. Calculate the magnitude and location of the maximum von Mises stress developed in the object.

4. The object shown in Figure P8.4 is made of aluminum. The part is axially symmetric, but is shown partially cut
away to reveal interior detail. It is placed on a smooth, flat table. A downward point force of 25 pounds is evenly
distributed on the top surface object. Create a solid model of the object, mesh it, and apply the proper boundary
conditions for an FEA of the stress and deflection of the object under the given load. Calculate the magnitude and
location of the maximum von Mises stress developed in the object.

FIGURE P8.3. FIGURE P8.4. 
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Fabrication Processes

objectives
After completing this chapter, you should be able to
● List common production processes available for part

fabrication
● Visualize how an engineered part can be made to ensure that

it can indeed be made
● Discuss the relative difficulty, time, and expense involved in

using specific fabrication methods
● Demonstrate how a design should change in order to 

match the fabrication method most suitable for its
production volume

9

9-1

Work-pie
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al spindle
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dle position
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Making Sure It Can Be Made
As an engineer or a designer, you ultimately will be asked to specify the precise geome-
try of a part that will fit into a device or structure of some kind. In response, you prob-
ably would deliver a computer model or drawing that shows what the part will look
like, with the exact sizes of various geometries and features that go into the part.
Perhaps your part looks like the object shown in Figure 9.01.

When the various people who are involved with the function, fabrication, installa-
tion, or use of this part see your specifications, they are likely to have the following
questions, which you must be prepared to answer before the part is made:

1. Is the geometry of the part producible?

2. Can the part be produced within existing time and budget constraints?

3. Can the geometry be changed to reduce production costs without sacrificing
function?

4. How must the geometry be changed as production volumes increase, forcing a
change in the production process?

To answer those questions, you must have some familiarity with common fabrica-
tion processes. You must be familiar not only with the processes themselves but also
with the relative time, costs, and precisions associated with each process. While detailed
explanations of the various fabrication processes are outside the scope of this book, it
will present an introduction to the more common fabrication methods.

The fabrication process used to make a part is often dependent upon its production
volume; that is, the fabrication process is dependent upon the number of parts that are
to be made. Fabrication processes that are ideal for making one or two identical parts
may be unsuitable in terms of cost and time when trying to make ten thousand or even
a million of the same parts. Those who are familiar with machine shops, for example, are
well aware of the relative differences between a production shop and a prototyping shop.
The machines in production shops have tools and fixtures made specifically for han-
dling large numbers of parts of a specific design. The tools and fixtures in a production
shop cannot be easily changed to fabricate a part with a different geometry. On the other
hand, machines in prototype shops have tools and fixtures that can be easily changed or
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Y ou might be wondering why an engineering graphics textbook contains a
chapter on fabrication processes. The fact is that most engineers and
designers who deal with modeling and drawing are the same people who

specify the geometries of the parts that go into the devices they design. Thus, it
would be useful to have some knowledge of the different types of fabrication
processes that are available, their relative precisions, and their relative costs. As you
can imagine, many fabrication processes exist. Some of the processes are highly
specialized for the production of a specific type of geometry. Others are flexible in
their application and can be used to produce parts of all sorts of different geome-
tries. When a part is being designed, its fabrication process must be considered to
ensure that the part can indeed be fabricated within the desired cost constraints.
The design may need to change to suit a fabrication process that is appropriate for
the part’s intended production volume. Some geometries that are easily produced
using high-volume processes may be difficult to produce using low-volume
processes and vice versa. In this sense, an engineer or a designer who is responsible
for the specification of part geometries must be familiar with the fabrication
processes used to produce these geometries.

9.01
introduction

9.02

FIGURE 9.01. This part needs to
be fabricated. What processes
will be needed, and in what
order should they be
performed?
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rearranged to build a variety of different part geometries. However, a prototype shop can
produce parts only in small numbers.

The intended fabrication process affects the way a part should be designed. For
example, consider the part shown in Figure 9.02(a), which has a cross-shaped protrusion
atop a simple base. The squared corners on the tips of the cross and the rounded edges
on the inside of the cross would be considered simple to produce using a low-volume
production process such as milling (which will be explained in a later section). However,
to produce the sharp corner at the tip using a high-volume process such as die casting
(again, to be explained in a later section) would present some problems because the
mold would be difficult to make. Modifying the protrusion cross geometry to squared
inside corners, as shown in Figure 9.02(b), would make it easier to fabricate using a high-
volume process but more difficult to fabricate using a low-volume process.

Now consider a similar part that has a cross-shaped cavity instead of a protrusion,
as shown in Figure 9.03(a). The squared corners at the tips of the cross would be
difficult to produce using a low-volume production process. However, to produce the
same feature geometry using a high-volume process would be simple. Modifying
the cut-out cross geometry to have squared inside corners, as shown in Figure 9.03(b),
would create some problems for fabrication using a high-volume process but simplify
fabrication using a low-volume process.
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(a) (b)

Sharp corner at tip

Rounded edge inside Sharp corner inside

Rounded edge at tip

FIGURE 9.02. Two parts with similar cross-shaped protrusions. The sharp corner at the tip
of (a) may create problems for a high-volume fabrication process. The sharp inside corner of
(b) may create problems for a low-volume fabrication process.

(a) (b)

Sharp corner at tip

Rounded edge inside

Rounded edge at tip

Sharp corner inside

FIGURE 9.03. Two parts with similar cross-shaped cavities. The sharp corner at the tip of (a)
may create problems for fabrication using a low-volume process. The sharp corner on the
inside of (b) may create some difficulty for production with a high-volume fabrication process.
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By modifying the cross geometry to have both rounded outside edges and rounded
inside corners, as shown in Figure 9.04, the part is well suited for low-volume and high-
volume fabrication methods. This modification allows the same design to be used for
both prototyping and high-volume production.

Why do some feature geometries create difficulties when one production method
is used compared to another? The reasons will be explained later in this chapter. But
first, you should have a basic understanding of the different ways geometries and fea-
tures on parts can be made. In addition to the processes of milling and die casting
briefly mentioned, many other fabrication processes exist. For convenience, the indi-
vidual processes can be loosely grouped into families of similar processes. These fami-
lies can be based on the relative speed of process, precision of the formed features, cost
of any secondary equipment required to support the production, or the ease with
which the fabricated geometry can be changed once it is in production. Bear in mind
that the processes outlined in the following sections include some of the most com-
mon fabrication processes, but not every process in existence. A complete listing and
description of all of the different types of fabrication processes that currently exist
would be too large to present in a single book chapter. Detailed information about the
processes to be presented here can be found in comprehensive reference books such as
Machinery’s Handbook, published by Industrial Press, at a library, or on the Internet by
searching on the keywords machinery and handbook.

Processes for Low-Volume Production
Parts that are produced at a rate of a few per day (or less) will likely be fabricated using a
low-volume process. These processes are usually appropriate for one-of-a-kind parts and
for prototypes of parts that may be fabricated later at higher rates of production. Low-
volume processes are performed by machines that are commonly found in well-equipped
fabrication shops. These machines are designed for general-duty applications and are
capable of making a wide variety of different part geometries with commonly available
fixtures and few or no special tools. Fixtures are mechanical devices, such as clamps and
brackets, which are used to hold and align the workpiece as it is being shaped. A work-
piece is a common name for a part while it is still in the fabrication process, that is, before
it is a finished part. A workpiece usually begins as a piece of material that has been cut
from a length of standard, or stock, shape that is commercially available. The workpiece
is then modified by additional cutting operations that remove more material or by join-
ing operations that add more material until the desired part geometry is produced. A
fixed or movable, replaceable cutting implement with one or more sharpened edges used
for removing material from a workpiece is known as a tool bit.

9.03.01 Standard Commercial Shapes
Common raw materials for engineered parts include metals such as steels, aluminums,
and brasses and plastics such as polycarbonate, nylon, and Delrin. Materials manufac-
turers, suppliers, and distributors of raw materials deliver these products in the form of
standard commercial shapes. These shapes are usually long lengths of the mate-
rial that have a uniform cross-section shape and plates or sheets of uniform thickness.
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(a) (b)

FIGURE 9.04. Elimination of
sharp corners, as shown in these
redesigned parts, eliminates
potential problems that may
occur with either low-volume 
or high-volume fabrication
methods.

9.03
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Some of the common shapes are shown in Figure 9.05. These shapes include rounds,
bars, tubes, channels, tees, angles, and a variety of beam geometries for making struc-
tures. Each shape comes in a variety of standard sizes, as detailed in the Appendix. Not
all shapes or sizes will be available for less common materials such as titanium, magne-
sium, copper, and plastics; so the material suppliers’ catalogs must be checked. When
the raw material shape used to fabricate a part is selected, it is prudent to start the
workpiece with a standard commercial shape and size that is close to, but slightly larger
than, the final external size of the part. In this way, the amount of material that needs
to be removed (and usually the time and effort required to make the final product) is
minimized.

The standard commercial shapes are produced by high-volume processes, usually
extrusion and/or rolling, which are discussed later in this chapter.
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Plate Square bar

Rectangular bar Round

Tube Square tube

I beam Angle beam

Channel beam T beam

FIGURE 9.05. Some common standard commercial shapes.
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9.03.02 Sawing
A workpiece is usually cut to a rough size from a standard commercial shape by a
sawing operation. In a sawing operation, a multitoothed cutting blade is pulled
through the material, as shown in Figure 9.06. The direction of rapid tool motion and
material removal is along the length of the blade. To extend the cut, either the work-
piece or the blade must be moved in a direction across the length of the blade. The
blade then cuts a path through the part.

Sawing is a relatively quick operation, but its precision and surface finish quality
are relatively poor when compared to other machining processes. For sizes up to 1 m in
length, reliably creating sizes that are accurate to within 1 mm is usually considered
easy with a sawing operation, whereas accuracy to within 0.1 mm is considered diffi-
cult. In addition, paths cut by a saw on a workpiece usually are limited to straight lines
and large-radius curves.
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(a)

(b) (c)

(d) (e)

Saw blade

Workpiece
Cut path

Tool
motion

Workpiece
motion

FIGURE 9.06. A basic sawing operation is shown in (a) with the relative motion of the tool
and the workpiece. A vertical band saw is shown in (b) with the workpiece being hand-fed in
(c). The horizontal band saw in (d) automatically feeds the blade into the workpiece to cut
off pieces of stock material shown in (e).
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9.03.03 Turning
Axially symmetrical features can be made on a machine tool called a lathe, on which
the workpiece is rapidly rotated about a single axis. A cutting tool is then moved slowly
in the radial and/or axial direction relative to the workpiece, removing material in these
directions. The process of shaping the workpiece in this manner is known as turning.
The process is similar to shaping clay on a potter’s wheel. Turning can be used to create
concentric features on the outside, inside, or face of the part, as shown in Figure 9.07.
Circumferential grooves and screw threads are made using this process, as are stepped,
tapered, and rounded shafts. Removal of material on the inside of the workpiece is
known as boring. Deep holes along the rotation axis can be made using a boring tool
that is shaped like a drill bit.

For hand-sized parts, turning can be used to easily create feature sizes that are radi-
ally accurate to within 0.01 mm, whereas accuracy to within 0.001 mm is considered
difficult. Surface finishes of excellent quality can be created. Features can easily be
located axially within an accuracy of 0.05 mm, whereas axial location within 0.005 mm
is considered difficult.

9.03.04 Drilling
Round holes are most commonly made by drilling. In this operation, a rapidly spin-
ning cutting tool called a drill bit is slowly pushed into a stationary workpiece, as
shown in Figure 9.08. Drill bits are usually long, with a sharpened tip and spiral
grooves along their length to help remove the material that is cut away. Material is cut
and removed from the workpiece in the axial direction of the drill bit and the motor-
ized spindle that turns it.
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Workpiece
motion

Tool
motion

Workpiece
motion

Tool
motion

Tool

Workpiece

Tool
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(c) (d)

FIGURE 9.07. A basic turning
operation is shown in (a) and a
basic boring operation is shown
in (b) with the relative motion
of the tool and workpiece. A
manually controlled lathe is
shown in (c), with a close-up of
the tool and workpiece in (d).
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A machine called a drill press, also shown in Figure 9.08, can be used to spin a
drill bit and plunge it into the workpiece. Holes can easily be located on the face of the
workpiece within an accuracy of 0.2 mm, whereas axial location within 0.02 mm is con-
sidered difficult. This location accuracy can be improved by performing the drilling
operation using a milling machine, as described in the next section. Holes that go com-
pletely through the workpiece are called through holes; whereas holes that go part of
the way through the workpiece are known as blind holes. Screw threads can be made
inside a hole using a special cutting tool called a tap. A hole with screw threads inside
it is known as a tapped hole. For holes up to 20 mm in diameter, drilling can easily cre-
ate diameters that are accurate to within 0.2 mm, whereas accuracy to within 0.02 mm is
considered difficult. The depth of a hole can easily be controlled to within an accuracy
of 0.2 mm, but controlling the depth to within 0.02 mm is considered difficult. The
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Workpiece

Drill bit

Tool
motion

(a)

(b) (c)

FIGURE 9.08. The basic drilling operation is shown in (a) with the motion of the tool. A
manually controlled drill press is shown in (b), with a close-up of the tool (drill bit) and the
workpiece in (c).
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accuracy of hole diameters can be improved with a process called reaming, whereby a
special drill bit with a very precise diameter that is just slightly larger than an existing
hole is used to open the hole slowly to the final desired diameter. With a reaming opera-
tion, hole diameters can be made that are accurate to within 0.02 mm, whereas accuracy
to within 0.002 mm is considered difficult. The differences between a drill bit, a reaming
tool, and a tap are shown in Figure 9.09.

9.03.05 Milling
Milling is performed with milling machines, which are some of the most versatile
machines found in a shop. Various operations that can be performed on a mill are
shown in Figure 9.10. The spindle of a milling machine can hold and rapidly spin a
variety of different cutting tools, including drill bits. However, the most common cut-
ting tool used in a milling machine is an end mill. Although sometimes shaped like a
drill bit, an end mill is unique because it can cut and remove material from the work-
piece in the axial and transverse directions with respect to the spindle axis. Whereas
only the tip of a drill bit is sharpened, both the bottom and sides of the flutes on a
milling tool are sharpened.

By shaping the end mill, special geometries can be created easily. Ball and round
end mills, for example, can be used for rounding the inside and outside edges of a
workpiece. Angle end mills can be used for beveling edges. Fly cutters can be used for
removing small amounts of material over a relatively large area to create a clean and
flat surface. Examples of these types of cutting tools are shown in Figure 9.11.

Although drilling can be done on a milling machine for improved accuracy in hole
location, a drill bit can cut and remove material in the axial direction only. Through the
use of end mills, geometric features in the workpiece can be created by slowly moving
the workpiece, which is mounted to a stage that can move in both the axial and trans-
verse directions with respect to the spindle axis, as shown in Figure 9.12. A milling
machine whose stage can be moved in this manner is called a three-axis mill because
its stage can move in three different linear directions.
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FIGURE 9.09. Some tools for making holes. A drill bit (left) is used to make a basic hole. The
reamer (center) is used to slightly enlarge a hole to a very precise diameter. The tap (right) is
used to create screw threads inside a hole.
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FIGURE 9.10. Some standard
milling operations showing the
relative motions of the tool and
workpiece. Standard milling is
shown in (a). Internal features
such as slots can be made by
plunging the tool and then
milling (b). Specially shaped
tools can be used to create
chamfered or rounded edges on
inside (c) or outside (d) edges.
Making a chamfered edge (e).
Using a fly cutter for facing to
create a smooth, flat surface is
shown in (f ). Large, round
internal features are created by
boring (g). Large, round exter-
nal features can be created by
moving the workpiece on a cir-
cular or semicircular path (h).
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FIGURE 9.11. Some tools for milling special geometries. From left to right, a straight end
mill, a ball end mill, a corner rounding end mill, and a dovetail end mill.

(a) (b)

(c) (d)

FIGURE 9.12. A three-axis manually controlled milling machine is shown in (a) with 
a close-up of the tool and workpiece in (b). The numerically controlled three-axis milling
machine shown in (c) can coordinate the motion between all three axes, making it possible to
create more complex geometries. Through the window of the enclosed work area, the action of
the tool, workpiece, and lubricating coolant can be seen in (d).
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A manually controlled milling machine relies on a human operator to control the
stage motion in one direction at a time. A numerically controlled milling machine uses
an electronic controller that can be programmed to move the stage in all three direc-
tions simultaneously, enabling the production of more complex shapes. For example,
when the stage is programmed to move in a circular fashion, axially symmetric features,
such as those shown in Figure 9.10(c) and Figure 9.10(d), can be created. On a manually
operated mill, axially symmetric features can be created by securing the workpiece to a
special rotating stage called a rotary table. Even more complex shapes can be created
with a four-axis milling machine. With this machine, the direction of the spindle axis
can be changed, as shown in Figure 9.13. This flexibility enables the mill to cut and
remove material in many different directions without the workpiece having to be
removed and reoriented, which would be time-consuming and expensive. In the case of
the Hoyt AeroTec riser (shown in the highlighted fabrication case study), the produc-
tion of the complex 3-D shapes is done with a minimum of operation intervention that
would have been extremely difficult and time-consuming on a three-axis mill. Even
more complex geometries, such as those of turbine blades, require the use of four- or
five-axis mills for production and cannot be made on three-axis mills.

For hand-sized parts, milling can easily create feature geometries in both trans-
verse and axial directions that are accurate to within 0.10 mm, whereas accuracy to
within 0.01 mm is considered difficult.

9.03.06 Electric Discharge Machining
The electric discharge machining (EDM) process uses a charged electrode through
which a high-level electric current is passed to the workpiece through a dielectric fluid.
The workpiece is shaped by erosion caused by the electric current. The most common
EDM configuration is wire EDM, by which a thin (0.05 to 0.25 mm in diameter) wire is
used to erode a path through the thickness of the workpiece, as shown in Figure 9.14.
The wire and workpiece are charged to opposite electric potentials. The workpiece is
moved slowly in a direction perpendicular across the wire to create a path through the
workpiece. The electric discharge, similar to a small spark, erodes both the wire and
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FIGURE 9.13. A four-axis
milling machine allows the
spindle head, which holds the
rotating tool, to be turned on 
an independent axis. Thus, the
tool can cut from different
directions, allowing the 
creation of even more complex
geometries.
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the workpiece. To prevent the wire from completely eroding at the workpiece, the wire is
moved slowly along its length from a feed spool to a take-up spool. Note that the cutting
path is two-dimensional and that the axial orientation of the wire (and therefore the ero-
sion path in the direction along the wire) is unchangeable in most wire EDM machines.

For the EDM process to work, the workpiece must be electrically conductive; there-
fore, insulating materials such as wood and most plastics cannot be shaped by EDM. The
EDM process is capable of creating complex paths, with very little deformation force
applied to the workpiece, thereby creating accurate features of complex geometries. An
example of this work is the lamination shown in Figure 9.15 from a small electric motor.
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FIGURE 9.14. The wire EDM
process is shown in (a) with the
relative motion of the wire and
the workpiece. A wire EDM
machine is shown in (b) with a
close-up of the work area in (c).

FIGURE 9.15. This prototype
lamination for a small electric
motor is an example of the fine
detail and precision that can be
achieved with the wire EDM
process.
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However, the EDM process is relatively slow. The path creation rate is dependent
upon the thickness of the workpiece, with material removal rates of approximately
0.20 to 400 cubic cm per hour. Thus for relatively thick workpieces, such as those
made of metal plate or bar, the process is much slower than it would be for thin work-
pieces, such as those made of sheet metal. For hand-sized parts, EDM can easily create
feature geometries in the transverse direction that are accurate to within 0.10 mm,
whereas accuracy to within 0.01 mm is considered difficult.

9.03.07 Broaching
Some holes, slots, and cutouts with odd geometries can be made with an operation
called broaching. In a broaching operation, rapidly sliding a tool called a broach
through the workpiece forms a hole or slot, as shown in Figure 9.16. The broach is a
long cutting tool with teeth that are shaped to cut away the workpiece and form the
final geometry of the cutout as the tool travels along the length of the workpiece.

Broaching is a relatively fast operation that is suitable for prototyping and high-
volume production. However, a custom broach usually is required for each feature that
is to be formed by this operation. For hand-sized parts, broaching can easily create fea-
ture geometries in the transverse direction that are accurate to within 0.20 mm,
whereas accuracy to within 0.02 mm is considered difficult.
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FIGURE 9.16. A broaching
process used in making a slot.
The starting workpiece with a
hole is shown in (a). A stationary
guide is placed in the hole, and a
broach slides down the guide in
(b) to produce a slot (c). The
broach shown in (d) is part of 
a set of slotting broaches that
gradually increase in depth 
of cut.
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9.03.08 Rapid Prototyping
Many types of processes fall into the category of rapid prototyping. Rapid prototyp-
ing use various methods to create parts of complex geometries quickly by selective
hardening of a bed of powdered raw material or a pool of liquid raw material at room
temperature. Rapid prototyping processes are constructive processes whereby the
desired part is built up by the selective addition of material as opposed to destructive
material removal or reforming used in more conventional manufacturing methods.
Rapid prototyping is often used to make preliminary models for visualization, fit,
form, and function studies. At the present time, these processes are considered slow
and expensive and the available materials are limited; so these processes are typically
not used for high-production volumes. However, rapid prototyping can be used to cre-
ate patterns of complex parts, which are then used in the various casting and molding
processes. That process will be described in the following section on high-volume
production.

One common rapid prototyping process is stereolithography (SLA). In the SLA
process, solid spots are formed in a pool of liquid polymer by focusing laser beams at a
single spot in the pool, curing and hardening the liquid at that spot. Moving the lasers
and focusing on successively adjacent spots can form a solid part of complex geometry.
This process is shown schematically in Figure 9.17. The process can create complex part
geometries more quickly than the conventional prototyping processes discussed previ-
ously; however, only a limited range of plastic materials can be used. The parts made
from this process typically have slightly poorer strength and surface finish when com-
pared to parts cut from stock raw materials or parts formed by conventional high-
volume processes described later in this chapter. Metals parts cannot be formed by SLA.
The fused deposition (FD) process is another common rapid prototyping process. In
this process, a thin stream of molten plastic is deposited from a nozzle that can be
moved in two or three dimensions. Depositing the plastic in the desired locations and
allowing it to cool and harden after it is deposited creates complex, solid objects. This
process, which is not unlike using a miniature hot melt glue gun, is shown schemati-
cally in Figure 9.18.
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Beam source

Focused beam

Focused beam motion

Liquid polymer pool

Solid formation

FIGURE 9.17. Rapid prototyping by stereolithography. The part is formed in a pool of
special liquid polymer that cures (solidifies) when exposed to intense heat or ultraviolet
light. A solid is built by focusing a laser or ultraviolet beam along sequential spots in the
pool, solidifying those spots.
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Closely related to FD is 3-D printing. This process fuses small plastic (or other pow-
dered material) particles, which lie on a horizontal bed, by depositing from a nozzle a thin
stream of solvent that acts as an adhesive. Moving the nozzle, similar to moving the ink
head on a printer, controls the volume and position of the stream and, thus, the pattern of
fused particles. When the fusing of particles is completed on one layer, the bed is moved
downward slightly and a fresh layer of particles is spread over the previous layer. The sol-
vent stream is then used to fuse the particles on this layer into a pattern; the solvent also
fuses this layer to the previous layer. Successively moving the bed downward, spreading
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FIGURE 9.18. Rapid prototyp-
ing by fused deposition. The
part is formed by depositing hot
molten plastic, which cools and
hardens, along sequential spots
on the solid to be formed.
Depending on the maker of the
machine, the platform or the
nozzle can move vertically or
transversely.

Platform motion
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Head 
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FIGURE 9.19. Rapid prototyp-
ing by 3-D printing. The part is
formed by spraying a jet of
adhesive or solvent along
sequential spots atop a bed of
powdered plastic (a), solidifying
the plastic at those spots. The
platform is then lowered
slightly (b), a new layer of pow-
der is spread on top, and the jet
is sprayed again (c). The process
of lowering the platform (d),
spreading a new layer, and
solidifying at selected spots (e)
is continued until the desired
solid is formed (f ). The excess
powder is then brushed away.
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fresh particles, and then fusing the particles of each new layer to the previous layer can pro-
duce complex 3-D shapes. The 3-D printing process is shown schematically in Figure 9.19.

As with STL, only a small range of plastic materials can be used for FD and for 3-D
printing. Metals parts cannot be formed by these methods. Metal parts can, however, be
formed by a rapid prototyping process called selective laser sintering (SLS). Laser
sintering is similar to 3-D printing except that a powdered metal replaces the powdered
plastic. Instead of a nozzle being moved to control the position of a stream of solvent
to fuse plastic powder, a focused laser beam is moved to selectively melt and fuse the
metal powder.

The parts made from these processes typically have poorer strength and surface
finish when compared to parts cut from stock materials or when compared to parts
formed by the conventional high-volume processes described later in this chapter. Also,
rapid prototyping processes are best suited for small numbers of small parts with com-
plex geometries. Some examples of the complex geometries that are possible using
rapid prototyping methods are shown in Figure 9.20. As parts become larger or more
numerous, the time required to form them bit by bit, which is inherent in all of the
rapid prototyping processes described, makes these processes uneconomical.

The accuracies of rapid prototyping processes are generally equivalent to many
high-volume production processes. For hand-sized parts, rapid prototyping processes
can easily create feature geometries in all three dimensions that are accurate to within
0.50 mm, whereas accuracy to within 0.05 mm is considered difficult. As these tech-
nologies are further developed, accuracies will improve.
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9.03.09 Welding and Brazing
Unlike the previous processes that shape a workpiece by removing material, welding
creates shapes by adding pieces together. Welding fuses two or more separate work-
pieces to create a single workpiece by melting the workpieces at their joints and adding
more material to build up the joints as necessary to make them stronger. For metals, a
gas flame, an electric arc, or a concentrated laser beam usually generates the heat neces-
sary to melt the material. Plastics are typically welded by a stream of hot air or by the
friction heat generated by ultrasonic vibration of the workpieces. A typical welding
process is shown schematically in Figure 9.21.

Welding is a relatively fast process; however, the heat necessary to fuse the work-
pieces has a tendency to distort them. Thus, welding is usually not used for parts that
are of high precision. The heat required for welding also changes the properties of some
of the materials used for workpieces. Some steels and aluminums, for example, lose
much of their strength when they are heated. Other materials become hard and brittle.
Finally, the welding process has a tendency to introduce flaws, such as cracks in the
workpiece, greatly reducing its effective strength.

In brazing, two or more separate metal workpieces are bonded together with a metal
alloy filler that has a lower melting point than the workpieces. Unlike welding, the work-
pieces are not melted during brazing and the bonding alloy is not built up around the joint
to strengthen it. Instead, the workpieces are heated at the joints by a gas flame, for exam-
ple, to a temperature just above the melting point of the filler. The filler is then applied to
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FIGURE 9.21. Two separate workpieces are joined using a welding
process. An electric arc is produced between the electrode and the
workpieces, melting the workpieces and the electrode at the point of
contact in (a). The electrode is consumed by the process to form
beads of material that fuse the workpieces together in (b).
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FIGURE 9.22. Two separate workpieces are joined using
a brazing process. A gas flame from a torch heats the
workpieces and melts the joining metal (solder) in (a).
The molten joining metal is pulled into the small space
between the workpieces by capillary action. When the
joining metal cools and hardens, the two workpieces are
fused, as in (b).
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the joint, and capillary action pulls the filler between the workpieces. A schematic of the
brazing process is shown in Figure 9.22. Brazing typically distorts the workpieces less than
welding because the temperatures involved are lower. Also, brazing introduces fewer flaws
to the joint than welding. However, as with welding, the temperatures are high enough to
cause some metals, such as heat-treated steels, to lose much of their strength.

9.03.10 Grinding 
The grinding process uses a rapidly rotating abrasive wheel to remove material from a
workpiece very slowly. Common processes include flat grinding and inside cylindrical
and outside cylindrical grinding, as shown in Figure 9.23. The workpiece or the spindle
of the abrasive wheel is moved slowly in the transverse or vertical direction to shape the
desired surface on the workpiece. A photograph of a common flat grinder, used to
make flat surfaces, is shown in Figure 9.24.

Because the rate of material removal is very slow, the forces applied to the work-
piece from the tool are smaller than with the cutting processes detailed previously. The
small applied forces result in less deformation of the part compared to most other cut-
ting processes. Consequently, high precisions in flatness and cylindrical roundness can
be achieved by grinding. The quality of the surface finish is very smooth.
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FIGURE 9.23. Various grinding
processes showing the relative
motion of the workpiece and
abrasive wheel (tool). Flat
grinding is shown in (a).
Internal cylindrical grinding 
is shown in (b). External
cylindrical grinding is 
shown in (c).

42496_11_ch9_p9.1-9.69  12/21/07  3:41 PM  Page 19



9-20 sectiontwo Modern Design Practice and Tools

(a) (b)

(c) (d)

FIGURE 9.24. Grinding machines. Flat surface grinder is shown in (a), with a close-up of the
abrasive wheel and workpiece in (b). A tool grinder, used for making and sharpening tools
and tool bits, is shown in (c), with a close-up of the abrasive wheel and workpiece in (d).

Grinding can easily produce flatness or roundness accuracy of 0.020 mm on hand-
sized parts. Accuracies of better than 0.002 mm are considered difficult with this
process. Although the accuracies produced by grinding are excellent, the process is
slow. Consequently, grinding is usually used as a finishing operation to create highly
accurate final sizes after the workpiece has been roughly shaped by cutting operations.
Grinding is most commonly performed on hard materials such as steels. Softer materi-
als, including aluminums and plastics, are usually not ground because those materials
tend to fill and clog the rough surface of the abrasive wheel, greatly reducing the
wheel’s ability to remove material.
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Processes for Higher-Volume Production
Processes that depend on material removal for shaping of a workpiece are generally slow
because most engineering materials are strong and cutting or abrading them takes time.
It is possible to increase the speed of shaping by deforming the workpiece under a great
deal of force or pressure or forming the geometry of the workpiece while its material is
still in a hot liquid state. Some of these techniques are described next. While these meth-
ods can create a part relatively quickly, usually a substantial investment in tooling is
needed before these methods can be used. Tooling includes any special tools, fixtures, or
other devices needed to create, align, hold, or transport a part during its fabrication.
However, for the most part, the same tooling can be reused to create many parts with the
same geometry. The cost of the tooling must be included with the cost of fabricating 
the parts to determine the overall cost of the project. When only a few of these parts are
made, the low use of the tooling may not justify the cost. However, as larger numbers of
a part are made, the cost of the tooling associated with each part will decrease, helping
to justify the initial cost.
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SUMMARY OF COMMON LOW-VOLUME PRODUCTION PROCESSES

PROCESS ADVANTAGES DISADVANTAGES

SAWING RELATIVELY FAST POOR ACCURACY, POOR SURFACE FINISH;
CUTS ARE GENERALLY LINEAR OR 
LARGE-RADIUS

TURNING EXCELLENT ACCURACY FOR AXIALLY CAN PRODUCE AXIALLY SYMMETRIC 
SYMMETRIC GEOMETRY GEOMETRY ONLY

DRILLING AND FAST AND ACCURATE FOR AXIALLY CAN PRODUCE AXIALLY SYMMETRIC 
REAMING SYMMETRIC HOLES HOLES ONLY

MILLING EXTREMELY VERSATILE MILLING MACHINES CAN GET EXPENSIVE,
ESPECIALLY FOUR- AND FIVE-AXIS 
VERSIONS

EDM PRODUCES 2-D CUTS OF ODD VERY SLOW; LIMITED TO CONDUCTIVE 
GEOMETRY AND FINE DETAIL WITH MATERIALS
GREAT ACCURACY

BROACHING PRODUCES 2-D CUTOUTS QUICKLY MAY REQUIRE BUILDING A BROACH OR 
SERIES OF BROACHES FOR EACH 
APPLICATION; LIMITED GEOMETRIES

RAPID PRODUCES COMPLEX 3-D SLOW; MATERIALS GENERALLY LIMITED TO 
PROTOTYPING GEOMETRIES CERTAIN PLASTICS; LIMITED ACCURACY 

AND SURFACE FINISHES

WELDING AND PRODUCES COMPLEX GEOMETRIES LIMITED MATERIALS; HIGH-TEMPERATURE 
BRAZING MORE QUICKLY THAN CUTTING PROCESS DEFORMS THE PARTS AND 

PROCESSES OFTEN REDUCES THEIR STRENGTH

GRINDING PRODUCES CYLINDRICAL AND FLAT VERY SLOW; GEOMETRIES GENERALLY
SURFACES WITH GREAT ACCURACY LIMITED TO FLAT AND ROUND SURFACES;

CANNOT BE USED FOR SOFT MATERIALS,
SUCH AS ALUMINUMS AND PLASTICS

9.04
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Processes for high-volume production usually require a substantial investment in
tooling and are not used unless the volume of production of a part can economically
justify this investment. These processes often start with raw materials in their most
basic form as delivered from the material manufacturer. Plastics, for example, can be
delivered in the form of bulk pellets. Metals can be delivered as ingots, powder, or
roughly formed bars, plates, or sheets. These materials are then remelted and/or
reformed under pressure to produce the desired part. Most high-volume processes can-
not achieve the accuracies that are possible with low-volume processes. Cutting and
grinding operations are minimized and are used only as necessary to finish creating
geometries that cannot be produced by a high-volume process alone.

9.04.01 Sand Casting
All casting processes require a mold of the desired part. A mold is a supported cavity
shaped like the desired part into which molten raw material is poured or injected. A
mold can be disassembled into two or more pieces for removing the part once the raw
material has solidified. The places where the mold can be disassembled are called split
lines. In the case of sand casting, the mold is created by making a master pattern,
which has the same geometry as the desired part. The master can be made of metal,
plastic, or wood because only its geometry is needed to create the mold and it does not
need to assume the material properties of or function as the real part. Sand mixed with
clay as a binder is packed around the master to create the mold. The mold is then split
and the master removed, leaving a cavity in the mold the shape of the master. Next, the
mold is fired to harden the sand and binder, similar to hardening clay brick or pottery.
After the mold is reassembled, molten metal is poured into the cavity through one or
more access ports. When the metal hardens, the mold is opened and the cast part is
removed. With more complicated molds, it may be necessary to split the mold into
three or more pieces to remove the master and the cast part. The sand casting process is
shown schematically in Figure 9.25.

Sand casting is used for various alloys of aluminum, steel, zinc, bronze, lead, and
magnesium. The molds for sand casting are relatively inexpensive when compared to
molds for other casting processes; however, the accuracy of the geometry and the sur-
face finish created by sand casting are considered poor. The process also requires the
generation and handling of molten metal. For hand-sized parts, sand casting can easily
create feature geometries that are accurate to within 1 mm, whereas accuracy to within
0.1 mm is considered difficult.

Investment casting is a form of sand casting that can be used to create rela-
tively intricate shapes with good accuracy. This process begins with the fabrication of
a wax master form that is geometrically nearly identical to the desired production
part. The wax master is then repeatedly dipped in slurry that is composed of fine-
grained sand with a binder such as clay or cement. Allowing the slurry to dry, or set,
between each dip forms a thick-walled mold. The set mold is then fired to dramati-
cally improve its strength, hardness, and temperature resistance. This step also melts
the wax master, which runs out of the mold through a hole. Metal is then poured
into the mold to replace the wax. After the metal hardens, the mold is broken to
retrieve the part. Investment casting can easily create feature geometries that are accu-
rate to within 0.25 mm, whereas accuracy to within 0.025 mm is considered difficult.

Casting and molding processes usually require the sides in the mold to be slightly
tapered in the direction of the mold opening, as shown in Figure 9.26. This makes it
easier for the part to be removed from the mold. This slight angling of the surfaces is
known as draft, and the angle is usually at least 1 or 2 degrees. Larger draft angles
would make it easier to remove the part from the mold.
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(a)

(b)

(c) (d)

Master pattern
of desired part geometry

Blank sand and binder

Mold cavity

Completed
mold fired for 
strength

FIGURE 9.25. The sand casting
process. In (a), a master pattern
that matches the geometry and
size of the desired final part is
made using prototype fabrica-
tion methods. The sand and
binder are formed around the
master in (b). The master is
removed in (c) to leave the
desired cavity in the sand. The
mold is fired in (c) to create a
hardened mold capable of with-
standing high temperatures.
The mold is aligned and closed
in (e), and molten raw material
is poured to fill the mold cavity
in (f). After the raw material
cools and hardens, the mold is
opened in (g) and the completed
part is removed in (h).

(e) (f)

(g) (h)

Molten raw 
material

Raw material
cooled and hardened

Completed part
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Both sand casting and investment casting are considered medium-volume produc-
tion processes because of the labor required to build and handle the molds. Because
these molds usually must be broken to retrieve the parts, the molds are inherently frag-
ile and must be handled carefully to avoid unintentional damage.

9.04.02 Extrusion
Extrusion is a method for creating long lengths of material with a uniform cross-
section shape. Many of the standard commercial shapes are made with this process. In
this process, raw materials are placed in a chamber where elevated pressure and tem-
perature are created. Under these conditions, the raw material fluidizes and is forced
out of the chamber through an orifice shaped like the desired cross section. The spe-
cial machine that creates the pressure and temperature required for this process is
called an extrusion machine. These machines are typically very expensive, so their use
is usually scheduled and shared between the production of different geometry extru-
sions. The piece of the machine that contains the orifice is called the extrusion die,
and it is usually a replaceable item so that different dies can be used on the same
machine. Once pushed outside the die orifice, the raw material solidifies, creating the
desired final shape. This process is shown schematically in Figure 9.27. For hand-sized
cross sections, extrusion can easily create feature geometries that are accurate to
within 0.20 mm, whereas accuracy to within 0.02 mm is considered difficult.

Extrusion can be used for either metals or plastics. Extrusion also can be used to
create many custom shapes, as shown in Figure 9.28.

9.04.03 Drawing
Two different processes are referred to as drawing. One is more accurately called wire
drawing. Wires and small round bars can be reduced in diameter by pulling slightly
larger stock diameters through one or more nozzles with gradually reducing orifices.
This process is shown schematically in Figure 9.29.
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(a)

(b)

Draft

Draft

Split line 
(neutral plane)

FIGURE 9.26. A cast part with
straight walls, as in (a), might be
difficult to remove from its
mold. By adding draft to the
walls, as shown in (b), the part
would be easier to remove from
its mold. The split line on the
part coincides with the part line
on the mold.
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Pressure

Extrusion

Raw material

Extrusion die

Motion of 
final part

FIGURE 9.27. In the extrusion process, elevated temperature and pressure are applied to the
raw material, which liquefies and is forced through a shaped orifice. The raw material hard-
ens once it leaves the orifice.

FIGURE 9.28. By changing the shape of the orifice in the extrusion die, custom geometries
such as these heat sinks can be created.

Part with
final diameter

Drawing die

Part with
original diameter

Motion of
final part

FIGURE 9.29. The diameters of a wire and small rod can be reduced to the desired size by
pulling them through a nozzle with a reducing orifice. This process is called wire drawing.
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This process produces circular cross-section shapes only, but it can do so with
diameter accuracies within 0.10 mm. Diameter accuracy better than 0.010 mm is con-
sidered challenging.

In the process known as deep drawing, thin-shelled parts are created from sheets of
thin, malleable metal, also known as sheet metal. In this process, a plunger shaped like
the desired shell is pressed into a piece of sheet metal. The tool stretches and deforms the
sheet into a shaped cavity that fits closely with the plunger. The resulting part closely
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(a) (b)

(c) (d)

Upper die

Lower die

Plunger

Cavity

Sheet metal
blank

Force

Final part

FIGURE 9.30. Thin shells can be created using a shaped cavity with a closely shaped plunger (a) in a
process called deep drawing. Sheet metal is placed across the cavity (b). The plunger is inserted into
the cavity, stretching the sheet metal (c). The plunger is removed, and the part is ejected (d).
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resembles the tool and cavity. This process is shown schematically in Figure 9.30. Most
aluminum beverage cans are made with this process, as are many automobile parts such
as engine oil pans and valve covers. For hand-sized parts, drawing can easily create feature
geometries that are accurate to within 0.25 mm, whereas accuracy to within 0.025 mm is
considered difficult.

9.04.04 Rolling
Many stock commercial shapes are reduced to their final shapes by a process called
rolling. In this process, malleable raw material is reduced in thickness by squeezing it
through large rollers, as shown schematically in Figure 9.31, to produce plates and rec-
tangular bars. The process is similar to rolling and flattening pasta dough on a pasta-
making machine. Rolling can be done while the material is in a red hot, soft state (hot
rolling) or while the material is at or near room temperature (cold rolling). Cold rolling
requires larger rollers and more force than hot rolling, but the resulting products gen-
erally have better size accuracy, surface finish, and strength than that achieved with hot
rolling. For hand-sized cross sections, cold rolling can easily create feature geometries
that are accurate to within 0.10 mm, whereas accuracy to within 0.01 mm is considered
difficult. Cold rolling accuracies are typically three to five times better than those
achievable by hot rolling.

Round bars can be created by rolling material between two flat anvils that move in
opposite parallel directions with a gradually decreasing gap between them, as shown
in Figure 9.32, similar to rolling cookie dough on a table. As with plates, round bars
can be hot-rolled or cold-rolled.

9.04.05 Die Casting and Molding
In die casting, the mold is made of steel with surfaces that have been hardened to
improve its durability and wear resistance. Die casting is usually reserved for certain
grades of aluminum, zinc, and magnesium. Steels cannot be die-cast because the tem-
peratures necessary to create molten steel for the product would soften or melt the
mold. Injection molding is very similar to die casting except that the part material is
plastic instead of metal and the molten material is injected into the mold under pres-
sure. The mold cavity is not formed from a master pattern as with sand casting; instead,
it is cut to shape using the low-volume production processes described earlier. The
mold includes a set of ports through which molten material can be injected into
the cavity and a set of vents from which air can escape as the molten material is

chapter 9 Fabrication Processes 9-27

Motion of
final part Roller motion

Part with final
thickness

Part with original
thickness

FIGURE 9.31. Plates and bars can be reduced to their desired thickness by squeezing the
material through a set of large rollers. This process is called rolling.
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injected. Leftover bits of material at either set of ports sometimes remain with the part
and are known as sprue. If the mold is made such that it must be opened to remove
the part, leftover material may appear on the part at the split-line location. This bit of
material is known as flash. Ejector pins inside the mold help to dislodge the cooled
part. A die casting mold and a part produced from it are shown in Figure 9.33.
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Reducing gap

Original size

Final size

Lower die

Upper die

Die motion

Die motion

(a)

(b)

(c)

FIGURE 9.32. A round bar (a)
can be rolled between two dies
(b), or anvils with a reducing
gap, to produce a product 
with its diameter reduced to 
a final size.

42496_11_ch9_p9.1-9.69  12/21/07  3:41 PM  Page 28



For hand-sized parts, die casting and molding can easily create feature geometries
that are accurate to within 0.50 mm, whereas accuracy to within 0.05 mm is considered
difficult.

9.04.06 Forging
The forging process deforms a workpiece by pressing it with a great deal of force
between two preshaped molds, or forging dies, as shown schematically in Figure 9.34.
This operation can be done with the workpiece at or near room temperature or at ele-
vated temperatures to reduce the amount of force required and to improve the flow of
material in the die. Often the workpiece is simply sawn or cut from a standard commer-
cial shape but is otherwise featureless. The amount of feature detail that can be created
by forging is not nearly as great as that achieved by casting. Since the raw material
starts as a hard solid in a forging operation, the amount of material deformation can-
not be large; otherwise, the workpiece would break. Therefore, the beginning workpiece
must have the same rough shape and the same overall volume as the finished forged
part. Forging is often used as a rough-shaping process to reduce the amount of
machining required to produce a final product.

For hand-sized parts, forging can easily create feature geometries that are accurate
to within 0.50 mm, whereas accuracy to within 0.05 mm is considered difficult.
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(a) (b)

(c) (d)

FIGURE 9.33. In die casting and
molding, a steel mold must be
created using low-volume
processes (a). An actual mold
for a plastic case is shown in (b),
and the part produced from it is
shown in (c) and (d).
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(a) (b)

(c)

Upper die

Lower die

Cavity features

Close-up view of of blank workpiece

FIGURE 9.34. To create a
forging, a hardened steel
forging die (a) must be created
using prototyping processes.
The die halves are aligned (b),
and a featureless workpiece is
inserted into the die (c). The 
die is closed (d), and great
pressure is applied to deform
the workpiece to conform to the
shape of the cavity. The die is
opened (e), and the finished
part is ejected (f ).

Force

Close-up view of finished part

(d) (e)

(f)
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9.04.07 Stamping
Stamping is an operation that is used on sheet metals. As with deep drawing, stamp-
ing deforms the metal between a cavity and a closely fitting plunger. The edge of the
plunger fits closely to the edge of the cavity, and the metal is cut with a shearing action.
This tool is called a stamping die, and it is like a large version of the paper-punching
tool used for cutting shaped holes in paper. This process is shown schematically in
Figure 9.35. In addition to cutting the metal, stamping also can simultaneously deform
the sheet metal to produce a variety of different-shaped features by using a plunger
that gradually fits into the cavity. This deformation is similar to deep drawing
except that the deformation is not nearly as severe; thus, the thickness of the sheet
metal is not changed much. Successive stamping operations—with each operation cre-
ating a little more of the final desired part geometry as the raw material is fed sequen-
tially into a series of dies—can create impressive 3-D features. Examples of successively
stamped parts are shown in Figure 9.36.

For hand-sized parts, stamping can easily create feature geometries that are accu-
rate to within 0.25 mm, whereas accuracy to within 0.025 mm is considered difficult.
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(a) (b)

(c) (d)

(e)

Sheet metal
blank

Upper die

Lower die

Cavity

Plunger

Force

Final part

For reuse, or scrap

FIGURE 9.35. To create a stamp-
ing, a stamping die (a) must be
created from hardened steel
using prototyping processes. The
die is aligned (b), and the sheet
metal workpiece is inserted into
the die (c). The die is closed (d),
shearing and deforming the
workpiece to create the final
part. The die is opened, and the
part is removed (e).
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9.04.08 Sintering
The raw material for the sintering process is metal in powdered form. For this reason,
sintering is sometime known as powder metallurgy. Metal powder is placed in a mold;
and a great deal of pressure and high temperature are applied, fusing the metal parti-
cles together to form a solid part. This process is shown schematically in Figure 9.37.
Sintering can produce parts with the same detail as cast parts. However, sintering is
usually restricted to small (i.e., hand-sized) parts due to the great amount of pressure
required for this process. Sintered parts are porous and have slightly lower density and
strength than solid metal parts. The porosity of sintered parts is sometimes an advan-
tage because the parts can be impregnated with oil and used as a bearing surface to
reduce contact friction between other parts.

For hand-sized parts, sintering can easily create feature geometries that are accu-
rate to within 0.25 mm, whereas accuracy to within 0.025 mm is considered difficult.
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FIGURE 9.36. Examples of
successively stamped parts.
Each operation, moving from
left to right on the sample
strips, makes the part more
complete. The final part
geometry is on the right end 
of the strip.

SUMMARY OF COMMON HIGH-VOLUME PRODUCTION PROCESSES

PROCESS ADVANTAGES DISADVANTAGES

SAND CASTING PRODUCES 3-D GEOMETRIES; SLOW DUE TO MANUAL HANDLING; LOW TO MODERATE ACCURACY 
MOLDS ARE INEXPENSIVE AND SURFACE FINISH; PARTS ARE POROUS

INVESTMENT PRODUCES 3-D GEOMETRIES WITH EVEN SLOWER THAN SAND CASTING DUE TO MANUAL HANDLING;
CASTING GOOD DETAIL AND ACCURACY MOLDS CANNOT BE REUSED

EXTRUSION PRODUCES COMPLEX SHAPES OF CONSTANT EXPENSIVE TOOLING; CANNOT BE USED TO 
CROSS-SECTION GEOMETRY PRODUCE 3-D SHAPES

DRAWING PRODUCES VERY ACCURATE GEOMETRY; GEOMETRIES LIMITED TO CIRCULAR OR 
USES SOLID RAW MATERIAL CIRCULAR TUBES

ROLLING PRODUCES VERY ACCURATE GEOMETRY; GEOMETRIES LIMITED TO AXIALLY SYMMETRIC SHAPES
USES SOLID RAW MATERIAL; PROCESS 
USUALLY STRENGTHENS THE MATERIAL

DIE CASTING AND PRODUCES COMPLEX 3-D GEOMETRIES MOLDS ARE EXPENSIVE; CANNOT BE USED FOR STEELS; POROSITY IS 
MOLDING SOMETIMES A PROBLEM

FORGING USES SOLID RAW MATERIAL; PROCESS USUALLY CAN PRODUCE SHALLOW 3-D DETAIL ONLY
STRENGTHENS THE MATERIAL

STAMPING FAST AND CAN PRODUCE COMPLEX 3-D SHAPES; CAN BE USED ON SHEET METAL ONLY
USES SOLID RAW MATERIAL

SINTERING PRODUCES 2-D SHAPES ACCURATELY 3-D SHAPES LIMITED TO SHALLOW FEATURES; FINAL PART USUALLY 
HAS POROSITY
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Burr Removal
Part features that have been produced by cutting processes are prone to have sharp
edges and small bits of extraneous raw material attached to them. These bits of mate-
rial are called burrs; and unless they are removed, they later become trapped between
other parts, impairing the mating and function between the parts. Also, parts with
sharp edges can cut its handlers, as well as damage surrounding parts. Unless there is
a specific need to retain a sharpened edge, it should be removed for safety. For low-
volume production, a skilled worker using a file and other handheld tools can
remove burrs and edges. For medium- and high-level production volumes, burrs and
edges can be removed through a process called tumbling. In this process, a part is
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(a) (b)

(c) (d)

(e)

Upper die

Lower die

Powdered
metal

Force

Close-up of finished part

FIGURE 9.37. To create a
sintered part, a hardened steel
die (a) must be created using
prototyping processes.
Powdered metal is placed in 
the cavity (b). The die is closed
(c). The die is closed (d), and
elevated temperature and pres-
sure are applied. The die is
opened (e), and the finished
part is ejected.

9.05
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surrounded in a bin filled with ceramic pellets. The bin is shaken or rotated, causing
the part and pellets to rub against one another. Because the ceramic in the pellets is
harder than the material of the part, this action abrasively removes part material most
drastically at its sharpest external points. The longer the part is tumbled or the more
abrasive the pellets, the more part material removed. The material from relatively flat-
ter surfaces is removed very slowly, so they are left relatively unaltered while sharp
edges and burrs are removed. Internal surfaces and edges of the part that are not in
contact with the pellets, such as the inside of small holes and screw threads inside
small holes, are unaffected by the process. Parts with smaller feature details require
smaller pellets. The process of tumbling is shown schematically in Figure 9.38.

Combined Processes
One way to learn about using specific fabrication processes is to imagine how you
would create a part using the processes. It is quite common to use a combination of
processes, each one being best suited for creating specific types of geometries. Return
to the part presented at the beginning of this chapter, shown again in Figure 9.39, and
assume the part is about the size of your hand and is to be made of aluminum. With
the wide array of fabrication methods presented so far, the part can be made many
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(a)

(b)

(c)

(d)

Typ. sharp corners

Typ. sharp edges

Part Ceramic pellets

Bin

Typ. rounded
corners

Typ rounded
edges

FIGURE 9.38. Tumbling to remove burrs and edges. The part in (a) may have sharp edges
and burrs from machining operations. The part is placed in a bin filled with abrasive
ceramic pellets (b) and is completely covered and shaken (c), causing the pellets to rub the
part. The action removes the burrs and sharp external edges from the part (d).
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FIGURE 9.39. This part needs
to be fabricated. What processes
will be needed, and in what
order should they be
performed?

(a)

(b)

(c)

Saw from
stock Result

Saw rough
shape Result

Mill finish
surfaces Result

FIGURE 9.40. A possible
fabrication sequence for the
block using low-volume
production processes. A 
slightly oversized workpiece is
sawn from a length of stock
commercial shape in (a). The
external shape of the block is
roughly sawn in (b). The exter-
nal surfaces are milled to their
final sizes and finishes in (c). 

ways. However, considering the number of parts that are to be produced, some fabrica-
tion methods will be better than others.

First, consider that only one of these parts is needed. Investing in the tooling that
would be required for using high-volume processes makes no economic sense in this
case. Using the low-volume processes that have been described, you would get the part
much quicker with less cost.

One possible sequence of operations to create the part is shown in Figure 9.40.
First, the initial workpiece is made by sawing it off the end of a stock commercial shape
that is slightly larger in overall size than the final part. The basic L shape of the final
part is then roughly sawn out. If good size accuracy of the final part is required (say
within 0.10 mm), the next step would be a milling operation to refine the surfaces of
the L shape. Next (since the workpiece is already in a milling machine), another milling
operation is used to create the slot on top. Finally, a drilling operation, which can be
done on the milling machine or a drill press, is used to create the hole.

Other sequences or processes are possible but not as desirable. For example,
although milling alone could produce the basic L shape, an initial sawing operation
removes most of the undesired material much quicker. Milling is then used for the
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(d)

(e)

Mill slot Result

Drill hole

Result

FIGURE 9.40. (CONTINUED)
The slot is milled in (d), and the
hole is drilled in (e).

final finish work. The basic L shape, slot, and hole also could have been produced by
EDM operations. However, EDM removes material at a much slower rate than either
milling or drilling and the simple geometries of the features did not require the intri-
cate path-cutting capability of EDM.

If you decide that a large number of parts need to be made, you can consider high-
volume processes. The processes used depend on what material the part is made of and
how accurately the feature sizes need to be controlled. Most metals can be cast. Die
casting can create more accurate sizes and better surface finishes but cannot be used on
steels. Small plastic parts can be molded. Small metal parts can be sintered or forged.
Sheet metals can be stamped and drawn. Both metals and plastics can be extruded.
When the feature sizes from these raw operations are not sufficiently accurate for the
part to function, postprocesses such as additional machining or grinding can be added.

Presume the part in Figure 9.40 is now to be made in larger numbers. Assume
about a thousand of them are needed. With a required size accuracy of 0.1 mm, die cast-
ing would certainly do the job; but even with a thousand pieces, the tooling cost for die
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Master form

Sand and
binder

Creating cavity
in mold

Cavity

(a)

(b)

FIGURE 9.41. A fabrication
sequence using medium-volume
production processes. A master
form is created in (a). The form
is used to create the cavity in a
sand mold in (b). The mold is
closed, molten metal is poured,
and the hardened casting is
removed in (c). The slot is
finished by milling in (d) if
necessary. The hole is drilled in
(e) to complete the part.

casting may not justify its use. The required accuracy would be near the limit of what
can be done with sand casting, which is much less expensive but possible. If features
such as the hole or the slot need to be made with higher accuracy, they can be finished
with milling or drilling operations. This process is shown in Figure 9.41. Investment
casting would be more expensive than sand casting, but the part would not require any
postmachining. The suitability of the material also needs to be checked. Not all alloys
of aluminum or any metal can be cast successfully. Many alloys lose much of their
strength after they have been melted, poured, and rehardened.
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When the planned production volume of the part exceeds 10,000, tooling invest-
ment required for die casting and extrusion starts to become economically justifiable.
Figure 9.42 shows a possible fabrication sequence that uses an extrusion to create the
basic L shape. To create a custom extrusion, the extrusion die must be fabricated and fit-
ted to an extrusion machine, which can create the temperatures and pressure needed to
liquefy the raw material and press it through the extrusion die. Sections of the L shape
are sawn off to create a workpiece. The slot is then milled, and the hole is drilled.
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(d)

(e)

Mill slot Result

Drill hole Result

(c)

Pour molten
metal

Casting

FIGURE 9.41. (CONTINUED)
The mold is closed, molten
metal is poured, and the hard-
ened casting is removed in (c).
The slot is finished by milling 
in (d) if necessary. The hole 
is drilled in (e) to complete 
the part.
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(a)

(b)

Extrude basic shape

Extrusion die

Result

Saw to needed size

Result

Raw material

(c)

(d)

Mill slot Result

Drill hole Result

FIGURE 9.42. A fabrication
sequence using a high-volume
process. The basic L shape is
created by extrusion in (a). The
length is then sawn to the
required size in (b). The slot is
created by milling in (c).
Broaching the slot is an
alternative. The hole is created
by drilling in (d).
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9.06.01 Example 1: The Retainer
A part called a retainer is shown in Figure 9.43. This part is about hand-sized and is to
be made of steel. For this part to fit and function properly, its exterior size must be
accurate to within 0.10 mm, but the size of the hole and slots must be accurate to
within 0.025 mm. In addition, the size of the outer diameter of the long cylindrical sur-
face must be accurate to within 0.005 mm. To create this part using low-volume fabri-
cation processes, what sequence of operations should be used?

A possible sequence of operations is shown in Figure 9.44. Sawing off a length of
standard commercial-sized steel tubing creates a workpiece. The length of tubing
needed would be slightly larger than the final length of the part. The outer diameter of
the tubing must be slightly larger than the maximum outer diameter of the part,
and the inside diameter of the tubing must be smaller than the minimum inner diam-
eter of the part. If tubing of an appropriate size and the proper material cannot be
found, an alternative would be to start with a solid, round commercial size. Starting
with a solid, round stock would not be as practical because more material would need
to be removed from the center of the part, wasting time and effort as well as material.
The workpiece is placed in a lathe, where material is removed by boring to form the
inside diameter of the part. While the workpiece is in the lathe, the outer diameter of
the lip and the outer diameter of the long cylindrical surface are cut to size by turning.
Since turning cannot produce the 0.005 mm accuracy needed for the long cylindrical
surface, the turning operation leaves the diameter slightly oversized so that a grinding
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FIGURE 9.43. Using low-volume
fabrication methods, what
sequence of processes would be
needed to create this part?

Saw from stock
commercial shape

Result

Drill and turn 
inside bore

Result

(a)

(b)

FIGURE 9.44. Fabrication of the
retainer using low-volume
production processes. A
workpiece is sawn from circular
stock in (a). The inside bore and
chamfer are created by turning
in (b). The outside geometry
and chamfers are created by
turning in (c). The slot is 
milled in (d).
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(c)

(d)

Turn outside
geometry and chamfer Result

Mill slot Result

FIGURE 9.44. (CONTINUED)
The outside geometry and
chamfers are created by turning
in (c). The slot is milled in (d).

operation can be used later to create the final size. The part is cut to its desired axial
length on the lathe. The workpiece is next placed in a milling machine to produce the
rounded slot. Finally, a rotary grinding operation reduces the long cylindrical surface
to its desired size and accuracy.

9.06.02 Example 2: The Coupling
A part called a coupling is shown in Figure 9.45. This part is about hand-sized and is to
be made of steel. For this part to fit and function properly, its exterior size must be
accurate to within 0.10 mm, but the size of the hole and slots must be accurate to
within 0.02 mm. To create this part using medium- to high-volume fabrication
processes, what sequence of operations should be used?

Investment casting can be used to create steel parts and would produce the accura-
cies needed for most of the part, including the cylindrical body and the axial protru-
sions. However, the accuracies needed for the hole and slots require a secondary
machining operation after the main part is cast. Before the part can be cast, wax mas-
ters must be fabricated. The masters need to reproduce only the geometry of the final
part (less the hole and slots), not its material properties. Since each wax master will ulti-
mately be destroyed for each part made in the investment casting process, making the
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(a)

(b)

Sharp edges

Rounded edges

FIGURE 9.45. The original part (a) is redesigned with rounded edges (b), so that wax master
forms can be molded more easily in preparation for making investment castings.

masters using low-volume fabrication methods would be too slow. Instead, the masters
can be molded. The part in Figure 9.45 has been slightly redesigned to eliminate the
sharp outside corners so that a molding die can be fabricated more easily for the wax
masters. The molding die for the masters can be made of aluminum instead of steel
because wax is a very soft material that will not cause much wear in the die. Although
aluminum is more expensive than steel per unit volume, it also is softer and easier to
machine than steel; thus, an aluminum die is less expensive to make than a steel die. A
possible sequence of operations for creating the masters is shown in Figure 9.46.
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(a) (b)

(c) (d)

(e)

Mold for wax
master forms

Molten wax

Level

Hardened wax
master form

Mold to 
be reused

FIGURE 9.46. Steps for creating wax master forms for the coupling. Aluminum (or steel) is
milled (a) to create a mold (b). Wax is poured (c) and allowed to level and harden (d). The wax
form is then removed (e), and the mold can be used to make additional wax forms as needed.
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Once masters have been fabricated, they can be used to create production invest-
ment casting molds. This sequence is shown in Figure 9.47. Repeated dipping of the
master into liquid slurry of fine sand with a clay or cement binder—with the layer
allowed to harden between each dipping operation—creates a mold. Each progressive
layer can be thicker and use coarser sand. The master is then removed from the mold,
and molten steel is poured into it. When the steel hardens, it is removed from the
mold as a cast part.
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Heat

Molten wax

Molten
steel

Coated
master form

Slurry

Hardened empty 
sand mold

(a) (b)

(c) (d)

(e) (f)

FIGURE 9.47. Investment casting of the coupling. The wax master is repeatedly dipped in slurry (a). The
coated master is heated (b) to harden the slurry and run the wax to leave an empty sand mold (c). Molten steel
is poured into the sand mold (d) and allowed to harden (e). The sand mold is broken to retrieve the part (f ).
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Reaming the slots

Result

FIGURE 9.48. The final hole size and the slots are created by reaming.

Drilling followed by broaching operations makes the hole and slots. This step is
shown in Figure 9.48. The broaching tool can be made from hardened tool steel using
an EDM process, followed by grinding if necessary.

9.06.03 Example 3: The Motor Plate
A part called a motor plate is shown in Figure 9.49. This part is about hand-sized and
should be made of aluminum. Assume that in order for this part to fit and function
properly, its exterior size must be accurate to within 0.30 mm, but the size of the holes
and slot must be accurate to within 0.15 mm. To create this part using high-volume
fabrication processes, what sequence of operations should be used?

Since the part is made of aluminum, die casting can be considered. The die casting
process is capable of creating the accuracy required for the external sizes of the part and
its internal features, thus eliminating the need for any secondary machining opera-
tions. A possible sequence for making the mold, which is machined out of steel, is
shown in Figure 9.50. Note that for this part, the sharp outside corners on the part
require sharp inside corners in the mold cavities. These corners are difficult to create by
machining a single block of material. For the corners to be created, the mold must be
assembled and fastened together from multiple pieces. In addition, the mold must

FIGURE 9.49. Using high-volume fabrication methods, what sequence of processes would be
needed to create this part?
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have a means of alignment, such as pins, to ensure proper positioning of its top and
bottom halves, input ports from which molten metal can be injected into the cavity,
and output ports from which air can escape as the molten metal is injected. After
machining, the steel mold is hardened to improve its wear resistance.

After the mold has been fabricated, it can be attached to a die casting machine,
which provides a source of molten aluminum. The mold halves are assembled, and the
molten aluminum is injected to fill the cavity. Once the aluminum is cooled, the mold
is opened and the part is ejected. This process is shown in Figure 9.51. Any flash or
sprue left from the casting operation would need to be removed if it interfered with the
fit, function, or handling of the part.

9-46 sectiontwo Modern Design Practice and Tools

(a)

(b)

FIGURE 9.50. To create the
sharp outside corners on 
the motor plate, the mold
created from several pieces 
(a) are joined together (b) with
either screws or pins.
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An inexperienced engineer or designer is quickly exposed when he specifies a design
that cannot be easily made without realizing that it cannot be easily made. With the
vast array of special fabrication techniques, too numerous to mention here, almost any
imaginable part geometry can be made. However, special fabrication techniques tend to
be slow and/or expensive. Having an understanding of the basic fabrication methods
described in the previous sections and avoiding geometries that are difficult to make
with these methods ensures that parts can be designed to be not only functional but
also simple to fabricate. The following sections describe types of geometries that engi-
neers should avoid.

(a) (b)

(c) (d)

Upper die

Lower die

Molten
aluminum

Finished
part

FIGURE 9.51. The dies for the
motor plate are aligned (a) 
and assembled (b). Molten 
aluminum fills the mold (c) and
is allowed to cool and harden.
The mold is opened, and the
part is removed (d).

CAUTION
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Long, Skinny Holes
A hole can be considered “long and skinny” when the aspect ratio of its depth to its
diameter is longer than about ten to one. A long, skinny hole would need to be made by
a long, skinny drill bit. Such a drill bit has a tendency to wobble and bend under the
forces generated by the cutting process, creating holes that are inaccurate in size and
location. The wobble and bend also increase the chances that the drill bit will break
under the cutting forces, particularly with tough materials such as stainless steels. On
cast and molded parts, long, skinny holes require long, skinny pins in the mold. Such
pins also have a tendency to bend and break under the forces applied during the casting
and mold removal processes. Whenever possible, designs that include long, skinny
holes should be modified so they are not used, as shown in Figure 9.52.

Long, Skinny Protrusions
Long, skinny protrusions, such as those shown in Figure 9.53(a), also should be
avoided if possible. For a machined feature, the cutting forces from the tool would
cause such a protrusion to bend as it was being created. The resulting feature would
thereby be deformed. Such features can be created with EDM, which inherently applies
low forces to the part; but this process is slow. On cast and molded parts, long, skinny
protrusions require long, skinny cavities in the mold. Such cavities are difficult to fill
during the casting process. Also, once a cavity is created as a cast feature, it is easy to
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Long holes
Short holes

POOR! Better
(a) (b)

FIGURE 9.52. Long holes such as those on the original part in (a) are difficult to keep straight because drill bits bend more as they
cut deeper. When possible, holes should be kept short, as on the redesigned part in (b).

POOR! Better

Long, thin protrusion made in
one piece with the main body Long, thin protrusion attached

as a separate piece

(a) (b)

FIGURE 9.53. Parts with long, thin protrusions are more easily made as two separate pieces rather than as one continuous piece.

42496_11_ch9_p9.1-9.69  12/21/07  3:42 PM  Page 48



chapter 9 Fabrication Processes 9-49

deform and will break under the forces applied during the casting and mold removal
process. A possible solution when a long, skinny protrusion is necessary is to create it as
a separate part, as shown in Figure 9.53(b).

Sharp Inside Corners Made by Cutting Processes
An inside corner is created when three concave edges meet at a point, as shown on
the part in Figure 9.54(a). Such a corner would be very difficult to produce using the
common cutting methods discussed earlier. On a milling machine, for example,
the curvature inherent on an end mill would make it impossible to create a sharp inside
corner. However, the rounded corner shown in Figure 9.54(b) can be created using an
end mill, and the blunted corner shown in Figure 9.54(c) can be created using a ball end
mill. However, the sharper the corner, the smaller the milling tool and the slower the
material removal rate.

Whenever possible, inside corners that must be made by cutting operations should
be rounded instead of sharp, as shown in the illustration.

(a)

(b)

(c)

Sharp inside corner

Corner rounded
along one edge

Corner rounded
along all edges

POOR!

Better

Better

FIGURE 9.54. A sharp inside corner as in (a) is difficult to produce with common cutting
processes. By rounding the corners as in (b) or (c), the feature is much easier to create.

42496_11_ch9_p9.1-9.69  12/21/07  3:42 PM  Page 49



Sharp Outside Corners with Molding and Some Casting
Processes
An outside corner is created when three convex edges meet at a point, as shown on the
part in Figure 9.55. Such a corner would be simple to produce using the common cut-
ting methods discussed earlier. However, on molded parts, the existence of a sharp out-
side corner requires the existence of a sharp inside corner in the mold. For sand and
investment casting, because packing aggregate and binder around a master pattern cre-
ates these molds, there is little or no effect on the cost of the mold. However, molds for
die cast and molded parts are usually made by cutting processes, which means diffi-
culty in cutting inside corners.

On such a mold, however, a bit more tolerance for any extra machining time usu-
ally is needed to create the mold because very few molds are made when compared to
the number of parts made from the molds. A little extra time and effort invested in
creating inside corners, if they are indeed necessary, would noticeably increase the cost
of the mold but only slightly increase the overall cost of the high-volume part.
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POOR!

Better

Better

Sharp outside corner

Corner rounded
along one edge

Corner rounded
along all edges

(a)

(b)

(c)

FIGURE 9.55. A sharp outside corner as in (a) is difficult to pro-
duce by processes such as die casting and molding. By rounding
the corner as in (b) or (c), the feature is much easier to create.

(a)

(b)

Center ear

Hole

Outer ear

Outer ear

Access hole

Access hole

POOR!

Better

FIGURE 9.56. The hole in the center ear of the part in (a)
would be difficult to create because the outer ears interfere
with tool access. One possible solution would be to create
access holes in the outer ears, as in (b).
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Features in Hard-to-Reach Locations
When features are created by cutting processes, consideration must be given to the
access the cutting tools have to the features. Features that are obscured are difficult to
make. As an example, consider the proposed part shown in Figure 9.56(a). A hole on the
center ear is located at the center of the part. A hole is usually produced by drilling in a
machining operation (or by a pin in a molding or casting operation). This feature
seems simple enough, but how can it be produced on this particular part? Drilling can-
not be used without putting access holes in the sidewalls of the part. The ears must be
relocated so the holes can be created without interference occurring between the drill
(or pin) and the rest of the part; or the part must be redesigned to allow access to the
ears by a drill (or pin), as shown in Figure 9.56(b).

Undercuts on Cast or Molded Parts
An undercut feature is a concave feature in which the removed material expands
outward anywhere along the depth of the feature. An example of an undercut feature is
the material removed from the inside of a bore as the bore becomes deeper, as with the
part in Figure 9.57. In this figure, the part is hypothetically split to show the feature.
Such a feature, commonly called a relief, is sometimes used to reduce friction when a
shaft is placed in the bore or to reduce the weight of the part. However, an undercut
bore cannot be made by sand casting, die casting, or molding because the mold would
be extremely difficult to separate from the master form or the actual part unless it was
a highly flexible material, such as rubber or rubber foam. Molten material could flow
into the mold; however, the hardened part would be locked around the portion of the
mold used to create the part, as demonstrated in the cut-away part and mold shown in
Figure 9.58. Undercut features can be made by investment casting using the lost wax
method; however, the mold must be broken to remove the part, thus making this
process expensive.

FIGURE 9.57. The original part (a) is hypothetically split with a cutting plane (b) to reveal the interior of the part and its undercut
bore (c).

(a)

Bore

(b)

Cutting plane

(c)

Undercut
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(a)

(b)

NO!

Yes

FIGURE 9.58. The part with the
undercut bore (a) would be
locked inside the mold. The
part with the straight bore (b)
can be removed from the mold
without breaking it.

Undercut features on a cast or molded part should be avoided if possible. When
necessary, these features can be made only by secondary machining processes after the
casting or molding operation. In Figure 9.58, the undercut bore is replaced by a
straight bore, which allows the part to be removed without destroying the mold. If the
undercut is necessary, it can be created with a milling or turning operation.

A screw thread is another common example of an undercut feature. In cast or
molded parts, screw threads are usually cut as a secondary machining operation.

Mixed Wall Thickness on Cast or Molded Parts
In cast and molded parts, a good design practice is to keep major wall thicknesses about
the same throughout the part to reduce distortion of the part during its cooling. If the
walls on a part are of vastly different thicknesses, as shown in Figure 9.59, the thicker
portions would cool and harden more slowly than the thinner portions. Because almost
all engineering materials shrink with decreasing temperature, thicker portions would
shrink more than thinner portions, leading to distortion of the final part. Moreover,
thicker wall castings take longer to cool than thinner wall castings and therefore cannot
be removed from the mold as quickly, which reduces the production rate.
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Considerations for 3-D Modeling
The growth in popularity and sophistication of 3-D modeling has had a tremendous
effect on many fabrication methods—for both low-volume and high-volume processes.
In the early days of solid modeling, the software was used as a design aid for enhanced
visualization, calculation of physical properties, and generation of formal engineering
drawings. The drawings would be given to fabricators, who could work directly from
the printed versions to create the desired part features on manually controlled
machines. Alternatively, an operator could use the drawings to enter data on a com-
puter program to create the parts on numerically controlled machines. As 3-D model-
ing became more popular, software was created for taking a solid model file and
generating from it the program necessary to drive the numerically controlled
machines. The need for a skilled operator to specify information such as tool types and
tool paths became less necessary, as this information could be derived from a solid
model. Most modern fabrication shops now ask that solid model files be submitted in
addition to or instead of formal engineering drawings.

Special software also was developed for creating models of the mold required to
make a part for die casting and molding processes. The software not only specifies the
geometry of the required mold but also aids in identifying potential problems with
the design, such as large differences in part wall thickness, which can lead to distortion
of the part upon cooling, and long flow paths for the molten raw material, which can
lead to incomplete filling of portions of the mold.

Thick
Thin

Thin

Added
cavity

Similar wall
thickness

POOR!

Better

(a)

(b)

FIGURE 9.59. A casting (a) with
large differences in thickness
may distort upon cooling. By
making the thickness of the
walls similar (b), the distortion
will be minimized.

9.07
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T he Hoyt AeroTec bow han-
dle was designed with a
material and fabrication

method already in mind. The annual
production volume of the product
was anticipated to be in the thou-
sands. This volume was high enough
to consider some sort of casting
process or forging process to help
create at least a part of the product
geometry. Earlier products of this
type made by Hoyt and other manu-
facturers were of cast magnesium or
cast aluminum. However, casting
has a tendency to create voids and
porosity, which can dramatically
decrease the strength of the product.
Structural integrity was a key con-
sideration. The stresses created by a
bow launching lightweight arrows
have been known to cause some
metal handle bows to crack and
break. Thus, earlier products tended
to be bulky due to the amount of

Fabrication of the Hoyt AeroTec Target Bowintegratedproject

The computer-generated solid model
of the AeroTec bow handle. This shape
is produced entirely on a numerically
controlled milling machine.

The workpiece starts as an 18 kg rectangular block of wrought 6061 T-6
aluminum.

The workpiece is placed in a computer-controlled Matsuura four-axis milling
machine, which reduces the workpiece into the 1.3 kg AeroTec product shape.
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metal necessary to prevent failure.
The dimensional accuracy desired
for the AeroTec was not achievable
by casting or forging alone. Those
processes also produce a poor qual-
ity surface finish, which is undesir-
able for the high-end consumer
market at which the product was
targeted.

The material selected was 6061
T-6 high-strength aluminum, usually
used for aircraft applications. The
number 6061 specifies the alloying
composition of the metal. The T-6
designation refers to a specific heat-
treating process used to improve the
strength of the metal. This material
was lightweight, strong, not difficult
to obtain, and priced such that the
product could be produced within
the desired cost constraints.

The production method
selected was numerically controlled
milling. This process, when done on
a four-axis milling machine, could
produce all of the features of the
AeroTec, including the holes and
screw threads, with the desired accu-
racy. Hoyt has a number of four-axis
computer-controlled mills, built by
Matsuura Corporation, in its pro-
duction facility in Salt Lake City,
Utah. These facilities are shared
between several product models.
The facilities could be set up to pro-
duce one particular model for sev-
eral days or weeks and then
reconfigured to produce a different
product model.

For each part, the workpiece
begins as a single block of cold-
rolled, or wrought, aluminum deliv-
ered from the material supplier.
Each workpiece has an initial mass
of 18 kg. No formal engineering
drawings are required. Skilled
machine operators are not required
to operate the milling machines.
Hoyt engineers create a solid model

(a) (b)

The workpiece is held inside the Matsuura mill using special tooling that holds
eight workpieces simultaneously. The mill is programmed to select the correct
cutting tool for each operation.

The machined workpiece and ceramic pellets are placed in a canister and tum-
bled to remove burrs, sharp edges, and machining marks.
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using SolidWorks software. The
engineers then convert the model
into a Mastercam software program
that can be used for controlling the
spindle and tool path of a Matsuura
four-axis mill. The program also
automatically selects the proper
milling, drilling, or tapping tools
used to create the desired product
features. An operator clamps the ini-
tial workpiece into a fixture in the
numerically controlled mill, closes
the door, and runs the program to
begin the cutting. After the cutting
is complete, the machined work-
piece leaves the mill with the desired
geometry: a final mass of 1.3 kg. The
excess aluminum removed from the
workpiece is collected and recycled.

After the machined workpiece is
removed from the mill, it is sent 
to the tumbler to have any burrs,
sharp edges, and machining marks
removed. In the tumbling operation,
the workpiece is placed in a canister
filled with ceramic pellets and the
canister is rolled, causing the pellets
to rub the workpiece. This process
produces a fine satin-like finish on
the surface of the workpiece.

A finishing operation called
anodizing is then applied to the
metal. Anodizing is an electro-
chemical process that adds color to
the metal surface and hardens the
surface, making it more durable.
Finally, threaded steel inserts are
pressed into the appropriate cavities
in the handle and a plastic grip is
added to complete the product.

Fabrication of the Hoyt AeroTec Target Bow
(CONTINUED)

integratedproject

Some of the ceramic pellets used in the tumbling process.

An AeroTec bow handle after the final anodized finish is applied.
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Chapter Summary
A wide variety of production processes are available for creating the geometries and fea-
tures contained on a part. When only a few parts (or a single part) are desired, low-
volume processes can be used. These processes usually consist of various ways of
removing material, such as cutting, from commonly available standard commercial
shapes. The machines used for low-volume production are flexible in their configura-
tion, allowing for a wide variety of different geometries to be produced with a mini-
mum of setup time. However, as the required production volumes increase, different
fabrication processes must be considered. High-volume processes usually involve
the redistribution of raw material in molten, solid, or powdered form to produce the
desired shape. High-volume processes can produce parts more economically than low-
volume processes; however, the setup time and tooling expenses for high-volume pro-
duction are much greater than for low-volume production. High-volume processes also
tend to be less accurate than low-volume processes in producing a desired geometry.

A design is of little value if it cannot be fabricated. In the design of a part, the
intended method of its fabrication must be taken into consideration when the geome-
try of its features is specified. For the part to be made economically, these geometries
may need to change depending on whether the intended production volume of the part
is high or low. These geometries also may need to change according to what production
processes are available.

In revisiting the parts with the cross-shaped features presented at the beginning of
the chapter, the part shown in Figure 9.02(a) has a cross-shaped protrusion atop a sim-
ple base. The squared outside corners and rounded inside edges of the cross would be
considered simple to produce with an end mill on a milling machine, which is a low- to
medium-volume production process. To produce the same feature geometry using a
high-volume process, such as molding or die casting, would be considered difficult
because the sharp outside corners on the part require sharp inside corners in the mold.
Since the mold is made by machining (for example, on a milling machine), such a cor-
ner would be difficult to produce, as shown in Figure 9.60.

The axially symmetric outline of a milling tool can produce a sharp or rounded
inside edge but not a sharp inside corner. Modifying the protrusion cross geometry to
have rounded outside edges and squared inside corners, as shown in Figure 9.02(b),
would make it easier to fabricate by die casting or molding because the mold can be
made by machining. However, when the part is made by machining, the sharp inside
corners cannot be produced by a milling tool.

Now revisit the part that has a cross-shaped cavity instead of a protrusion in
Figure 9.03(a). Milling could easily produce the rounded inside edges of the cross.
However, milling could not produce the squared outside corners. The outline cut by
the curvature of the end mill would not permit it. To produce the same feature geome-
try using molding or die casting would be simple because the mold would have a pro-
trusion with squared outside corners and rounded inside edges, both of which could be
made with an end mill. Modifying the cavity geometry to have rounded outside edges
and squared inside corners, as shown in Figure 9.02(b), would make it possible to fabri-
cate by milling. However, such a cavity by die casting or molding would require a mold
that has a protrusion with squared inside corners, which cannot be milled, as shown in
Figure 9.61.

By modifying the cross geometry of the protrusion and the cavity to have rounded
outside edges and rounded inside edges, as shown in Figure 9.04, the parts can be cut
easily on a milling machine for low-volume production. But the molds for the part also
can be cut on a milling machine in preparation for high-volume production.
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Outline of tool

Impossible cut outline Outline of cut

Path of tool
center

FIGURE 9.60. Close inspection
of the cavity reveals that the
cylindrical outline of the cuts
made by an end mill cannot
create sharp corners at the tip 
of the cross.

Outline of tool

Impossible cut outlineOutline of cut

Path of tool
center

FIGURE 9.61. Close inspection
of the protrusion reveals that
the cylindrical outline of the
cuts made by an end mill cannot
create sharp corners on the
inside of the cross.
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3-D printing: A process for creating solid objects from
a powder material by spraying a controlled stream of a
binding fluid into a bed of that powder, thus fusing the
powder in the selected areas.
blind hole: A hole that does not go all the way through
a part.
boring: The general process of making a hole in a part
by plunging a rotating tool bit into a part, moving a
rotating part into a stationary tool bit, or moving a part
into a rotating tool bit.
brazing: A method for joining separate metal parts by
heating the parts, flowing a molten metal (solder)
between them, and allowing the unit to cool and
harden.
broach: A long, shaped cutting tool that moves along
the length of a part when placed against it. It is used to
create uniquely shaped holes and slots.
broaching: A process of creating uniquely shaped
holes and slots using a long, shaped cutting tool that
moves along the length of a part in a single stroke when
placed against the part.
casting: A method of creating a part by pouring or
injecting molten material into the cavity of a mold,
allowing it to harden, and then removing it from 
the mold.
deep drawing: Creating a thin-shelled part by pressing
sheet metal into a deep cavity mold.
die: A special tool made specifically to deform raw or
stock material into a desired outline of a part or feature
in a single operation.
die casting: A method of casting where the mold is
formed by cutting a cavity into steel or another hard
material. See casting.
draft: The slight angling of the walls of a cast, forged,
drawn, or stamped part to enable the part to be removed
from the mold more easily.
drill bit: A long, rotating cutting tool with a sharpened
tip used to make holes.
drilling: A process of making a hole by plunging a
rotating tool bit into a part.
drill press: A machine that holds, spins, and plunges a
rotating tool bit into a part to make holes.
EDM: Electric discharge machining; a process by which
material is eroded from a part by passing an electric cur-
rent between the part and an electrode (or a wire)
through an electrolytic fluid.
end mill: A rotating cutting tool that, when placed in
the spindle of a milling machine, can remove material in
directions parallel or perpendicular to its rotation axis.

extrusion: A process for making long, solid shapes
with a constant cross section by squeezing raw material
under elevated temperatures and pressure through an
orifice shaped with that cross section.
fixture: A mechanical device, such as a clamps or
bracket, used for holding a workpiece in place while it is
being modified.
flash: Bits of material that are left on a part from a
casting or molding operation and found along the
seams where the mold pieces separate to allow removal
of the part.
forging: A process of deforming metal with a common
shape at room temperature into a new but similar shape
by pressing it into a mold under elevated pressure.
fused deposition: A process where parts are gradually
built up by bits of molten plastic that are deposited by a
heated tip at selected locations and then solidified by
cooling.
grinding: A method of removing small amounts of
material from a part using a rotation abrasive wheel,
thus creating surfaces of very accurate planar or cylin-
drical geometries.
injection molding: A process for creating a plastic part
by injecting molten plastic into a mold under pressure,
allowing the material to solidify, and removing the part
from the mold.
investment casting: A method of casting where the
mold is formed by successive dipping of a master form
into progressively coarser slurries, allowing each layer to
harden between each dipping. See casting.
lathe: A machine used to make axially symmetric parts
or features using a material removal process known as
turning.
milling: A process of removing material from a part
using a rotating tool bit that can remove material in
directions parallel or perpendicular to the tool bit’s
rotation axis.
milling machine: A machine used to make parts
through a material removal process known as milling.
mold: A supported cavity shaped like a desired part into
which molten material is poured or injected.
pattern: A master part from which molds can be made
for casting final parts.
rapid prototyping: Various methods for creating a
part quickly by selective hardening of a powder or liquid
raw material at room temperature.
reaming: A process for creating a hole with a very accu-
rate final diameter using an accurately made cylindrical
cutting tool similar to a drill bit to remove final bits of
material after a smaller initial hole is created.

9.09 glossary of key terms
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rolling: A process for creating long bars with flat,
round, or rectangular cross sections by squeezing solid
raw material between large rollers. This can be done
when the material is in a hot, soft state (hot rolling) or
when the material is near room temperature (cold
rolling).
sand casting: A casting process where the mold is
made of sand and binder material hardened around a
master pattern that is subsequently removed to form the
cavity. See casting.
sawing: A cutting process that uses a multitoothed blade
that moves rapidly across and then through the part.
selective laser sintering: A process where a high-pow-
ered laser is used to selectively melt together the parti-
cles on a bed of powdered metal to form the shape of a
desired part.
sintering: A process where a part is formed by placing
powdered metal into a mold and then applying heat and
pressure to fuse the powder into a single solid shape.
spindle: That part of a production cutting machine
that spins rapidly, usually holding a cutting tool or a
workpiece.
split line: The location where a mold can be disassem-
bled for removal of a part once the molten raw material
inside has solidified.
sprue: Bits of material that are left on the part from a
casting or molding operation and found at the ports
where the molten material is injected into the mold or
at the ports where air is allowed to escape.
stage: That part of a machine that secures and slowly
moves a cutting tool or workpiece in one or more
directions.
stamping: A process for cutting and shaping sheet
metal by shearing and bending it inside forms with
closely fitting cutouts and protrusions.
standard commercial shape: A common shape for
raw material as would be delivered from a material
manufacturer.

stereolithography: A process for creating solid parts
from a liquid resin by selectively focusing heat or ultra-
violet light into a pool of the resin, causing it to harden
and cure in the selected areas.
tap: A cutting tool similar to a drill bit used to create
screw threads inside a hole.
tapped hole: A hole that has screw threads inside it.
three-axis mill: A milling machine whose spindle,
which holds the rotating cutting tool, can be oriented
along any one of three Cartesian axes.
through hole: A hole that extends all the way through
a part.
tool bit: A fixed or moving replaceable cutting imple-
ment with one or more sharpened edges used to remove
material from a part.
tooling: Tools and fixtures used to hold, align, create,
or transport a part during its production.
tumbling: A process for removing sharp external edges
and extraneous bits of material from a part by sur-
rounding it in a pool of fine abrasive pellets and then
shaking the combination.
turning: A process for making axially symmetric parts
or features by rotating the part on a spindle and apply-
ing a cutting to the part.
undercut feature: A concave feature in which the
removed material expands outward anywhere along
its depth.
welding: A method for joining two or more separate
parts by applying heat to the edges where they meet and
melting the edges together along with a filler of essen-
tially the same material composition as the parts.
wire drawing: The process of reducing the diameter of
a solid wire by pulling it through a nozzle with a reduc-
ing aperture.
workpiece: A common name for a part while it is
still in the fabrication process, that is, before it is a
finished part.

9.09 glossary of key terms (continued)

1. Why is it important to consider the fabrication
method for a part when it is designed?

2. What processes are used to form raw materials into
standard commercial shapes?

3. How is drilling similar to milling?

4. How is drilling different from milling?

5. Why are sharp inside corners difficult to produce
using cutting processes?

6. Why are sharp outside corners difficult to produce
using casting or molding processes?

7. What is the difference between sand casting, die
casting, and investment casting?

9.10 questions for review
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8. How would fixtures be different for high-volume
production versus low-volume production?

9. What is the difference between a single-axis milling
machine and three-axis milling machine?

10. What are some limitations to shapes that can be cre-
ated using wire EDM?

11. What are some advantages and disadvantages of
using rapid prototyping processes?

12. What are some disadvantages of using welding as a
production process?

13. What are some disadvantages of using brazing as a
production process?

14. What are burrs? Why should they be removed?

15. Why are long, skinny holes difficult to produce?

16. Why are long, skinny protrusions difficult to
produce?

9.10 questions for review (continued)

1. For each part shown in Figure P9.1, specify practical fabrication steps that can be used to create a prototype of the
part by sketching pictorial diagrams of the part after each feature is created. Start with a standard stock material
geometry. Specify the best prototype fabrication process to use to create each feature. For each process, sketch the
shape and orientation of the cutting tool to be used. Use arrows (with a single arrowhead for relatively slow speed
and a double arrowhead for relatively fast speed) to show the motion of the tool and the workpiece during cutting
processes. How would the required accuracy of feature sizes and locations affect the type processes selected?

9.11 problems
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9.11 problems (continued)
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9.11 problems (continued)
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FIGURE P9.1. 
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9.11 problems (continued)
2. For each part shown in Figure P9.2, identify features that would be difficult to create using low-volume cutting pro-

duction processes. Explain why each feature would be difficult to create. Suggest at least one method for changing
each feature without altering its function so the part would be easier to make. 

(a) (b)

(c) (d)
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9.11 problems (continued)
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3. For each part shown in Figure P9.3, suggest a high-volume process that could be used to create some or all of the
major features. Identify features that would be difficult to create using the high-volume production processes and
explain why the features would be difficult to create. Suggest at least one method for changing each feature with-
out altering its function so the part would be easier to make. What features would require a secondary (i.e.,
machining) operation to create? How would the required accuracy of feature sizes and locations affect the require-
ment for a secondary operation? How would the suggested processes change if the part were made of a different
material (e.g., aluminum or plastic instead of steel).

9.11 problems (continued)

(a) (b)

(c) (d)
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9.11 problems (continued)

(e) (f )

(g) (h)

(i) ( j)
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9.11 problems (continued)
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sectionthree
Setting Up an
Engineering Drawing

Almost all formal engineering drawings are pre-
sented in a multiview format using orthogonal
projection. Most of the topics and techniques
presented in this section are in wide use today
and will continue to be invaluable in the foresee-
able future. No matter how sophisticated the
computer design hardware and software or
the manufacturing system, engineers still must
be able to create two-dimensional drawings of
three-dimensional objects and be able to 
visualize three-dimensional objects from two-
dimensional drawings.  

CHAPTER 10
Orthogonal Projection
and Multiview
Representation ■ 10-1

CHAPTER 11
Advanced Visualization
Techniques ■ 11-1

CHAPTER 12
Pictorials and
Perspective 
Views ■ 12-1

CHAPTER 13
Section Views ■ 13-1

CHAPTER 14
Auxiliary Views ■ 14-1
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Orthogonal Projection and
Multiview Representation

objectives
After completing this chapter, you should be able to
● Discuss the principles of orthogonal projection
● Show how orthogonal projection is used to create multiple

views of an object for formal engineering drawing
● Explain why orthogonal projection is necessary to represent

objects in formal engineering drawing
● Create a multiview drawing from a 3-D object

10

10-1

(a)

G
i
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T he best way to communicate the appearance of an object (short of show-
ing the object itself) is to show its image. For the purposes of the object’s
fabrication, analysis, or record keeping, this image must be precise. A pre-

cise description of an object begins with an accurate graphical representation of
that object, which is what a formal engineering drawing is all about. It is a series 
of images that show the object viewed from different angles, every view accurately
depicting what that object would look like from each view. 

Whether you originated a drawing or you received one from the originator, the
images represented in any engineering drawing must be interpreted the same way.
Consistency is achieved by adhering to nationally and internationally accepted
methods for creating and interpreting the images. Pictorial images, such as the
isometric drawings first presented in Chapter 2 (and detailed in Chapter 12),
quickly convey large amounts of qualitative information. However, pictorial images
have the disadvantage of distorting the true size, configuration, and geometry of
their features.

For an object to be represented without distortion or ambiguity, enough views
must be provided such that all of the object’s features can be clearly seen and
accurately measured. In an engineering drawing, the choice of views is not arbi-
trary. Also, the views are carefully chosen such that the features on the object are
aligned between the views and the geometries of the features are shown without
distortion. With these views, size specifications can be added later to complete the
description of the object.

10.01
introduction

A More Precise Way to Communicate Your Ideas
You have a wonderful idea for a new device. You believe in your idea. You want to have
it fabricated. However, you must communicate to another party your thoughts about
what the parts in the device will look like when they are fabricated. The other party may
be another engineer who subjects your device to a more detailed analysis of what it
should look like. The other party may be a fabricator who makes the device to your
exact specifications. The other parties may be located in another area of the country or
in another country. With the international scope of business today, design, analyses,
and fabrication are commonly done in different locations around the world.

If questions arise concerning your idea, you may not be around to answer them.
That is why all other parties involved in fabricating the object must envision it exactly
as you do. One of your goals as the engineer or designer of a product, device, or struc-
ture is to represent it graphically in such a way (i.e., accurately) that it can be fabricated
without any party misinterpreting how you want it to appear.

During the development of the Aerotec riser, the engineers at Hoyt USA faced the
possibility that the product’s geometry would be misinterpreted due to insufficient
representation of what it would look like after fabrication. Creating a graphical image
of the object in the form of a sketch or drawing as seen from only a single direction was
not a good idea. The riser, which is shown in Figure 10.01, contains many features, such
as cutouts and protrusions that could remain hidden when viewed from only one direc-
tion. The object had to be viewed from multiple directions to ensure that all of its fea-
tures were revealed. If you were the engineer responsible for the design and
manufacturing of a similar product, what would you do? How would you communi-
cate what you want built to those who build it? How would you ensure that different
people interpret and build the product the same way every time?

10.02
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10.02.01 Problems with Pictorials
One solution would be to use pictorials such as isometric or perspective view. These
types of representations of an object offer the advantage of quickly conveying the
object’s 3-D aspects from one view. Even people who do not have a technical back-
ground can easily and quickly understand pictorials.

However, pictorial representations present problems that are inherent in the use of
one view of an object’s three dimensions. One problem is the distortion of angles, as
shown in Figure 10.02. The use of right angles and perpendicularity between surfaces is
common on many fabricated objects because surfaces having those relationships are
easy to construct with machine tools. However, on pictorials, 90o angles do not appear
as 90o angles. In fact, depending on the angle of viewing, a 90o angle can appear as more
or less than 90o. On a pictorial, it is difficult to depict an object’s angles correctly when
angles are not 90o.

Another problem with pictorials is the distortion of true lengths. In any pictorial,
a length of 1 m on an object, for example, is neither depicted nor clearly perceived as a
1 m length.

chapter 10 Orthogonal Projection and Multiview Representation 10-3
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In some cases, such as an object with only rectilinear edges seen in the isometric
view, this length distortion is the same in every direction. In this case, the real length
can be obtained by multiplying the distorted edge length by a single correction factor.
In Figure 10.02, for example, the length of each edge of the object shown in the isomet-
ric would need to be the actual edge length multiplied by a scaling factor of 0.612 if the
object were drawn its full size. The formulas for getting this particular scaling factor
is complicated, so do not worry about it for now. In general, however, the correction is
not just a simple scaling factor. In a dimetric view, the correction factor for an edge of
the object is dependent upon direction. The correction factor is more complicated for a
trimetric representation, and the correction factor is even more complicated for a per-
spective representation.

Internal measurements also are distorted in pictorials. This distortion is depend-
ent upon the direction of measurement, as shown in Figure 10.03. The location of the
center of a hole placed at the center of a square face is, in reality, equidistant from each
vertex of the square. However, in an isometric pictorial, the center of the hole must be
drawn such that it is located a different distance from one vertex than from its adjacent
vertices.

Figure 10.03 also shows the problem of curve distortion. The simplest curve—a
circle or an arc of a circle—appears elliptical on a pictorial. On an isometric pictorial,
the conversion from a circle to its representation as an ellipse is a matter of figuring
out the scaling factors to calculate the major and minor axes and the orientation of
the ellipse, both of which are dependent upon the circle’s orientation in space.
The calculation or construction is more complicated on a trimetric view because the
scaling and orientation factors are different for different plane orientations on
the object. On a perspective representation, the construction is more complicated

10-4 sectionthree Setting Up an Engineering Drawing

true 50 mm
true 90 deg

Isometric

"50" mm "50" mm

"90" deg

Perspective

"50" mm
"50" mm

"90" deg

Trimetric

"50" mm
"50" mm

"90" deg

FIGURE 10.02. Distortion of
true lengths and angles in picto-
rial presentations.
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because the circle does not appear as an ellipse, but rather as an oval, or egg shape.
(Remember, an egg shape is not an ellipse.)

The sum of the previous discussion is that although pictorials have the advantage
of looking realistic, it is difficult or impractical to create an object with precision from
them. Pictorials are subject to misinterpretation and errors in analysis and fabrication
because the angles and distances are distorted. The most universally accepted solution
to these problems is to use multiview representations, which are explained next.

10.02.02 Viewing Planes
A multiview representation depicts in one plane, such as a sheet of paper, many
images of the same object, each viewed from a different direction. Pictorials can be used
to enhance the clarity of the 3-D perception of an object; but the sizes of the object and
its details are shown in a series of views, each view showing the sizes in their true length
or shape. Any fabrication or analysis of the object’s measurements can then be based on
what is shown in the multiview projections, not on what is shown in the pictorial.

When you visualize an object in space, its appearance changes depending on the
direction from which you view it. The lines and curves that form the graphical presen-
tation of the object, such as the lines and curves shown in Figure 10.03, represent edges
that are the intersections of surfaces. Now visualize a transparent plane, perhaps a
sheet of glass, fixed in space between you and the object. This plane is called a viewing
plane. Imagine the image of the object as seen through the plane is somehow painted
onto the plane. Continuing to imagine, remove the object and look at the image
painted on the viewing plane. What you see on that plane is a 2-D image of a 3-D object.
The appearance of the image, however, would depend on the viewing angle of your
head in front of that plane when you created the image. The simplest and most accu-
rate view is from your head looking directly forward at the object. In general, to be
accurate about the appearance of the object as seen through the plane, you would need
to define the locations and orientations of the object, the viewing plane, and the viewer.
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This is a great deal of information. But you would not need all of that information if
you defined the image as one created by orthogonal projection, which is explained next.

10.02.03 Orthogonal Projection
In orthogonal projection, the image of an object is composed of points projected from
individual points on the object onto the viewing plane such that the projection of each
point is perpendicular to the viewing plane. Orthogonal projection of an object onto a
transparent viewing plane is shown in Figure 10.04, where you can see the perpendicu-
lar relationship between the projection lines and the viewing plane when the plane is
turned on edge.

An image created in this manner has two advantages. One advantage is that such
an image is easy to create because you do not have to worry about defining the location
or orientation of the viewing plane relative to the line-of-sight. The line-of-sight from a
point on the object to the viewing plane is like the projection path; that is, it is always
perpendicular to the viewing plane. The other advantage is that by turning the object
such that an edge of the object is parallel to the viewing plane, the image of that edge
shows its true length. Furthermore, the length of a projected edge is independent of its
distance from the viewing plane. Both of these properties are shown in Figure 10.05.

10.02.04 A Distorted Reality
An image created by orthogonal projection is merely a convenience that allows you to
analyze the image more easily when you are ready to make the object depicted. In the
strictest sense, orthogonal projection does not accurately represent an image of the way
a real object looks. In reality, parts of an object that are farther away appear smaller
than the same-sized parts of an object that are closer. With orthogonal projection, all
parts of the object appear in the same scale no matter how far the object is placed from
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lar to the viewing plane, as
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the viewing plane. But as in the case that follows and in most cases, the approximation
is close and the convenience and ease of image creation and analysis far outweigh the
need to see the image as it really appears.

The effect of an image created by orthogonal projection is similar to a photo-
graph of an object taken at a long distance using a powerful telephoto lens. That type
of picture lacks depth; that is, the object appears flat. This lack of depth is attributable
to the fact that although the light rays actually extend radially from the surface of an
object, the reflected light rays appear less like radial rays and more like parallel rays
viewed at a great distances from the object. The greater the distance, the more parallel
the light rays. At a long distance, where the light rays compose the image of the object,
such as at a camera lens, the light rays are very nearly parallel to each other and very
nearly perpendicular to the plane of the lens. This effect is shown in the bottom
photograph in Figure 10.06; both photographs are the same object, each taken from a
different camera distance. Even though the overall image size of the object is
about the same, in the close-up photo, you should be able to see that the parts (for
example, the wheels) of the object that are closer appear magnified when compared to
the parts that are farther away.

10.02.05 Choice of Viewing Planes
From what was just explained, you should understand that an orthogonal projection
of an object is a 2-D drawing of that object as it would appear on a viewing plane. To get
a different view of the object, you need to move the object and/or the viewing plane to a
different location.

Consider the case of keeping the viewing plane in the same place and rotating the
object. One advantage of orthogonal projection is that an object’s lines and curves can
be seen in their true shape. For example, when the viewing plane is parallel to a circle,
the circle actually appears as a circle rather than an ellipse. This may be important, for
example, when you want to see how close the edge of a hole in an object actually comes
to the edge of the object. It makes sense, therefore, to rotate the object into an orienta-
tion where the measurements, such as the diameter of the hole or its distance to the
edge, can be seen to represent the true shape, distance, and size. Figure 10.07 shows an
object rotated into the best position for this specific analysis versus the same object in
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nal projection, the projected
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plane. For this particular object
orientation, the true lengths of
the vertical edges are shown.
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a poor orientation. In general, in the creation of the first view of an object, it has
become common practice to orient the object in a position that shows as many as pos-
sible of its lines and curves in their true shape.

However, a single view of an object is usually insufficient to specify all of its fea-
tures and measurements fully. Figure 10.08 shows how different objects can appear the
same using a single view only.
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FIGURE 10.06. The top photo-
graph was taken from up close.
The bottom photo was taken
from a long distance and
enlarged so feature sizes could
be compared. Can you see the
lack of perspective in the long-
distance photo?
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Good view
Poor view

FIGURE 10.07. Good part
placement shows most of the
part edges in their true length.
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To fully define the 3-D geometry of an object, it is necessary to depict the object in
multiple views. This means there must be a viewing plane for each of the views.
Specifying the location and orientation of each of the additional viewing planes must
be done in a standardized way so that 2-D images can be extracted from the object eas-
ily. Also, the multiple 2-D images must contain enough information so that the origi-
nal 3-D image can be re-created from them. One way to do this is to locate and orient
the additional viewing planes so that each is orthogonal to the first viewing plane, as
shown with a second and third viewing plane in Figure 10.09(a). The images on all of
these viewing planes are created using orthogonal projection.

When the location and orientation of the intersection line between the first view-
ing plane and any one of the additional viewing planes are known, the location and ori-
entation of each of the other additional images can be specified. The intersection line
between the first viewing plane and any of the additional viewing planes can be imag-
ined as a hinge between the two planes. By “unfolding” the additional planes at their
imaginary hinges, as shown in Figure 10.09(b), the images on all of the viewing planes
can be shown on a single plane, or in other words, a 2-D drawing.

Used this way, orthogonal projection and viewing planes offer you the advantage
of seeing multiple views of the same object at the same time on a single sheet of paper.
Orthogonal projection also can precisely identify the position and orientation of the
viewing planes used to create those views by specifying on the single sheet the location
of the intersection lines between the viewing planes.

10.02.06 Size and Alignment
When the second and third planes are completely unfolded and are coplanar with the
first viewing plane, as shown in Figure 10.09(c), three images can be seen on a single
plane. The images from the second and third planes are considered adjacent to (i.e.,
created immediately next to) the image from the first plane. Note that the size and orien-
tation of the images are not arbitrary. Each image has the same scale (or magnification);
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and the orientation of the image is dependent upon the original location of its viewing
plane as defined by the location of the intersection line between the viewing planes, or
their hinge. This alignment of the vertices of the object images in adjacent views is
shown in Figure 10.10, where the three views are presented on a single sheet.
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the two viewing planes are at the
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FIGURE 10.10. Viewing planes
completely unfolded showing
proper size, location, and
orientation of the images on 
a single plane.
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The Glass Box
Only three or four views are required to fully define most objects. Simple objects may
require only one view; complicated objects may require six or more views. Objects such
as engineered parts can usually be fully defined when they are viewed through a set of
six viewing planes that together form a glass box, as shown Figure 10.11(a). The glass
box has the unique property that for any viewing plane, all of its adjacent planes are
perpendicular to each other and opposite viewing planes are parallel to each other.

When you open (or unfold) the panels of the box, as shown in Figure 10.11(b),
you can view all six sides of the object simultaneously on a single plane, as shown in
Figure 10.11(c). There is more than one way to unfold the box. Unfolding in the man-
ner shown in Figure 10.11 is the standard way to do it according to accepted drawing
practices. The top and bottom and right- and left-side views open about the front
view; and the rear view is attached to the left-side view.

Make sure you see and understand that when the viewing planes are completely
unfolded, the size and orientation of each image is not arbitrary. The scale in each view
is the same. In the case of the complete glass box, each viewing plane is orthogonal to
its adjacent viewing planes. When the box is unfolded and presented on a single sheet,
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as in Figure 10.12, adjacent images are aligned horizontally for horizontally adjacent
views or vertically for vertically adjacent views. These alignment properties are very
important when the object is analyzed. If you select any point on the object (assume
point A on Figure 10.12), the images of that point will be horizontally aligned with
each other on horizontally adjacent views and those images will be vertically aligned
with each other on vertically adjacent views.

In general, the same point in space seen in adjacent views is aligned along a path
that is perpendicular to the intersection line of the viewing planes, as shown in
Figure 10.10. What this means for engineering drawing is that features on an object,
such as edges or holes, shown in one view can be easily located on the adjacent view
because the features are aligned between adjacent views. For complex objects with
many features, the ability to identify the same feature on adjacent views is of tremen-
dous utility.

10.03.01 Standard Views
The glass box yields six different views of an object. For a large percentage of engineered
parts, six views are more than sufficient. Engineers typically like to design things that are
easy and therefore inexpensive to make. Three-axis milling machines and single-axis
lathes are common machines in any fabrication shop. These machines easily create sur-
faces on the workpiece that are parallel, perpendicular, or concentric to each other and
that easily cut holes, slots, or other features that are perpendicular to the working surface.

The six views represented by the glass box are the front, top, left side, right side,
bottom, and rear views. These views are known as the six standard orthogonal views or
the six principal orthogonal views or more simply as the six standard views or the
six principal views, respectively. When a formal drawing is created showing these
views, the intersection lines and projection lines between views are not shown because
these lines do not add much information to the drawing when it is already understood
that adjacent views are orthogonal to each other. Also, each view does not need to be
labeled as the front, top, right side, etc., views.
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10.03.02 The Preferred Configuration
Are all six views necessary? Usually not. The great percentage of engineered parts can be
fully defined geometrically with fewer than all six of the standard views. In fact, most
engineered parts can be completely defined for fabrication using only three views.

Although there are no defined rules as to which views must be included or
excluded in a formal engineering drawing, there is a preferred configuration—the
front, top, and right-side views. Additional views are presented only when necessary to
reveal and define features that cannot be shown in the preferred views. The preferred
configuration for the object in Figure 10.12 is shown in Figure 10.13. Only the front,
top, and side views are shown. Make sure every edge of the object can be seen in its true
length in at least one view.

It is becoming increasingly popular to include an isometric or trimetric pictorial of
the object somewhere on the drawing. When a pictorial is included, it serves only to aid
in clarity; it does not need to be properly aligned or scaled with the standard views.

The Necessary Details
Only the minimum number of views needed to quickly and accurately communicate
the geometry of an object should be created. Whenever possible, the preferred configu-
ration of a front, top, and side view should be used unless fewer than three views are
needed to see and define all of the features of the object. To minimize the number of
required views on complicated objects and to reduce any possible ambiguity, some
shorthand notation that describes common geometries such as certain types of
holes and screw threads is used in drawing practice. Such notation is detailed in later
chapters in this book. There will, however, be cases where additional views become nec-
essary or when the preferred configuration may not be the best.

10.04.01 Hidden Lines and Centerlines
The dashed lines you see on the views shown in Figure 10.13 represent internal features
or edges that are obscured by the object. These obscured features or edges are called
hidden lines in these views. Hidden lines, which are denoted as equally spaced dashed
lines on a drawing, represent the edges of an object or its features that cannot be seen
on the real object but would be visible if the object were partially transparent. Hidden
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lines are used to emphasize an object’s unseen geometry and thus speed the interpreta-
tion of its presentation. Hidden lines also are used to reduce the need for creating
additional views. Although hidden edges cannot be seen on an opaque object, they are
represented graphically the same way hidden lines are included in a view to emphasize
that a feature cannot be seen in that view or to show that a feature cannot be seen from
any of the other views. Later in this chapter, hidden lines will be discussed further as
you encounter examples of the advantages and problems associated with them.

Looking closely at Figure 10.13, you will see lines located at the center axis of the
hole. These are not hidden lines. They are centerlines, which are represented graphi-
cally by alternating short and long dashes along the length of the center of the circular
hole. Centerlines cannot be seen on the real object, but they must be included on the
drawing to identify where the center of the circular hole is located on the object. More
generally, centerlines are used where there is a cylindrical surface such as a hole or a tube.

The reason for including centerlines is to make it easier for the reader to distin-
guish between edges, visible or hidden, that are part of a cylindrical surface and edges
that result from the intersections of planes. Using centerlines also makes it easier to
locate features such as holes, which are commonly defined by their diameters and cen-
ter locations.

A centermark, the end view of a centerline, is identified by a right-angle cross
such as that shown in the center of the circular hole in the right-side view of the object
in Figure 10.13. Typically, centerlines and centermarks are used where the arc of a cylin-
drical surface is 180o or greater, although they can be used for lesser arcs as required for
clarity in a drawing.

10.04.02 The Necessary Views
How many views should be created to fully define a object? In engineering practice, it is
considered poor practice to create more views than are needed. Creating unneeded
views means more work for which there is no payoff. However, having too few views can
create problems when the fabricator tries to make the part. In the worst-case scenario,
the fabricator will try to guess what you want, get it wrong, and deliver a potentially
expensive part that cannot be used. In that case, the creator of the drawing would be at
fault, not the fabricator. The party responsible for creating the drawing also may be
legally responsible for paying for the services of the fabricator.

So how many views are needed to fully define an object? The number depends on
how complicated the object is to depict in three dimensions. Start by creating the front,
top, and right-side views. Remember, they represent the preferred configuration,
which all engineering personnel like to see. Try to orient the object in such a way 
that these three views reveal as much of the object’s features as possible. If you are
lucky, these three views will fully define the object; but that is not always the case.

You should ask yourself the following two questions when you finish creating the
drawing views:

1. Can the true size of all of the measurements needed to define all of the features of
this object be seen in at least one of the views just created?

2. Is it impossible for the geometry of any feature to be misinterpreted as another
type of geometry?

Yes to both questions means you have enough views. No to either question means you
have more work to do.
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The multiview production drawing for the Hoyt Aerotec riser is shown in Figure 10.14.
The complexity of this object requires that all six standard views be used because it has fea-
tures that can be seen only from each of the six viewing directions.

Objects that are flat can be defined with a single view along with some sort of note
specifying the thickness of the object. Flat sheet metal objects and objects that can be
cut from a plate of uniform thickness fall into this category. The cuts must be through
the entire thickness of the sheet or plate. An example of this type of object is shown in
Figure 10.15. Because this object is made of very thin material, the adjacent orthogonal
views would appear as lines.

Even when the thickness of the object is constant, a fabricator may find it help-
ful to see a second view; for example, to emphasize that the thickness of the object is
a significant fraction of the object’s planar geometry. See how the second view in
Figure 10.16 helps depict the relatively large and uniform thickness of the object. 

For objects that have 3-D features such as protrusions and cuts, each with a differ-
ent depth, the problem of finding the proper number of views for a drawing becomes
more difficult. Figure 10.17 shows an example of a drawing with two views. In this case,
more than one interpretation of the object is possible. The addition of a third view is
necessary to completely specify the desired object.

Figure 10.18 shows three original views that, in the absence of hidden lines, could
be used to represent two possible objects. A fourth orthogonal view, a bottom view, is
required in this case to distinguish between the two possibilities.
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FIGURE 10.15. Additional views for very thin
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FIGURE 10.16. For a part with a constant but significant thickness,
including a second view is a good idea to emphasize the 3-D nature of
the part.
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Figure 10.19 shows an example of an object where, in the absence of hidden lines,
five views are necessary.

As a rule of thumb, when an object contains inclined surfaces with respect to the
standard viewing directions, each of those inclined surfaces must appear inclined in at
least one of the orthogonal views representing the object. When the inclined surface is
not shown in one of the orthogonal views, a view needs to show the surface as being
inclined (i.e., with at least one of its edges at an angle that is not 0o or 90o).

10.04.03 Hidden Lines versus More Views
One way to reduce the number of required views is to use hidden lines. The object
shown in Figure 10.20 has some unique features. Try to imagine representing the
object without using hidden lines. Without the hidden lines, five views would be
required to define all of its features. With only the front, top, and right-side views and
no hidden lines, the geometry of the keyway seen on the underside of the object cannot
be defined. Moreover, without hidden lines, additional views would be required to
show that the hole and slot extend all the way through the object.
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Topside

Underside

FIGURE 10.19. Without the benefit of hidden lines,
five views are required to describe this object.

Topside

Underside

Optional
views

FIGURE 10.20. Hidden and internal features on a part. Using
hidden lines makes the left side and bottom views optional.

By using hidden lines, only three views are required—the preferred configuration of
front, top, and side views. Whether you use all five views shown in Figure 10.20 or the
preferred three-view presentation depends on your answer to this question: Which
presentation would be clearer? You always select the presentation that has, in your
opinion, the least ambiguity (and not necessarily the least amount of work to produce).
In the case of the five-view presentation, although it would not be an absolute require-
ment, adding hidden lines would emphasize the internal geometry of the object. For
the three-view presentation, adding the hidden lines would be an absolute necessity.

Another use of hidden lines is to reveal the details of internal features that cannot
be easily seen in any of the standard orthogonal views. Such details would be, for exam-
ple, the depth or the profile of holes and slots, as shown in Figure 10.21. Figure 10.20
demonstrates how hidden lines can be used instead of additional views, making the
drawing easier to create and more compact without the loss of any information. For
the object shown in Figure 10.21, the depth of the slot cannot be seen in any of the
standard orthogonal views. If you look carefully at the views for the object shown in
Figure 10.21, you see that hidden lines for different features can be separated into
different views. But if all of the hidden lines were shown on all of the views, the result
would be a jumble of so many hidden lines that it would be difficult to distinguish
the different features that they represent.
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A common problem for inexperienced designers is deciding when to use hidden
lines. Hidden lines should be used to add clarity to a drawing. Hidden lines should be
used to emphasize a feature, even if that feature can be seen and defined in the existing
orthogonal views. The goal of the creator or the drawing is to increase the speed at
which the drawing can be interpreted. However, hidden lines must be used to add infor-
mation when there is no way to obtain this information from the rest of the drawing. 

Because hidden lines can be used to avoid creating another view, it is sometimes
tempting to do just that, even when using another view would be better. Figure 10.22
shows that adding too many hidden lines create a complex, confusing drawing. With
this result, it would be better to create extra views. When deciding whether to use hid-
den lines or to add additional views, simply do whatever will cause less confusion for
the reader of the drawing. However, it is usually not a good idea to create hidden lines
of different features such that the hidden lines cross each other, lie on top of each
other, or even come close to each other.

The purpose of hidden lines is to define or emphasize details that cannot be seen,
which is accepted as standard practice. Deleting unnecessary hidden lines and adding
additional views are considered optional methods of reducing ambiguity when the use
of hidden lines makes the presentation confusing. There must be no confusion as to
which feature a hidden line represents. 

First-Angle Projection versus Third-Angle Projection
The glass box representation of multiviews of an object is formally referred to as third-
angle projection. Whenever third-angle projection is specified on a drawing, each
view of the object was created by projecting the image of the object onto the glass box’s
transparent viewing plane between you and the object—the object is behind the trans-
parent viewing plane. The viewing planes are then rotated about their intersection lines
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until all of the views are shown on a single plane or sheet. This interpretation is the one
most commonly used in the United States. 

However, in some parts of Asia and Europe, first-angle projection is commonly
used. In first-angle projection, each viewing plane is behind the object, which means
the object is between you and the viewing plane. With first-angle projection, the view-
ing plane is opaque and the image is projected back and transferred onto the viewing
plane. One way to interpret first-angle projection is to imagine the object in front of the
opaque panels, as shown in Figure 10.23(a). The image of the object, as seen by a viewer
located directly in front of each panel (with the object directly in line between the two
panels), is transferred to that panel. Opening the panels, as in Figure 10.23(b), begins to
show how the front, top, and right-side views are presented on a single plane, as shown
in Figure 10.23(c).

For drawings created using either first-angle or third-angle projection, the primary
view is considered to be the front view. The front view in either projection is usually
selected as the view containing the most features in their true sizes and shapes, thereby
allowing for the most measurement extraction. As you saw earlier, for the six standard
views using third-angle projection, the top view appears above the front view and the

10-20 sectionthree Setting Up an Engineering Drawing

(a)
(b)

(c)

Images projected onto
opaque panels Panels opening...

Panels fully opened to show
images on a single plane
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bottom view appears below the front view. The right-side view appears to the right of the
front view, and the left-side view appears to the left of the front view. The rear view
appears, by practice and convention, attached to the left-side view and appears to its left.

Using first-angle projection, the top view of an object appears below the front view
and the bottom view appears above the front view. The right-side view appears to the left
of the front view, and the left-side view appears to the right of the front view. The rear
view appears, by practice and convention, attached to the left-side view and appears on
its right. The location of the first-angle projection views is shown in Figure 10.24.

The differences between first-angle projection and third-angle projection are some-
times subtle and confusing, particularly because the front view of the object is the same
in both cases. To add further confusion, for a large percentage of engineered parts, the
left side and right-side views or the top and bottom views are identical. These reasons
explain why drawings need to clearly specify whether first-angle or third-angle projec-
tion must be used to interpret the views. Many large companies operate internationally,
with engineering and fabrication facilities worldwide. In international business, draw-
ings are often created in one country and the parts fabricated in another country. When
a drawing is interpreted incorrectly, the resulting fabricated part may be the mirror
image of what was desired. Figure 10.25 shows a multiview drawing of an object and the
two different objects that are created when the drawing is interpreted using first-angle
projection and third-angle projection.

The symbol added to a drawing to specify first-angle projection or third-angle pro-
jection is two views of a truncated cone, shown in Figure 10.26. This symbol depicts
how a truncated cone would appear if a drawing of it were made using the projection
method used for the entire drawing. The appropriate symbol and/or wording must be
added to a formal drawing, usually somewhere in the title block (for which more detail
can be found in Chapter 18) to eliminate ambiguities that may arise from misinterpret-
ing which projection was used.
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FIGURE 10.24. The six stan-
dard views, using first-angle
projection, presented on a
single sheet.
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Strategies for Creating Multiviews from Pictorials
Few people think of an object in terms of its multiview representation. If you are think-
ing about a pencil, for example, you probably do not imagine it in terms of a front, top,
and side view. The image you have is likely to be three-dimensional, perhaps as a picto-
rial of some sort. Transforming that image into its multiview representation requires
some skill. To develop this skill, some rules (and a great deal of practice) are required.
And you need to remember that a pictorial image contains 3-D information that must
be extracted from the way the pictorial looks in a 2-D medium. A multiview representa-
tion is merely a different, more accurate way of presenting this information. Exercises
in converting pictorials to multiviews and multiviews to pictorials will help you
develop practical skills, as well as improve visualization skills. Engineers should be able
to quickly visualize 3-D objects from multiview drawings and quickly create multiview
drawings for proposed or existing 3-D objects. You can begin developing these skills
using the following step-by-step procedures. For the first few examples that follow,
sketching techniques will be used because sketching, as opposed to drawing with
instruments or CAD, is an excellent method for developing visualization skills. Later
examples in this section will use more formal graphics so the drawings can be more
clearly detailed.
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FIGURE 10.27. How would you create a multiview drawing of this object? The isometric grid
is to be used for sizing.

Transforming a pictorial image into a multiview drawing usually involves keeping track
of the vertices, edges, or surfaces of the object. Regardless of which elements are tracked,
the process starts the same way. An eight-step process is used to create the drawing. The
first two steps are as follows:

Step 1: On the pictorial, specify the viewing directions that you intend to create
(e.g., front, top, right side, etc.) and create a sheet with areas reserved (and
labeled) for the appropriate orthogonal views based on the projection
method used.

Step 2: Find the maximum size of the object in each of the three directions of your
coordinate system and in each view, sketch the limits of a rectilinear box
that will contain only the entire object in all three directions.

A typical problem of multiview creation is shown in Figure 10.27. An isometric
image of an object is presented, and the goal is to create the necessary orthogonal views
to specify all of its features completely. Assume that all of the hidden surfaces are flat
and that there are no hidden features.

This object is basic, considering all of its surfaces are perpendicular or parallel to
each other. When this is the case, the edges of all of the surfaces will appear to be hor-
izontal or vertical in all of the orthogonal views created. The true length of each
feature must be shown in at least one view. For convenience in measuring the lengths
of the edges on the object, an isometric grid has been placed on the isometric view.
Placed on each of the orthogonal views is a corresponding rectangular grid that in
each plane direction represents the same grid spacing as the isometric grid, as shown
in Figure 10.28. The edge lengths as seen in the isometric view then can be conve-
niently transferred to the corresponding edges on the orthogonal views.

As an alternative to creating grids, you also can measure the edges in the isometric
view using drafting instruments or CAD and transfer these measurements to the corre-
sponding edges on the orthogonal views. When the edge lengths are otherwise speci-
fied, such as with notes, the specified edge lengths should be used in the orthogonal
views. Carefully note the viewing directions for each view on the orthogonal views and
the pictorial and make sure these directions are consistent.

You need to make clear from which point to which other point you are measuring
any line in the pictorial —that is, the direction of your measurement—so you can incor-
porate the same information (direction of point-to-point measurement) in any of the
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orthogonal views. For example, in Figure 10.28, as you measure from one point to
another in the pictorial, you must be able to follow the same direction of measurement
in the orthogonal views. For this purpose, it may be convenient to use a set of coor-
dinate axes initially to help you with the directions of measurements until you
become more familiar with the directions in the orthogonal views in your drawings.
In Figure 10.28, a right-handed Cartesian coordinate system is placed with the
origin coincident to one of the corners of the object in the pictorial. This same
coordinate system is placed in all three orthogonal views. Make sure you maintain
alignment of the origin of the coordinate system in each of the three views (step 1).

For this point to be in the same place in each view, it must be aligned on a vertical
line between the top and front views and on a horizontal line between the front and
right-side views. The top view looks straight onto the xy plane, so the z-axis points out
of the page. The front view looks straight onto the xz plane, so the y-axis points into the
page. The right-side view looks straight onto the yz plane, so the x-axis points out of
the page.

The next step in creating the multiview drawing is to mark the limit of the size of
the object in all three directions (step 2). These limits define a foundation space,
which represents the rectilinear limits occupied by the object in each view. Although
the foundation space is not the outline of the object itself, it helps you visualize the
object in each view by delineating the volume that the object can and cannot occupy. If
in the process of creating the orthogonal views you start creating lines or points for the
object outside its foundation space, you will know you are doing something wrong.
The foundation space for the object in Figure 10.27 is shown in Figure 10.28. Examine
the foundation space on the pictorial. It extends 7 units in the x-direction, 4 units in
the y-direction, and 5 units in the z-direction. Make sure these limits are marked off
properly in each of the orthogonal views.

Once the foundation space is defined, there are different ways you can proceed.
Students who have practiced and completed many problems in drawing orthogonal
views from pictorials are able to proceed intuitively. Most beginners need a little help
getting started before intuition kicks in. 
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10.06.01 Point Tracking
One way of continuing beyond step 2 is to label each vertex on the pictorial as a point,
keep track of each point on every orthogonal view, and then connect the points in the
views to form an image of the object in these views. (Keep in mind that all of an object’s
points may not be visible on the pictorial.) This process is called the point tracking
method. Here is how it works.

After you have established the viewing directions and foundation volume in step 1
and step 2, you are ready to follow the next six steps to complete the drawing. The
general procedure is outlined below. Each step is explained in detail in the paragraphs
that follow.

Step 3: Define an anchor point.

Step 4: Locate a vertex adjacent to the anchor point and draw that edge.

Step 5: Successively locate other vertices and draw the edges between those vertices.

Step 6: Convert hidden lines.

Step 7: Add internal features.

Step 8: Check model validity.

A point on the object must be selected as an anchor point (step 3). There is an
anchor point in each of the orthogonal views, and it is the same point in space as is seen
from the different views. An anchor point is a point whose location you feel certain you
can identify on each of the orthogonal views. Such a point is commonly a vertex located
on one of the bottom corners of the object. Call this point A; then locate and label the
point on each of the orthogonal views and on the pictorial. Remember, point A in views
that are left or right of each other must be aligned horizontally; and in views that are
above or below each other each, point A must be aligned vertically. In this case, but not
necessarily in all cases, point A also is the origin of the coordinate axes.

Select another point on the pictorial (step 4) near point A, which can be located by
traveling along one edge of the object, as shown in Figure 10.29. Call this point B; then
locate it with respect to point A in each orthogonal view. You do this by noting on the
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pictorial the direction and distance from point A to point B. From the measurements
on the pictorial, you can see that to reach point B from point A, you need to travel
7 units in the positive x-direction. In the top view, the location for point B is 7 units
to the right on a horizontal line from point A, which is the x-axis in that viewing
plane. In the front view, the location of B also is 7 units to the right on a horizontal
line from point A, which is the x-axis in that viewing plane. In the right-side view, the 
x-axis points out of the page; so point A and point B appear coincident in that view,
although point B would actually be closer to you. Finally, connecting point A and
point B in each orthogonal view creates an edge in each view.

Next, select another point (step 5) on the object near point A or point B that can be
located by traveling along an edge of the object. It does not matter if the point is closer
to point A or to point B because eventually all of the points on the object will be
selected. Call this point C and locate it on each of the orthogonal views by noting the
distance and direction you must travel to get to it from point A or point B. Point C is
located 3 units from point A in the positive z-direction. In the front and right-side
views, this direction is upward on a vertical line from point A. On the top view, point A
and point C appear coincident because the z-axis points out of the page. Once point C
is located in each view, its corresponding edge can be created.

The object’s other edges are created in the same manner. You should select the
points and edges to outline one entire surface of the object before moving to another
surface of the object, as shown in Figure 10.30. In this way, you can see the surfaces
appear one at a time instead of having a series of connected edges that extend in differ-
ent directions. This process continues until the entire object is created in all of the
views, as shown in Figure 10.31. 

Inspecting the object’s pictorial for any hidden edges (step 6) reveals that all edges
shown are visible; they should be shown with solid lines. There are no internal features
(step 7) on the object. As a final check (step 8), make sure each vertex in every view has
at least three edges connected to it. Remember, one of these edges may be oriented into
the page and thus appear as a point coincident with the vertex. If you determine that no
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edges are oriented into the page and only two edges are connected to a vertex, then a
line must be missing.

You may have realized that even though three orthogonal views were created, this
particular object could have been described using only two orthogonal views—the front
and right-side views, shown in Figure 10.32. When only two views are used, it makes a dif-
ference as to which two views are used. In the example shown in Figure 10.32, specifying
the front and right-side views is correct. If you were to use the front and top views, the
possibility exists of either an inclined surface or a step feature, as shown in Figure 10.33.
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A slightly more complicated object is shown in Figure 10.34. You will try to build
the multiview drawing of this object with three views.

The three views and their directions are shown in Figure 10.35. Note that the
definitions of the viewing directions for this object are different from the definitions of
the directions for the object in the preceding example. This does not matter as long
as the definitions are consistent within the same presentation; that is, the right-side
view is always on the right of the front view, the top view is always above the front view,
etc., on the drawing. Whenever possible, the front, top, and right-side views should be
used to represent the object unless one or more of the other standard views offers a bet-
ter representation of the object’s features. This example will proceed using the front,
top, and left-side views to show how other views can be created and used.

A set of coordinate axes is defined on the pictorial and then transferred to the
orthogonal views (step 1). Note that these directions are different from the coordinate
directions in the preceding example. The location and orientation of these axes must be
consistent in all views—that is what matters. In fact, as long as you are sure of the travel
directions in each view, you can skip the use of coordinate axes altogether.

The foundation space is outlined in each view (step 2); and a convenient anchor
point, designated A in the views, is selected (step 3). This time assume you know how to
locate points on the pictorial and then transfer the location of each point to its corre-
sponding place in each of the orthogonal views. Points near the anchor are identified
on the object and then located on each of the orthogonal views (step 4), as shown in
Figure 10.36.

Correctly joining the points creates the edges. The process of successively locating
the object’s vertices and creating edges on the multiview drawing is then extended to the
rest of the object, as shown in Figure 10.37 (step 5). If you carefully examine Figure 10.37,
you will notice that although the left-side view shows all of the edges of the object that
can be seen in that view, some of the edges would not be seen if the object were solid and
opaque. The edges that cannot be seen are hidden lines and should be shown as dashed
lines for clarity (step 6).
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FIGURE 10.34. By keeping track
of individual points, how would
you create a multiview drawing
of this object?
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An alternative presentation is shown in Figure 10.38, where the right-side view has
been added. This additional view allows you to see solid edges that are hidden in the
left-side view. Note that the right-side view also has hidden lines, which are edges seen
as solid lines in the left-side view. When you add the right-side view in this example, the
hidden lines on both side views are no longer mandatory; but it would be wise to keep
them since they do not clutter the drawing and would speed its interpretation.
With the use of hidden lines, either the left- or right-side view can be deleted without
harming the information conveyed about the object’s geometry. Or both side views can
be presented for additional emphasis to this geometry.

When internal features in this object are examined, none are found (step 7). As a
final check, make sure each vertex in every view has at least three edges connected to it
(step 8), keeping in mind that one of these edges may be oriented into the page and
thus appear as a point coincident with the vertex. When this is not the case, a line is
missing.
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FIGURE 10.37. Continue tracking points, creating edges and surfaces until all points are
accounted for. Edges that are obscured are represented with hidden lines.

FrontLeft

Top

Front
Left

Top

Hidden Lines

Front

FrontLeft

Top

Left

Top

Right

FIGURE 10.38. When a right-side view is added, the hidden lines are no longer necessary but
still recommended to show all of the edges of the object.

42496_13_ch10_p10.1-10.78  12/21/07  3:43 PM  Page 30



10.06.02 Edge Tracking
Tracking individual points on an object to create its orthogonal views is a reliable
method of creating the views. However, this process is slow and boring. After several
trials at using this method, you will be anxious to try something faster. One way is to
track an edge instead of tracking two points along the edge. This process is called
edge tracking. It is like the eight-step process used for point tracking, where
steps 1, 2, 6, 7, and 8 are the same, but steps 3, 4, and 5 are modified as follows:

Step 3: Define an anchor edge.

Step 4: Locate an edge adjacent to the anchor point, and draw that edge.

Step 5: Successively locate other adjacent edges.

To create a multiview drawing of the object in Figure 10.39, decide how many
orthogonal views you may need; then create the foundation space and directions
(steps 1 and 2), as shown in Figure 10.40. Locate and label all of the edges on the
object pictorial, keeping in mind that all of its edges may not be visible.
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FIGURE 10.39. By keeping track
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Next, instead of selecting a convenient anchor point, select a convenient edge to
use as an anchor edge (step 3). A good choice would be an edge whose length, loca-
tion, and orientation you can easily and confidently find on each of the orthogonal
views. For the object in this example, such a choice might be a straightedge on the bot-
tom of the object. Call this edge 1 and locate and label the edge on each of the views, as
shown in Figure 10.40. 

Next, select an edge on the object that is connected to edge 1 (step 4). Call this
edge 2 and note the size, location, and orientation of this edge with respect to edge 1.
Find the same location and orientation of edge 2 in each of the orthogonal views and
create this edge in those views. Keep in mind that if the edges of the object are parallel
to a viewing plane, it will appear as its true length when it is viewed through that
plane. If an edge on the object is perpendicular to a viewing plane, that edge will
appear with both of its endpoints coincident when viewed through that plane. Note that
edge 2 on the object is parallel to the front and side views; so in those views, that edge
appears as its true length. Edge 2, however, is orthogonal to the top view. In that view,
edge 2 appears as coincident endpoints, which would be drawn as a single point.

Continue to locate each of the object’s edges on the respective orthogonal view
until the object is completely represented in all orthogonal views (step 5). In the edge
tracking method, you should select the edges to outline one entire surface of the object
before moving on to outline another surface, as shown in Figure 10.42.

Notice on the completed multiview drawing in Figure 10.43 that for the object in
this example, an edge that was originally visible during its creation later became
obscured by another surface. The resulting hidden line (step 6) can be removed because
the existence of that edge can be easily ascertained from the information already in the
drawing. However, in this case, it would be better to leave this hidden line in place
because its inclusion would facilitate the interpretation of the drawing.

There are no internal features (step 7) on this object. As a final check, make sure
each vertex in every view has at least three edges connected to it (step 8).
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10.06.03 Surface Tracking
As you gain more experience and become faster at creating orthogonal views using
the point tracking or the edge tracking approach, you may want to use an even faster
technique. Instead of tracking an object’s points or edges, you may want to track its
surfaces. This is called surface tracking. The initial steps are the same as for point
and edge tracking: first, decide how many orthogonal views you may need; then cre-
ate the foundation space and directions on those views (step 1 and step 2). Steps 6, 7,
and 8 are also the same; but steps 3, 4, and 5 are modified as follows:

Step 3: Define an anchor surface.

Step 4: Locate a surface adjacent to the anchor surface and draw its boundary.

Step 5: Successively locate other adjacent surfaces and draw those boundaries.

For the object shown in Figure 10.44, the viewing directions and foundation are
shown in Figure 10.45 (steps 1 and 2).

Note that two pictorial views are required to reveal all of the features of this object.
This is a clue that more than three orthogonal views (or some use of hidden lines) will
be required to specify all the features of this object completely. In addition to front,
right side, and top views, the left side and bottom views also will be included. Later the
drafter can eliminate views that are unnecessary if she decides they will provide no use-
ful information or function. For surface tracking, you must locate and label all of the
surfaces on the object’s pictorial, keeping in mind that all of the surfaces may not be
visible.

For surface tracking, the first surface selected will be the anchor surface (step 3).
A good choice would be a surface whose length, location, and orientation you can eas-
ily and confidently find on each of the orthogonal views, such as one of the surfaces
located on the bottom of the object in this example. Call this surface A and locate and
label this surface on each of the orthogonal views. Note that on the top and bottom
views, surface A appears as its true shape. On the front and two side views, the surface
appears on edge and is represented by a line.
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FIGURE 10.45. Create the foundation space, the viewing directions, and an anchor surface.
The selected anchor surface must be identifiable with confidence in all views.

Next, select a surface that is adjacent to the anchor (step 4). Call this surface B,
locate and orient this surface relative to the anchor surface, and create surface B in
each of the orthogonal views. Keep in mind that object surfaces that are parallel to a
viewing plane will appear as their true shape when viewed through that plane. If an
object surface is perpendicular to a viewing plane, that surface will appear as a single
edge when viewed through that plane. Surface B on the object is parallel to the front
plane; so in the front view, that surface appears in its entirety. All of its lines will
appear as their true length in the front view, and all of its angles will be appear as their
true values. Surface B, however, is orthogonal to the top, bottom, and both side views.
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In those four views, surface B will appear as an edge, which would be drawn as a line.
Creating surface B by surface tracking is shown in Figure 10.46.

Locating each of the object’s other surfaces on the orthogonal views is continued
until all surfaces have been selected and the drawing is complete (step 5). Be aware
that each surface that is created may partially or completely obscure surfaces that have
been completed. The edges that have been obscured must be converted to hidden lines
(step 6). 

Step 7 and step 8 for surface tracking are the same steps used in the point tracking
and edge tracking methods. The hidden lines are identified or additional views are created
so that hidden lines are not necessary. The completed drawing is shown in Figure 10.47.
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In Figure 10.48, an alternative presentation method is shown. The rear view elimi-
nates the need for a bottom view and a right-side view. The rear view also provides a bet-
ter description of the rear of the object, which is partially obscured in the front view.

Using hidden lines (step 6), as shown in Figure 10.49, can further reduce the num-
ber of views and present the object in the preferred format of the front view, top view,
and right-side view.

Whichever presentation method is used, your final step is to assure that each ver-
tex in every view has at least three edges connected to it (step 8). Any vertex not having
three edges connected to it means a line is missing. But you need to keep in mind that
an edge may be oriented into the page, which means it will appear as a point coincident
with the vertex.

In the preceding examples, the problems were simple because all of the surfaces on
the object were parallel or perpendicular to each other and, thus, either parallel or per-
pendicular to the orthogonal views. These orientations are common for many but not
all engineered parts.
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FIGURE 10.49. The preferred presentation using hidden lines.

Next, you need to consider more complex objects, starting with an object that has
surfaces inclined with respect to one another. That means you have to learn how to rep-
resent those surfaces in the orthogonal views of the object. Figure 10.50 shows an
object with normal and inclined surfaces. For an object with inclined surfaces, the
edges of the surfaces will appear to be inclined in one or more orthogonal views.
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The initial steps to solving this problem are the same as with the preceding prob-
lems. Decide how many orthogonal views you think you will need to represent the
object completely; then define the space and directions occupied by the object in each
of those views, as shown in Figure 10.51. Point tracking, edge tracking, or surface track-
ing can be used. Assume you have a little experience now and surface tracking can be
used for a quicker solution. An anchor surface is necessary. This time, for convenience,
surface A will be used, as shown in Figure 10.51.

One way to approach a problem with inclined surfaces is to create the surfaces that
are not inclined (i.e., the normal surfaces—parallel and perpendicular surfaces—as was
done in the earlier examples). This is done in Figure 10.52. When only one inclined sur-
face is on the object, such as when one edge of the object has been beveled, or cham-
fered, there is no need to consciously discover the location of the object’s edges.
Because the other surfaces completely surround the one inclined surface, the edges of
the inclined surface are formed by the edges of the other surfaces. The same would be
true if there were multiple inclined surfaces on the object, unless the inclined surfaces
share a common edge.
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Inclined surfaces
FIGURE 10.50. Considering the
existence of inclined surfaces,
how would you create a multi-
view drawing of this object?
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FIGURE 10.51. Define the foundation space, viewing direc-
tions, and anchor surface.

Front

Top

Right

Top

Front Right

FIGURE 10.52. Continue the process of surface location for
the noninclined surfaces.
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On this object, there are, indeed, two inclined surfaces that share a common edge.
Once the parallel and perpendicular surfaces have been created, the shared edge of the
inclined surfaces must be located. You can do this by either point tracking or edge
tracking. The result is shown in Figure 10.53.

For more complicated objects, the hidden lines are identified or additional views
are created so that hidden lines are not necessary.

For any object, no matter which method of tracking you use to create orthogonal
views, your final step is to assure that each vertex in every view has at least three edges con-
nected to it and to be aware that one of the edges may be oriented into the page and thus
appear as a point coincident with the vertex. When this is not the case, a line is missing.

In the previous example, the inclined surfaces were inclined in a single direction only;
that is, each was still perpendicular to one of the three preferred viewing planes. In this
case, the entire inclined surface can be seen as an edge from two of the six standard views.

The next example is slightly more complicated. The object in Figure 10.54 has sur-
faces that are inclined in two directions (i.e., oblique surfaces). Neither of the two
oblique surfaces is perpendicular to any of the six standard views; therefore, neither
surface appears as an edge view in any of those views. Although creating the multiview
drawing of this object may seem daunting, the procedure is the same as that used for
creating surfaces inclined in only one direction.
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FIGURE 10.53. By point
tracking or edge tracking, add
the intersection of the inclined
surfaces.

Oblique
surfacesFIGURE 10.54. Considering the

existence of oblique surfaces,
how would you create a multi-
view drawing of this object?
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Create the views for the noninclined surfaces by temporarily ignoring the oblique
surfaces and using the surface tracking procedure, which is shown in Figure 10.55.

For the object in this example, the inclined surfaces do not intersect; so their
boundaries are formed by the edges of the noninclined surfaces and the drawing is
complete, as shown in Figure 10.56.

Next, consider how to represent in orthogonal views an object that has curved
surfaces. Although there are an infinite number of types of curved surfaces, the most
common are surfaces that are either cylindrical or conical; the most common curved
surface is a simple round hole. Drawing a curved surface is unusual because in addition
to an edge being shown where it intersects another surface, an artificial edge is drawn
where there is an optical limit to the object. Examining Figure 10.57, make sure you
understand that the indicated edge is not an intersection of any of the surfaces. This
particular edge is the visible limit between the object and the surrounding air when the
object is seen in that particular orientation. The location of this limit on the object
changes when the orientation of the object changes.

When creating a multiview drawing of an object such as this, you must include one
of these limits in each view of the drawing. For the object shown in Figure 10.57, the
process of creating the four curved surfaces is made easier by the fact that each surface
is orthogonal to one of the standard viewing planes. Therefore, the curved edges will
appear in the orthogonal views as their true shape or as an edge view. When viewed as
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FIGURE 10.55. Define the foundation space, viewing
directions, and anchor surface.
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FIGURE 10.56. Continue the process of surface location for
the noninclined surfaces. Since the oblique surfaces do no
intersect, their boundaries are automatically formed by the
normal surfaces.
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its true shape, a circle will appear as a true circle, with its correct geometry, size, and
location. In an edge view, the circle will appear as a straight line. Selecting the necessary
number of views, creating the foundation space, defining their directions, and selecting
an anchor surface are done as before, which is shown in Figure 10.58.

Holes and rounds appear distorted as ellipses or parts of ellipses in the pictorial. In
the process of surface tracking, when a surface contains a circle or a part of a circle, that
edge can be drawn as a circle by locating its center point and tangent points to the
other edges on the surface. This process is shown in Figure 10.59. In this example,
the two holes are internal features; thus, step 7 in the eight-step drawing creation
process cannot be dismissed when the views are completed.

chapter 10 Orthogonal Projection and Multiview Representation 10-41

Optical limit
of curved surface

Optical limit
of curved surface

FIGURE 10.57. Considering the
existence of curved surfaces,
how would you create a multi-
view drawing of this object?
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FIGURE 10.58. Define the foundation space, viewing
directions, and anchor surface.
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FIGURE 10.59. Locate the remaining planar surfaces of the
object in all views.
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When the orthogonal views are completed, as with the pictorial, additional line
segments must be added to delineate the physical limits of the object, as shown in
Figure 10.60. Even though an actual edge may not exist there, it is nevertheless what
would be seen if the object were real.

The hidden lines are identified or additional views are added to eliminate the need
for hidden lines. For this example, it is convenient to use hidden lines to show the
depth of the holes. These hidden lines do not represent true edges; rather, the hidden
lines delineate the optical limits of curved surfaces internal to the object (i.e., as would
be seen if the object were partially transparent).

During the final check, which involves ensuring that each vertex on the object has
at least three edges connected to it, it is important to remember that an edge is formed
where a curved surface is tangent to a plane. This type of edge is called a tangent edge
and customarily is not shown on either the pictorial or its multiview drawing, except
for objects where not showing the tangent edges deletes key features that may lead to
misinterpretation of the drawing.

When an internal feature such as a hole or a round is located on an inclined plane
on the object, as shown in Figure 10.61, creating the multiview drawing becomes more
difficult. For this problem, the views of the basic object will be created first; then the
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FIGURE 10.60. Add the optical
limits of the curved surface, add
hidden lines to show hole
depths, remove tangent edges,
and add centerlines to the
centers of the holes.
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FIGURE 10.61. Considering the
existence of cutouts on an
inclined surface, how would you
create a multiview drawing of
this object?
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circular features (in this case, a hole and a circular slot) will be added. Because the hole
and slot are located on the inclined plane, it is difficult to ascertain their true sizes even
with an isometric grid. For convenience, the sizes and locations of these features are
given. The center of the hole and slot are otherwise assumed to be symmetrical around
the center of the inclined surface.

Determining the necessary number of views, creating the foundation space, defin-
ing their directions, and selecting an anchor surface are done as before. The multiview
drawing, less the hole and slot, are shown in Figure 10.62.

Because inclined planes are not parallel to any of the six standard orthogonal views,
they are not shown in their true shape in any of these six views. This means a circle on an
inclined plane will appear not as a circle but as an ellipse and a circular edge will appear
as a portion of an ellipse. A circle on an inclined plane will appear as a circle only in an
auxiliary viewing plane created to be parallel to the inclined surface, but this is the topic
of Chapter 14. The true location of the hole center, as given by the measurements on the
pictorial, can be measured only in the front view, where the inclined plane is shown on
its edge. The centers of the holes can be found in the other views by point tracking, as
shown in Figure 10.63. The fact that points in adjacent views must be aligned vertically
or horizontally greatly aids in locating the circle centers on all of the views.

Because the plane containing the circle in Figure 10.63 is inclined in one direction
only (i.e., it can be seen as an edge in the front view), you can create the ellipses repre-
senting the circle in the other views by realizing that the major axis of the ellipse on the
inclined surface will be the same size as the diameter of the circle.
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FIGURE 10.62. The basic block without the hole and slot is
created.
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FIGURE 10.63. Locating the hole center by feature alignment
in each view.
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The measurements of the major and minor axes of the ellipse can be deduced
graphically. You do this by marking the limits of the circle on the inclined surface in the
front view, as shown in Figure 10.64, and projecting these limits into the right side and
top views. Mathematically, the size of the minor axis of the ellipse will be the circle
diameter multiplied by the cosine of the inclination angle of the plane from a horizon-
tal plane. 

The slot is added to the right-side view, as shown in Figure 10.65, by converting its
circular edges to elliptical edges. The depth of the hole and slot are specified using
hidden lines in the front view.

Breaking the Rules—and Why It Is Good to Break
Them Sometimes
Creating an engineering drawing using orthogonal views is sometimes a balance
between how accurately the drawing can be interpreted and how easily the drawing can
be created. Strictly following some of the guidelines presented so far may lead to prob-
lems. To avoid those problems, you should consider some generally accepted excep-
tions to the guidelines, which are usually graphical shortcuts or approximations. These
exceptions can reduce the time it takes to create a drawing and/or minimize possible
misinterpretation of a drawing. With all of the exceptions that follow, the main ques-
tion you need to ask yourself before using any of them is whether the approximation or
shortcut could lead to misinterpretation of the drawing. If the answer is yes, the excep-
tion should not be used.
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FIGURE 10.64. Construction of the major and minor axes of
the ellipse in each view.
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FIGURE 10.65. The addition of the slot by converting the
circular edges to elliptical shapes, addition of hidden lines to
indicate depth, and addition of centerlines. Note the addition
of the hole bottom in the top view.
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10.07.01 Threaded Parts
The first shortcut is in the representation of a threaded part, such as the bolt shown in
Figure 10.66. A thread is essentially a helical mating surface for a fastener. The thread
may be external, such as on the outside of a bolt or screw, as shown in Figure 10.66, or
internal, such as on the inside of a nut. An accurate drawing of all surfaces on such an
object would result in a very complicated drawing, especially if the drawing had to be cre-
ated with manual instruments or 2-D CAD software. A much simpler representation of
the external thread is shown as the schematic representation in Figure 10.66. For internal
threads, the schematic representation is shown in Figure 10.67. These schematic repre-
sentations are much simpler to construct with very little loss of information, especially
since thread sizes are, for the most part, standardized based on the diameter of the part. A
note (and arrow) is required to specify the precise thread sizes. Methods for the complete
specification of thread sizes are found in Chapter 17 of this book. You can also find
thread specifications in most machinists’ or engineers’ handbooks.
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FIGURE 10.66. The schematic representation
of an externally threaded part. The note
specifies the metric size of the thread.

FIGURE 10.67. The schematic presen-
tation of internal threads. The notes
specify the metric sizes of the
threads.
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10.07.02 Features with Small Radii
An exception to the guidelines is in the representation of edges with small radii.
Consider the object shown in Figure 10.68, which has small rounds on some of its edges.
Based on the guidelines established in this chapter, a multiview drawing of the object
should look like the drawing in Figure 10.68. Recall that cylindrical surfaces have no
defined edges and that the tangent lines between curved and planar surfaces are not
shown. Following the established guidelines, the top view should look like a featureless
plane. Such a presentation, however, would likely cause confusion because upon initial
inspection, the front view contains features that are absent in the top view.

A better, albeit not accurate, representation would be a presentation where the
small rounds are represented as if they were true edges. The rounded edges are still
shown in the front view, where their measurements can be specified. However, the
approximation of the small rounds as edges enables the reader of the drawing to grasp
the larger shape of the object more quickly. But what exactly is a “small” radius, and
when should a small round be approximated as an edge on a drawing? The purpose of
the approximation is to clarify the drawing. When the approximation clarifies the
drawing, it should be used. As a rule of thumb, when the radius is less than about 5 per-
cent of the overall size of the object, consider using the approximation.

10.07.03 Small Cutouts on Curved Surfaces
An approximation also is allowed when there is a small hole or another cutout on a
curved surface. Figure 10.69, for example, shows a small hole and slot on a tube as com-
pared to larger cutouts.
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FIGURE 10.68. The representation of small radii on a part.
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If a true projection were made of these features, the orthogonal views would show
a curved depression on the surface of the tube. The shape of this curve is complex and
would take time to create. In most applications, the size of the depression on the sur-
face is unimportant; so the depression is not shown on the orthogonal views. The true
projection of these features and the accepted shortcut are shown in Figure 10.69. This
approximation makes the drawing easier to create, with very little loss of information.
However, when the cutouts are large or the size of the depression cannot be ignored in
the function of the object, the true projection should be used. Within these guidelines,
what is considered “small” is up to whoever is creating the drawing. The question that
must be asked is this: Will this approximation possibly lead to misinterpretation of the
drawing? If the answer is yes, the shortcut should not be used.
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FIGURE 10.69. The true projection and an acceptable shortcut for small holes and slots on a
curved surface. The shortcuts should not be used for large holes and slots because the
geometric inaccuracies would be too obvious.
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10.07.04 Small Intersections with Curved Surfaces
A similar approximation is allowed for small protrusions that extend from a curved
surface, as shown in Figure 10.70. As with small cutouts on a curved surface, the appro-
priate use of this approximation is subjective. When the protrusions are small relative
to the arc of the surface, their intersections on the curved surface can be shown as lines
without affecting the intended representation of those features. When the protrusions
are large relative to the arc of the surface, the approximation cannot be made. Again,
the question that must be asked is whether this approximation could lead to misinter-
pretation of the drawing. If the answer is yes, the shortcut should not be used.
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FIGURE 10.70. The true projection and an acceptable shortcut for small protrusions from a
curved surface. The shortcuts should not be used for large protrusions because the
geometric inaccuracies would be too obvious.
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10.07.05 Symmetrical Features
An interesting exception to the rules of true projection occurs in the representation of
objects with symmetry, as shown in Figure 10.71. This object has one-third rotational
symmetry, which means the object can be divided into three identical sections about its
axis of rotation, with three support ribs about the center tube.

An accurate multiview drawing would be the true projection drawing shown in
Figure 10.71 using a front and top view. However, using a true projection for the front
view in this case has two problems. One problem is that when instruments or 2-D CAD
is used, an accurate projection is difficult to create. The other problem is that the true
projection of the side view may be incorrectly interpreted as representing a nonsym-
metrical object.

A preferred presentation for this drawing is shown in Figure 10.71. This drawing is
easier to create and gives the impression that the object is symmetrical. The top view
clarifies any possible misinterpretation about the number and locations of the support
ribs. This may seem strange, but if the object had one-quarter rotational symmetry, for
example, with four equally spaced support ribs instead of three, the front view would be
the same as the view for the three support ribs.
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True projection
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FIGURE 10.71. The true projection and an acceptable shortcut for an object with prominent
symmetry. This property is emphasized by the use of a projected view that is modified to
appear symmetrical.
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10.07.06 Representation of Welds
Objects that contain welds, which are very common in civil engineering and some
mechanical engineering applications, use special notation to specify the geometry of
the weld. The use of this notation increases the speed of drawing creation with little
loss of information. A simple object made from individual pieces that are welded
together is shown in Figure 10.72. Even though a welded object is composed of two or
more smaller pieces, it is common that such an object be fabricated at a single shop and
delivered as a single unit. Thus, a single drawing showing the final welded configura-
tion is often desirable.

Drawing the geometry of the welds on the multiview drawing takes time and
effort, especially when the object contains many welds. So instead of the weld being
drawn, a shorthand symbol is used. The notation specifies the geometry and locations
of the weld, as well as any necessary modifications to the individual pieces in prepara-
tion for welding.
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FIGURE 10.72. The acceptable presentation of two parts that are welded together to make a
single part. The note specifies the size and location of the welds.
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Inexperienced engineers, designers, and drafters can unwittingly introduce errors
to their drawings. Despite the errors, the person reading the drawing probably will
interpret it as intended because the necessary information is contained on the views
not having an error. Nevertheless, errors can cause confusion and slow down interpre-
tation of the drawing. A more serious case of errors can result with an ambiguity that
makes the drawing impossible to interpret correctly. In a worst-case scenario, the errors
may cause the object to be interpreted as an entirely different object than what was
desired. The following sections are a compilation of the most common beginners’
errors and ways to fix them.

Missing Lines
A common problem with hand-created or 2D CAD-created drawings is that one or
more line segments may be missing from one or more of the orthogonal views. This
error is especially difficult to correct when someone else made the drawing. As an
example, examine the drawing shown in Figure 10.73, which shows the top, front, and
right-side views of an object. Two lines are missing from the side view, and one line is
missing from the front view.

The general procedure for locating a missing line is to examine the vertices in the
adjacent views, as shown in Figure 10.74. Vertices are formed when surfaces or edges
intersect as features on the object. A vertex in one view means there must be a corre-
sponding vertex or edge in its adjacent views. Also, vertices representing the same point
or edge on the object must be aligned horizontally or vertically in adjacent views. To
discover any missing features, you can start with any view; but eventually you have
to examine all of the views. From each vertex in a view, create horizontal or vertical
alignment lines into the adjacent view. In the adjacent views along each alignment line,
you should see the meeting of two surfaces to form an edge or the meeting of multiple
surfaces to form another vertex.

Two vertices in the front view are missing some corresponding feature in the side
view. The top view reveals that these vertices are the intersections of perpendicular edges.
A horizontal line representing an edge must be added to the side view to keep the
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FIGURE 10.73. Are any lines missing from this
multiview drawing? If so, insert them into the
views at their correct locations with their correct
visibilities.

FIGURE 10.74. These vertices do not have corre-
sponding features (i.e., another vertex or edge) in
all views.
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features consistent between the front and top views. Keep in mind that when a line
appears to be missing, the next step is to determine whether that line should be visible;
that is, the missing line might actually be a hidden line. Because the front view is unclut-
tered, it would be best to include the hidden line because it would reinforce the presence
of the rectangular cutout on the back of the object. This hidden line produces two new
vertices, which are missing some corresponding feature in the side view. A vertical line
representing an edge must be added to the side view to maintain feature consistency
between the front and side views. Figure 10.75 shows the drawing with the missing lines
added. Figure 10.76 shows an isometric presentation of the complete object.

As another example, the drawing in Figure 10.77 has two lines missing from the
front view. You can find the missing lines by examining the vertices in each view to
ensure that a vertex in one view leads to some corresponding feature in an adjacent
view, as shown in Figure 10.78. Note that hidden lines are used to show the depth of the
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FIGURE 10.75. The missing lines are shown here. The vertex
in the top view produces a hidden line in the front view,
which, in turn, shows that another line is missing in the 
side view.

FIGURE 10.77. Are any lines missing from
this multiview drawing? If so, insert them
into the views at their correct locations with
their correct visibilities.

FIGURE 10.78. These vertices do not have
corresponding features in all views.

FIGURE 10.76. An iso-
metric presentation of
the object shown in the
previous figure.
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Missing lines

FIGURE 10.79. The missing lines are shown here.
Tangent edges are not shown.

FIGURE 10.80. An
isometric presentation
of the object in the
previous figure.

hole. These hidden lines are optical limits, not true edges; therefore, they do not form
vertices or intersections as with true edges. Also observe that tangent edges are not
shown even though they form intersections and vertices. Figure 10.79 shows the draw-
ing with the missing lines added. Figure 10.80 shows an isometric presentation of the
complete object.

Solving problems of missing lines is an excellent way to develop your skills with
multiview projection.

Missing Views
When an entire view is not shown, consider it an opportunity to challenge your ability
to find missing lines. Figure 10.81 is the drawing of an object where the front view is
not shown. Although a missing view of this type rarely occurs in real-world engineer-
ing, this is the kind of problem for homework and exams. These types of problems are
a test of your ability to recognize and extract 3-D data from 2-D views.

The procedure for finding the missing view in Figure 10.81 is to locate identical
vertices in the given views and then transfer the locations of these vertices into the
missing view. One way to proceed in this example is to select, one at a time, vertices that

?

FIGURE 10.81. Create the front view of this object
from the top and side views.

B,A

C,D E

F

D,A C,B
E,F

A B

CD E

F

FIGURE 10.82. Locate corresponding vertices by
alignment in the given views.
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are closest to the front view and then proceed toward the back of the object. Edges
between the vertices in the front view are produced when the existence of the edge is
evident for one of the given views. This process is shown in Figure 10.82.

Figure 10.83 shows the drawing with the missing view added. Figure 10.84 shows
an isometric presentation of the complete object.

Incorrect Visibility
Sometimes all of the lines are there, but the visibility of one or more lines is incorrect.
This means lines that are suppose to be shown dashed (representing hidden lines) are
erroneously shown as solid (representing visible lines) or vice versa. Figure 10.85 shows
an example of a drawing with an incorrect line visibility in the front view. One of the
hidden lines is erroneously shown as a visible edge. Even though a person reading
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FIGURE 10.83. Continue locating vertices, adding
edges in the front view when they exist in either of
the given views.

FIGURE 10.84. An
isometric presentation
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visible edges displayed as solid lines

FIGURE 10.85. Care must be
taken to ensure that the
visibility of edges is correct.
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the drawing would probably figure out the error when it is realized that features
between the views are not consistent, the error does create some confusion.

Too Many Hidden Lines
Although hidden lines usually aid in the interpretation of a drawing, using more
hidden lines than are necessary can lead to confusion. For example, in Figure 10.86,
the original front view shows the hidden lines representing the internal features (the
hole and slots), as well as the V-grooves on the back of the object, resulting in a large
number of hidden lines in that view. There should be no confusion about which fea-
ture a hidden line represents. For such cases, consider using hidden lines to emphasize
only the most important features or use additional views to characterize the features
fully. In this case, limiting the hidden lines in the front view clarifies the presentation.
Hidden lines are used for the hole and the two slots in the front view to confirm that
these features extend straight and all the way through the object. The fact that the
three V-grooves also extend straight and all the way through the object can be
confirmed from the hidden lines used in the top view.

Too Few Hidden Lines
Anyone reading a drawing not having any hidden lines, as in Figure 10.87, may have to
guess the geometry of features. In this figure, without hidden lines or additional views
for clarification, the drawing has two possible interpretations, as shown; the reader will
have to guess which interpretation is corect. Never make the reader guess because that
guess may be wrong. And if you made the drawing, the wrong guess would be your
fault, not the reader’s. Legally, a drawing’s creator is responsible for ensuring that
accepted guidelines for geometry presentation are followed so the drawing’s contents
cannot be misinterpreted. Just because something is obvious to you does not mean it
will be obvious to someone else. Figure 10.88 shows the correct drawing for the desired
object, using hidden lines.
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NO! Yes

Unnecessary
hidden lines

Sometimes, including every hidden line
can confuse the presentation

When there are too many hidden lines,
remove those not necessary for clarity

FIGURE 10.86. Overuse of
hidden lines causes confusion.
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?

Which one of these objects
does the drawing represent

Not this oneThis one

Squared surfaces

Squared surfaces Inclined surface

FIGURE 10.87. Underuse of
hidden lines may delete critical
information.

FIGURE 10.88. Use hidden lines
as often as practical to define
and reinforce features.
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No Centerlines and/or No Centermarks
To aid in the interpretation of a drawing, centerlines and centermarks mark the location
of an axis of rotational symmetry. A centerline on a feature alerts the reader that the edges
seen next to the centerline may be optical limits of a surface, not true edges. Without
these marks, a drawing cannot be interpreted as quickly, as shown in Figure 10.89. With
centermarks and centerlines added, the hidden lines and circles are quickly identified as
having been created by holes.

Showing Tangent Edges
A tangent edge is formed when two curved surfaces or a curved surface and a plane are
tangent to each other on a line. Tangent edges are normally not shown on drawings
because they cannot be seen on a real object. Showing tangent edges, as in Figure 10.90,
gives the false impression of the existence of a visible edge. Ideally, a tangent edge on a
real object is smooth, without any abrupt changes in surface direction; and the drawing
is made to reflect this attribute of real surfaces.

Not Showing Tangent Edges
Some exceptions exist as to when tangent edges should be shown to aid in interpreting
the drawing. There are cases, for example, where the precise locations of tangent edges
are important for the proper function of the object; and those locations must be
emphasized for clarity, as shown in Figure 10.91. In this case, the tangent edges show
precisely where the curved surfaces and the flat surfaces intersect. Also, when pictorials
of objects that contain many rounded edges are created, the absence of tangent edges
can produce relatively featureless presentations. In these cases, it is better to make the
tangent edges visible.

NO! Yes

Added centerlines
and centermarks

Centerlines and centermarks are
missing from cylindrical surfaces

Centerlines and centermarks are
present on cylindrical surfaces

FIGURE 10.89. Centerlines and
centermarks should be used
whenever possible to help
define and locate the centers 
of holes and other axes of
rotational symmetry.
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NO! Yes

Don't show these
tangent edges

Tangent edges
deleted

Tangent edges generally
should not be shown

Tangent edges have incorrectly
been included

FIGURE 10.90. On a real part,
tangent edges cannot be seen
and thus, in most cases, are not
shown on a drawing.

NO! Yes

Missing
tangent edges

Show
tangent edges

Removal of tangent edges results
in deceptively featureless views

Including the tangent edges reinforces
the existence of curved surface features

FIGURE 10.91. In a some cases,
tangent edges may be shown to
emphasize surface geometry;
otherwise, views may appear to
be featureless.
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Not Showing Small Radii
The intersection of two surfaces is not usually a sharp edge, but rather a smooth transi-
tion with a small radius between the surfaces. The general purpose of this transition is
to reduce the number of external sharp edges for safety during use and handling of the
object and to eliminate breakage by reducing stress concentrations that exist at sharp
internal corners. When the tangent edges of these transitions are removed, the result is
a drawing devoid of features in certain views, especially when the object has inclined
surfaces, such as the object shown in Figure 10.92. When the radius of a transition is
very small relative to the remainder of the object, instead of the object’s tangent edges
being shown, it is acceptable to show the transition as a single edge, as if the radius is a
sharp edge.

Mismatched View Scales
When the scale, or object magnification, in each view of a drawing is different, as shown
in Figure 10.93, it becomes very difficult to align features between views. Consequently,
when an object has many features, it becomes difficult to identify and characterize those
features correctly. All of the orthogonal views on a drawing must have the same scale.

Unaligned Views
When the views are not aligned, as shown in Figure 10.94, it is difficult to align the
same features in each view so that each feature can be uniquely identified. The rules of
orthogonal projection and multiview presentation mandate that orthogonal views be
aligned.

NO!

Rounded edgesShow edges 
as if sharp

Yes

Missing features

Rounded edges

Removing small rounded edges between 
intersecting surfaces results in deceptively
featureless views

Small rounded edges should be represented
as simple visible edges to empahsize their existence

FIGURE 10.92. Small radii
between surfaces should be
shown as edges; otherwise,
views may appear featureless.
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NO! Yes

View with 
mismatched scale

All views with the 
same scale

Views with mismatched scales make it difficult
to align features between views

All adjacent views on a drawing 
should use the same scale

FIGURE 10.93. Orthogonal views must have the same scale.

NO! Yes

Unaligned view

All views aligned

Unaligned views make it difficult
to align features between views

All adjacent views on a drawing 
should be aligned

FIGURE 10.94. Orthogonal views must be aligned.
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Views in Incorrect Relative Locations
The rules of first-angle or third-angle projection dictate that different views on a
drawing must be located in certain positions with respect to each other. Consequently,
people who read drawings have learned to expect certain views to appear in certain
locations, such as a top view located above a front view (using third-angle projection).
When the locations of the views are different from what is expected, as shown in
Figure 10.95, the reader may become confused because the same features on the object
are no longer properly aligned horizontally and vertically between these views.

Poor Choice of Object’s Original Orientation
A poor choice in the original orientation of the object leads to a drawing with many
hidden lines and/or inclined surfaces, as shown in Figure 10.96. The choice of object
orientation should be such that the use of hidden lines and/or inclined surfaces is
minimized.

Incorrect Rotational Orientation within a View
Inexperienced drafters may rotate a view by 90 or 180 degrees from its correct orienta-
tion with respect to the other views, as shown in Figure 10.97. An indication that this
has happened is when the outer edges of the object are not aligned horizontally or ver-
tically in adjacent views or when features on the object do not align. Such a rotation
would confuse the person trying to read the drawing. Care should be taken to ensure
that the rotational orientation of every view is correct with respect to first-angle or
third-angle projection.

NO!

Front

Right

Top Front

Top

Right

Yes

Improper view
locations

Proper view
locations

Views in incorrect locations make it difficult
to align features between views

All adjacent views on a drawing 
should be in their correct locations 
using first or third angle projection

FIGURE 10.95. Orthogonal views must be in their proper locations with respect to one
another.
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NO! Yes

Hidden lines to be avoided
by better part orientation

This object orientation generates many 
hidden lines which can be avoided by 
using a differnt orientation

This object orientation minimizes the number
of hidden lines that are generated

FIGURE 10.96. The part should
be oriented to show as many vis-
ible lines as possible in their
true length.

NO!

Incorrect rotational
orientation of view

Yes
Views in incorrect rotational orientations
make it difficult to align features between views

All adjacent views on a drawing should 
be in their correct rotational orientation

FIGURE 10.97. The rotational
orientation within each view
must be consistent with proper
orthogonal projection, as seen
in the glass box.
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FIGURE 10.98. An object such as this one
cannot be fully described by the six 
standard views.

FIGURE 10.99. An object with internal features
such as this one cannot be fully described by the
six standard views.

Considerations for 3-D Modeling
The proliferation of 3-D solids modeling software, especially in mechanical engineer-
ing applications, has made the process of creating drawings much easier than in the
past. Typically, with solids modeling software, objects are initially modeled as a series
of protrusions and cuts to create their 3-D graphical representation. The solids model-
ing software creates a mathematical model of the geometry from which the projections
of the object are used to create drawings. The model can be scaled and rotated for view-
ing from any orientation direction. Once the solids model is created, it usually is simple
to specify the viewing directions needed to for the software to create isometric and
other pictorial views. It also is easy to extract a front view, side view, or any of the other
orthogonal views from a solids model.

10.09

When Six Views Are Not Enough
It would seem that the six orthogonal views provided by the glass box would be suf-
ficient to specify the geometry of any object. But the views are not sufficient for
every object.

10.08.01 Features at Odd Angles
An example of an object requiring more than six views or nonstandard views is shown
in Figure 10.98, where features are located on surfaces that are inclined or oblique. For
this object, none of the six standard orthogonal views would show these features in
their true shape. A supplementary view, known as an auxiliary view, must be created
before measurements can be specified for the feature represented in that view. Auxiliary
views are covered in detail in Chapter 14 of this book.

10.08.02 Internal Features
Certain internal features, such as holes, bores, or cutouts with an irregular wall profile
and details that are hidden from view, cannot be seen in any of the six standard views.
An example of an object with internal features is the wheel shown in Figure 10.99. For
this object, the geometry of spokes cannot be seen because the rim of the wheel
obscures it. Although hidden lines can sometimes be used to show such features, those
features will appear more clearly in a cutaway, or section view. Section views of all sorts
are covered in detail in Chapter 13 of this book.

10.08
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The ease with which pictorials and multiview drawings can be created from a solids
model has many advantages, but also some disadvantages. The greatest advantage is
the speed and accuracy with which orthogonal views can be created. With most soft-
ware, additional views can be created by specifying the location of the viewing plane
and then picking a location on the drawing where the additional view is to appear.
Usually this is done by striking a few keys on a keyboard or making a few clicks with a
mouse or another pointing device. The time required to produce the additional view is
usually only a few seconds. Hidden lines can be added or removed for individual fea-
tures or for an entire view. Also, accurate orthogonal projections of features that were
previously represented by shortcut practices, such as small cutouts in curved surfaces
or thin symmetric features, are easily created. In fact, with most software, it would be
difficult to create a view that is not an accurate projection.

But there is a disadvantage to having so much ease in creating drawings.
Remember, the original process of manually creating projected views from pictorials
and mental images and pictorials from projected views depended on the drawer’s
developed skills of spatial reasoning and mental imaging. When software makes the
process of creating drawings too automatic, a person may not be able to apply these
skills in the absence of the software because she did not develop adequate drawing
skills. In other words, the person may have become too dependent on the software.
That person, when faced with a multiview drawing in the shop, may not be able to cre-
ate a mental image of the object or may not develop the skills necessary to interpret
standard drawings. Eventually, the person will develop these skills, but it may require
experience with many solids models and their drawings. Whether you are working
with instruments, 2-D CAD, or solids modelers, the key to successful development of
mental imaging skills is simply to practice—a lot.

Chapter Summary
Orthogonal projection and the use of the standard views of an object are accepted

nationally and internationally as the formal means of creating and presenting images
for the purpose of producing the original object. Constructed correctly, these views are
used to re-create the same 3-D object, no matter who is viewing the images. Care must
be taken to ensure that the rules for view creation, orientation, scale, and alignment are
followed. Hidden lines are used for completing the description or for additional
emphasis of certain features on the object. Extra views are used as necessary for com-
pleting the description of these features. From these formal views, the original 3-D
object can be re-created. When done successfully, whether you are the person making
the drawing or the person reading the drawing, you will find that the interpretation of
the views and the object they represent are the same.

10-64 sectionthree Setting Up an Engineering Drawing

10.10
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adjacent views: Orthogonal views presented on a sin-
gle plane that are created immediately next to each other.
anchor edge: The same edge that can be easily and
confidently located on multiple views and on a pictorial
for an object.
anchor point: The same point, usually a vertex, that
can be easily and confidently located on multiple views
and on a pictorial for an object.
anchor surface: The same surface that can be easily
and confidently located on multiple views and on a pic-
torial for an object.
centerline: A series of alternating long and short dashed
lines used to identify an axis of rotational symmetry.
centermark: A small right-angle cross that is used to
identify the end view of an axis of rotational symmetry.
edge tracking: A procedure by which successive edges
on an object are simultaneously located on a pictorial
image and on a multiview image of that object.
first-angle projection: The process of creating a view
of an object by imprinting its image, using orthogonal
projection, on an opaque surface behind that object.
foundation space: The rectilinear volume that repre-
sents the limits of the volume occupied by an object.
glass box: A visualization aid for understanding the
locations and orientations of images of an object pro-
duced by third-angle projection on a drawing. The
images of an object are projected, using orthogonal pro-
jection, on the sides of a hypothetical transparent box
that is then unfolded into a single plane.
hidden lines: The representation, using dashed lines,
on a drawing of an object of the edges that cannot be
seen because the object is opaque.

multiple views: The presentation of an object using
more than one image on the same drawing, each image
representing a different orientation of the object.
multiview: Refers to a drawing that contains more than
one image of an object and whose adjacent images are
generated from orthogonal viewing planes.
orthogonal projection: The process by which the
image of an object is created on a viewing plane by rays
from the object that are perpendicular to that plane.
point tracking: A procedure by which successive ver-
tices on an object are simultaneously located on a picto-
rial image and a multiview image of that object.
preferred configuration: The drawing presentation
of an object using its top, front, and right-side views.
six standard views (or six principal views): The
drawing presentation of an object using the views pro-
duced by the glass box (i.e., the top, front, bottom, rear,
left-side, and right-side views).
surface tracking: A procedure by which successive
surfaces on an object are simultaneously located on a
pictorial image and a multiview image of that object.
tangent edge: The intersection line between two sur-
faces that are tangent to each other.
third-angle projection: The process of creating a view
of an object by imprinting its image, using orthogonal
projection, on translucent surface in front of that object.
viewing plane: A hypothetical plane between an object
and its viewer onto which the image of the object, as
seen by the viewer, is imprinted.

10.11 glossary of key terms

1. What is orthogonal projection?

2. What are the advantages and disadvantages of using
pictorial images, such as isometric images, for the
graphical representation of an object?

3. What is a multiview presentation?

4. What are the advantages and disadvantages of using
a multiview presentation for the graphical represen-
tation of an object?

5. How are different views located with respect to each
other on the same drawing?

6. Why should features be aligned between views in a
multiview presentation?

7. Why is it important that different views have the
same scale?

8. What are the advantages of having features of an
object aligned between views?

9. What are the standard (or principal) views?

10. What is the preferred configuration?

11. When should extra orthogonal views be used?

12. When should hidden lines be used?

10.12 questions for review
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13. When should hidden lines not be shown?

14. When should tangent edges be shown?

15. When should tangent edges not be shown?

16. What is the difference between first-angle projection
and third-angle projection?

17. When can the rules of orthogonal projection be
bent? What are the advantages of doing so?

10.12 questions for review (continued)

The following exercises may be done with instruments, with CAD, or on square and isometric grids. Use third-angle or first-
angle projection as specified by your instructor.

1. From the isometric pictorials shown in Figure P10.1, create accurate multiview drawings with a sufficient number
of views to specify all details of the object completely. Do not use hidden lines.

10.13 problems

(a) (b)

(c) (d)

(e) (f)

FIGURE P10.1. 
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2. From the isometric pictorials shown in Figure P10.2, create accurate multiview drawings in the preferred format
of front view, top view, and right-side view. Use hidden lines as necessary to specify all details of the object
completely.

10.12 questions for review (continued)

(d)

(e)

(f)

Topside Bottomside

Topside Bottomside

Frontside Backside

FIGURE P10.2. 

(a)

(b)

(c)

Frontside Backside

Topside Bottomside

Frontside Backside
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10.13 problems (continued)
3. Each set of multiview drawings shown in Figure P10.3 may have visible or hidden lines missing. Add the missing

lines to the drawing. An isometric pictorial has been included for clarity.

(a) (b)

(c) (d)

(e)

(g) (h)

(f )

FIGURE P10.3. 
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10.13 problems (continued)
4. For each front view shown in Figure P10.4, draw the top view (in the correct scale, location, and orientation) that corre-

sponds to each of the possible side views that are shown.

12

12

METRIC

60
C  ONLY

36

30 15

15

A B C D

D  ONLY

12 Ø3612

FIGURE P10.4. 
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(b)
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D
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D
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10.13 problems (continued)
5. For each set of multiview drawings shown in Figure P10.5, add the missing view to the drawing in the indi-

cated location. An isometric pictorial has been included for clarity.

(a) (b)

(c) (d)

(e) (f )

(g) (h)

FIGURE P10.5. 
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10.13 problems (continued)
6. Create correctly scaled multiview orthogonal drawings of the objects shown in Figure P10.6. Show at least the front,

top, and right-side views. Include hidden lines. Recommend when additional views would be useful to clarify the
presentation and add these views to the drawing.

2.0
3.5

FRONT VIEW

1.75

45

(a)

(c)

(b)

1.75

.75 .50
.38

2.0

FRONT VIEW

3.5

55

FRONT VIEW

1.75

.50

 R1.25

3.5

.75

(2.0)

60

3.0

FRONT VIEW

1.38

(2.25)

1.75

45

 R.88

(g)

(f )(e)

(d)

(h)
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10.13 problems (continued)

(k)

(j)(i)
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10.13 problems (continued)

(s)

(r)(q)

(w)

(v)(u)

(t)

(x)
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10.13 problems (continued)
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10.13 problems (continued)
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10.13 problems (continued)
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10.13 problems (continued)
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Advanced Visualization
Techniques

objectives
After completing this chapter, you should be able to
● Increase your visualization skills
● Move seamlessly between 2-D and 3-D representations of

objects
● Use basic strategies for visualizing complex objects
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Basic Concepts and Terminology in Visualization
In previous chapters, you learned about some of the basic building blocks of graphi-
cal communication. You learned how to make simple sketches. You developed basic
skills for visualizing simple objects, and you learned about pictorial representation
of objects. You learned how engineers use multiview drawings to accurately portray
3-D objects on a 2-D sheet of paper. In this chapter, you will bring all of your skills
together to tackle increasingly difficult problems in visualization. Mostly through
examples, this chapter will illustrate techniques you can use to hone your visualiza-
tion skills, which will improve your effectiveness in graphical communication.

Before continuing with the chapter, you need to become familiar with some funda-
mental definitions and concepts. As you learned in a previous chapter, four basic types of
surfaces make up 3-D objects. Table 11.01 outlines the basic surface types and explains
how they appear in a standard drawing that shows top, front, and right-side views.

The definition of surface types can be further refined based on their characteristics.
Normal surfaces are defined by the primary view to which they are parallel, and they
appear in true shape and size within this primary view. When normal surfaces are paral-
lel to the front view, they are referred to as frontal surfaces; when normal surfaces are
parallel to the top view, they are referred to as horizontal surfaces; and when normal
surfaces are parallel to the side view, they are referred to as profile surfaces. 

11-2 sectionthree Setting Up an Engineering Drawing

Imagine trying to communicate in a foreign county without knowing one word of
the native language. You might be able to pantomime adequately to take care 
of your basic needs—food and drink, for example—but your level of communica-

tion would be superficial. You would not be able to exchange views on your philoso-
phy, your feelings, or your thoughts. There would be no chance for a meaningful
dialogue. Trying to communicate with other engineers without well-developed
graphics and visualization skills is similar to trying to communicate with a French
person when you do not know the language. Without graphics skills, you can engage
in a superficial conversation about basics; however, you cannot participate in a
meaningful discussion about design details. That is why this chapter is included in
the text—to help you move beyond the basics in your graphics and visualization skills
so you can be a full-fledged member of an engineering design team.

11.01
introduction

11.02 

SURFACE TYPE SURFACE CHARACTERISTICS APPEARANCE

NORMAL PARALLEL TO ONE OF THE PRIMARY SURFACE IN ONE VIEW; EDGE IN 
VIEWING PLANES; PERPENDICULAR TWO REMAINING VIEWS
TO THE OTHER TWO PLANES

INCLINED PERPENDICULAR TO ONE PRIMARY SURFACE IN TWO VIEWS; EDGE 
VIEW; ANGLED WITH RESPECT TO THE (ANGLED LINE) IN ONE VIEW
OTHER TWO VIEWS

OBLIQUE NEITHER PARALLEL NOR SURFACE IN ALL THREE VIEWS
PERPENDICULAR TO ANY OF THE 
PRIMARY VIEWS

CURVED PERPENDICULAR TO ONE VIEW CURVED EDGE IN ONE VIEW; EXTENTS 
OF SURFACE VISIBLE IN TWO 
REMAINING VIEWS

TABLE 11.01. Basic Surface Types for Objects
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Figure 11.01 illustrates the three types of normal surfaces found on objects. Notice that
for each normal surface shown, it is viewed as a surface in one view and as edges in the
remaining two views.

Inclined surfaces are defined by the primary view to which they are perpendicular—
in other words, they are defined by the view in which they appear as an edge. Thus, an
inclined frontal plane appears as an edge in the front view and as a surface in the top and
side; an inclined horizontal plane appears as an edge in the top view and as a surface in
the front and side; and an inclined profile surface appears as an edge in the side view and
as a surface in the front and top. Figure 11.02 illustrates the three classifications for
inclined surfaces that are found on objects.

Oblique surfaces do not have any special classification since they appear neither
as an edge nor in their true shape and size in any of the primary views. Figure 11.03
illustrates the basic characteristic of an oblique surface.

A

B

C

D

A, B - Frontal Surfaces
C - Horizontal Surface
D - Profile Surface

A

B

C

D

Edge view A Edge view C

Edge view B

Edge view D

Edge view D

Edge view B Edge view C

Edge view A

Pictorial for clarity

FIGURE 11.01. An object made up of normal surfaces.
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There is no special classification for curved surfaces, although they can be per-
pendicular to any of the primary views, as shown in Figure 11.04.

Engineering drawings are typically set up in the familiar L-shaped pattern that
shows the top, front, and right side views. With this view layout, the top is projected
vertically from the front and the right side is projected horizontally from the front with
the panels folded out of the glass box and hinged at the edges of the front view.
Sometimes you may want to include the top, front, and left side views, resulting in a

11-4 sectionthree Setting Up an Engineering Drawing

FIGURE 11.02. Inclined surface definitions.

(a)

(b)

(c)

A A

B

B

C

C

Inclined Horizontal
Surface A

Inclined Frontal
Surface B

Inclined Profile
Surface C

Pictorial for
clarity

Pictorial for
clarity

Pictorial for
clarity

C

B

A

A

A A

Pictorial for clarity

A

FIGURE 11.03. An object with oblique
surface A.
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(a)  Curved surface perpendicular to top view.

(b)  Curved surface perpendicular to front view.

(c)  Curved surface perpendicular to side view.

Pictorial for clarity

Pictorial for clarity

Pictorial for clarity

FIGURE 11.04. Various orienta-
tions for curved surfaces.

backward L view pattern. In this case, the top hinges on the front view as before, with
the left view also hinging on the front, similar to the way the right view was con-
structed. Other times, you will want the top view as the stationary view and the side and
front views hinging from it. This is particularly true when the edge view of a curved sur-
face is visible in the top view. Figure 11.05 shows the alternative ways the glass box can
be unfolded to produce varying view layouts. Figure 11.06 shows a comparison of two
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(a)

(b)

(c)
(d)

(e)

(f)

(g)
(h)

FIGURE 11.05. One way to pres-
ent the drawing of an object:
showing the front, top, and
right-side views on a hypotheti-
cal glass box in (a), the bow pan-
els opening in (b), to present all
three views on a single plane in
(c), for the multiview drawing in
(d). Another way to present the
drawing of an object: showing
the front, top, and right-side
views on a hypothetical glass box
in (e), the bow panels opening in
(f ), to present all three views on a
single plane in (g), for the multi-
view drawing in (h). 
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(i)

(j)

(k) (l)

FIGURE 11.05. (continued) Still
another way to present the draw-
ing of an object; showing the
front, top, and right-side views
on a hypothetical glass box in
(i), the bow panels opening in
(j), to present all three views on a
single plane in (k), for the multi-
view drawing in (l).

projection systems used for sketching a cylinder. Notice that the view layout shown in
Figure 11.06(b) more clearly defines the curved surface of the cylinder than the layout
in Figure 11.06(a). In Figure 11.06(b), any two adjacent views (e.g., either the front and
top views or the top and sides views) clearly define the surface as being curved. In
Figure 11.06(a), the front and side views together cannot, by themselves, define the
curved surface. The addition of a top view is required.

One important visualization concept you must understand is that surfaces retain
their basic shapes from view to view. If a surface has four edges and four vertices in one
view, it will have four edges and four vertices in the next view. If the surface has a basic 
L shape in one view, it will have a basic L shape in all views. The exception, of course, is
that a normal surface appears as a single edge in at least one of the primary views and
merely looks like a line in that view—you will not be able to determine how many edges
and vertices it has. Figure 11.07 shows a multiview drawing, including an isometric pic-
torial, of an object that has an L-shaped surface on it. Notice that this surface (labeled A
in all views) maintains its basic shape from view to view, except in the top view where it
appears as a single edge.
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11-8 sectionthree Setting Up an Engineering Drawing

(b)  Front and side views projected
from the top view

(a)  Top and side views projected
from the front view.

Pictorial for clarity

FIGURE 11.06. The side view projected from the top view.

A A

A

Pictorial for clarity

Pictorial for clarity

FIGURE 11.07. An object with an L-shaped inclined horizontal surface.
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Another basic concept to keep in mind when visualizing objects from multiview
drawings is that the limits of surfaces should correspond from one view to the next.
Because you have a system of orthographic projection, features, and vertices on, the
object will be aligned between views. This principle holds true for surfaces as well. If 
the height of a surface goes from bottom to top in the front view of the object, it also
will go from bottom to top in the side view or in an isometric pictorial view. Note that
because the top view does not show changes in object height, those changes will not be
apparent in that view. Similarly, the width and depth limits of a given surface are main-
tained from one view to the next. Figure 11.08 shows a multiview drawing of an object
along with an isometric pictorial. The height, width, and depth limits of surface B are
labeled in each view. Notice that these dimensions are maintained between views.

A final basic concept to keep in mind when looking at multiview drawings is that
for normal and inclined surfaces, right angles on surfaces are maintained from view to
view. In fact, one way to identify an oblique surface on an object is to observe that an
angle appears to change from perpendicular to something other than perpendicular
from one view to the next. Figure 11.09 shows an object with a T-shaped inclined sur-
face on it. Notice that in each view of the surface, all angles appear to be right angles
(and that the surface has the same basic shape and same number of edges and vertices
in each view). Figure 11.10 shows a multiview drawing of an object with an oblique sur-
face (A) on it. Notice that the angle at the vertex labeled X appears to be a right angle in
the front view but about 40° in the top view. This change in the relative size of the
angle at vertex X is a clear indication that surface A is an oblique surface and, as such,
appears as a surface in all views.
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W

H H

D

D

W

B B

B

Edge view
Surface B

W

D

H

Pictorial for clarity

Pictorial for clarity

FIGURE 11.08. Height, width, and depth measure-
ments maintained between views.

A

A

A

Edge view 
Surface A

Pictorial for
clarity

Pictorial for
clarity

FIGURE 11.09. An object with inclined T-shaped surface A.
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The Possibilities for a Feature Representation
To understand a drawing or a view completely, you must be able to imagine all of the
possibilities inherent to a given feature. Then you can reject the possibilities that do not
match the information provided. Figure 11.11 shows the top view of a simple object.

Can you tell what the object looks like from this view alone? Figure 11.12 shows sev-
eral pictorial sketches of objects that could produce this single top view. Notice that the
possible objects include normal, inclined, and curved surfaces as defined in this chapter.
Several other possibilities produce this top view, including some that contain oblique sur-
faces. Can you imagine others? Which one shows the correct object? Without more infor-
mation, it is impossible to determine the correct object that corresponds to this top view.

11-10 sectionthree Setting Up an Engineering Drawing

A

A

A

A

Pictorial for
clarity

Pictorial for
clarity

X

XX

X

FIGURE 11.10. An apparent
change in the angle at vertex X
for oblique surface A.

11.03

FIGURE 11.11. The top view of
an object.

(a) (b) (c)

(d) (e)

FIGURE 11.12. Possible objects from a given top view. FIGURE 11.13. Top and front
views of an object.
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FIGURE 11.14. The top view of
an object.

(a) (b) (c)

(e) (f)(d)

FIGURE 11.15. Possible objects based on the top view given. FIGURE 11.16. Top and front
views of an object.

Figure 11.13 shows the top and front views of the object. By examining this addi-
tional view, you can rule out all of the possibilities from Figure 11.12 except choice d.

Figure 11.14 shows the front view of an object, and Figure 11.15 shows multiple
possibilities for objects that correspond to this view. Thinking about all of the possibil-
ities that exist will help you develop your visualization abilities. Again, which of the
objects is correct? It is impossible to tell from this limited information.

Figure 11.16 shows the front and side views of the object. Based on this new infor-
mation, you can rule out several of the possibilities; only two remain: choices a and e.

To determine which of these is correct, a third view of the object is required.
Figure 11.17 shows the top, front, and right-side views of the object. Based on this new
information, it is clear that choice a is the correct interpretation of the object.

Pictorial
for clarity

Pictorial
for clarity

FIGURE 11.17. A multiview drawing of an object.
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Other Viewpoints
In a previous chapter, you learned about coded plans and the way they are used to
define an object. You also learned how the object can be viewed from any one of the cor-
ners defined by the coded plan. Figure 11.18 shows a coded plan and the four corner
views defined by it.

In the previous discussion of coded plans and corner views, you learned to look at
an object from the indicated corner by imagining that your eye was located above the
object. Because you are looking at the object from above, this view is sometimes
referred to as the bird’s-eye view. What if you wanted to look at the object from beneath
it? Figure 11.19 shows the same object in Figure 11.18 except that the corner views are
defined by locating your eye beneath the object, looking upward toward it. These views
are referred to as worm’s-eye views. (Think of yourself as a worm burrowing under-
ground and looking up at the object rather than a bird soaring overhead and looking
down on the object.)

If you compare the corner views from these two viewpoints, you will notice that
with a bird’s-eye view, you see all of the top surfaces of the object (except for those
that are partially or completely hidden by projections on the object). But with the
worm’s-eye view, you see the bottom surfaces of the object and none of the top sur-
faces are shown. Figure 11.20 shows a bird’s-eye and worm’s-eye view for an object,
with the top and bottom surfaces labeled.

11-12 sectionthree Setting Up an Engineering Drawing

11.04 

x - CORNER

w - CORNER z - CORNER

y - CORNER

w

x y

z

CODED PLAN

1

1 3 2

FIGURE 11.18. A coded plan and four corner views from above.
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x - CORNER

w - CORNER z - CORNER

y - CORNER

w

x y

z

CODED PLAN

1

1 3 2

FIGURE 11.19. A coded plan and four corner views from below.

BIRD'S-EYE VIEW WORM'S-EYE VIEW

Top surfaces
visible

Bottom surfaces
hidden from view

Bottom surface
visible

Top surfaces
hidden from view

FIGURE 11.20. Bird’s-eye view versus worm’s-eye view of the same object from the same corner.

Recall that for isometric pictorials, you learned that the axes are set up such that
you are looking down the diagonal of a cube. The difference between a bird’s-eye view
and a worm’s-eye view is that you are looking down two different diagonals of the cube.
Figure 11.21 shows two cubes with the diagonals for both viewpoints labeled.
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Advanced Visualization Techniques
In the next sections, you will learn some systematic strategies for visualizing objects
and for seamlessly moving between multiview and pictorial representations. Many of
these techniques have been tried and tested with engineering students over the years.
Although you may find some of the techniques to be difficult in the beginning, with
practice and with improvement in your visualization skills, you will be able to tackle
increasingly difficult problems. Some of these techniques may be easier for you than
others. You should find the methods that work for you and stick with them as you
complete the exercises at the end of the chapter. Good luck!

11.05.01 Visualization with Basic Concepts
Figure 11.22 shows the top and front views of an object, along with three possible
right-side views. Using what you know about basic shapes, which of the possible right-
side views is correct?

Begin by looking at the angled edge of the object in the front view labeled A. The
most probable explanation for this angled edge is that it is an inclined frontal surface—
seen as an edge in the front and as surfaces in the top and right side. This edge does not
extend all the way across the object in the front view, but goes about three-quarters of
the way from right to left. You know that this surface must be visible in the top view,
and the only surface there that extends from the right side to about three-quarters of
the way to the left side is the U-shaped surface labeled A in Figure 11.23.

You know that this surface also must appear as a U-shaped surface in the correct
side view, since the overall shape of the surface cannot change from view to view. There
are two possibilities from the choices given for the correct right-side view—choice a and
choice c. Look again at the inclined line that represents the surface in the front view.

11-14 sectionthree Setting Up an Engineering Drawing

(a)  Bird's-Eye view

(b)  Worm's-Eye view

Diagonal for
Worm's-Eye view

Diagonal for
Bird's-Eye view

End view of
diagonal for 
Worm's-Eye view

End view of
diagonal for 
Bird's-Eye view

FIGURE 11.21. Cube diagonals
for bird’s-eye (a) and worm’s-eye
(b) views.

11.05 
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(a) (b) (c)

?

Which of these side views is correct?

Top view

Front view

FIGURE 11.22. Top and front views, with three
possible side views.

w

w

A

FIGURE 11.23. The width
dimension of an inclined surface.

h

A

FIGURE 11.24. The height dimen-
sion of an inclined surface.

Pictorial
for clarity

Pictorial
for clarity

FIGURE 11.25. A multiview drawing of an object.

Notice that it does not extend all the way from the bottom to the top in that view. The
inclined line starts at a point about halfway up from the bottom and extends from
there to the top of the object, which is illustrated in Figure 11.24.

Of the choices given, only choice c has the correct overall height for the U-shaped
surface; the U-shaped surface in choice a goes all the way from the bottom to the top of
the object. Figure 11.25 shows the correct multiview sketch of the object. An isometric
pictorial sketch also is shown in the figure for clarity.
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(a) (b) (c)

?

Which of these top views is correct?

Front view Side view

FIGURE 11.26. Front and side views of an object, with
three possible top views.

(a) (b) (c)

Angled
line

Angled
line

FIGURE 11.27. Angled lines in choices (b) and (c) for the 
top view.

Pictorial for clarity

Pictorial for clarity

FIGURE 11.28. The correct multiview
drawing of the object.

What about the object shown in Figure 11.26? For this particular object, the front
and side views are given and you are to select the top from the three choices given.

A U-shaped surface in both views for this object extends all the way from the bot-
tom to the top. Chances are good that this is an inclined surface since it appears as a
similarly shaped surface in two views. (It also could be an oblique surface; but for sim-
plicity, assume it is inclined.) If it is an inclined surface, it will be classified as an
inclined horizontal surface and, therefore, would be seen as an edge in the top view.
Two of the choices, choice b and choice c, show an angled edge in Figure 11.27.

From the front view, the U-shaped surface goes all the way across the object from
left to right. Only choice b shows the angled line extending all the way across the object,
so it must be the correct top view. Figure 11.28 shows the correct multiview sketch for
the object. Once again, a pictorial of the object has been included for clarity.
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11.05.02 Strategy for a Holistic Approach to
Constructing Pictorials from Multiview Drawings
The inverse tracking of points, edges, and surfaces covered in the later sections are
detailed methods that can be used to create a pictorial from a multiview drawing. A dif-
ferent, more holistic approach also can be employed to achieve the same result, as out-
lined in the following paragraphs.

A few ground rules must be established before you can begin development of this
approach:
■ The objects you devise must be solid.
■ You cannot have a single, infinitely thin plane on the resulting object.
■ You cannot have two objects that are next to each other in the result.
■ You should pick one view as the “base” and work from there until all views match

the object.

An illustration of this approach will begin with a simple object. Figure 11.29 shows
the front and right-side views of an object from which you want to create a pictorial.
This example will use the front view as the base view.

The front view shows two surfaces—one is L-shaped; the other, rectangular. When
you start with the L-shaped surface, you can assume that it is a normal surface and that
it is located all the way forward on the object. You will consider other cases of this sur-
face later; but for this method, it is best to start with the simplest form of the object
and then consider increasingly complex solutions. Normal surfaces are the simplest
type, so it makes sense to start there. When you also consider the rectangular surface to
be normal, it must be parallel to the front view as well. (Otherwise, it would appear as
an edge in the front.) The three possibilities for this surface are that it appears all the
way at the front of the object, all the way to the back of the object, or somewhere in
between. These three possibilities are illustrated in Figure 11.30.

The first of these choices is not a valid solution because if both surfaces were all the
way to the front of the object, there would be no need for the edges separating the two
areas—lines are not included on a single plane of an object. The second choice produces
front and side views that match those that were given initially; however, this choice is
not valid since it results in an infinitely thin plane at the back of the object. The third
choice also can be eliminated, since it results in an object that does not match the right-
side view. It does not matter where the surface is located with respect to the object
depth—there is no way to include a normal surface, such as this, on the object to pro-
duce a correct right-side view.
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FIGURE 11.29. The front and
right-side views of an object.

(a) (c)(b)

FIGURE 11.30. Three possible
solutions when the rectangular
area in Figure 11.29 is a normal
surface.
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When the L-shaped surface is located correctly, there is no possible way the rectan-
gular area represents a normal surface. Now you will assume that the rectangular area
represents an inclined surface. In this case, you have to consider only an inclined hori-
zontal or an inclined profile surface, since an inclined frontal would appear as an
angled line in the front view. (No such lines are there.) Figure 11.31 shows two possible
inclined horizontal surfaces. Notice that the first choice results in an object that does
not correspond to the right-side view that is given, while the second choice does. This
means that an inclined horizontal surface, such as the one shown, is one possible solu-
tion to this problem.

Now consider the possible inclined profile surface shown in Figure 11.32. Notice
that this inclined profile surface is not a possible solution, since there are no angled
lines in the side view.

Are there other possible solutions? Are curved surfaces a possibility? Figure 11.33
shows two possible solutions where the rectangle seen in the front view represents a
curved surface (b and d) and several solutions that include curved surfaces that do not
result in valid solutions (a, c, and e). The invalid solutions result in a front or side view
that does not match those given.

What about an oblique surface for the rectangular area in the front view? Figure 11.34
shows two possible oblique surfaces that satisfy the front view, but notice that the side
view produced by these objects is not valid. You could try any number of different oblique
surfaces and not find one that satisfies the two views given.

Now consider choices where the rectangular area in the front view is a normal sur-
face that is located all the way to the front of the object. This time you should again
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FIGURE 11.33. Possible curved
surfaces for an object.

42496_14_ch11_p11.1-11.60  12/27/07  10:23 AM  Page 18



consider the L-shaped surface as a normal surface all the way to the front, all the way to
the back, or somewhere in between. These three possibilities are shown in Figure 11.35.
Once again in this case, the front view of the object is okay for each possibility, but
either the side view is incorrect or the result is not permissible.

Next, consider the L-shaped surface to be an inclined profile. The two possibilities
are shown in Figure 11.36. Notice that neither of these produces the correct side view.

Figure 11.37 shows the two possibilities for the L-shaped area to represent an
inclined horizontal surface. Once again, neither of these produces a side view that cor-
responds to the one that is given. An inclined frontal surface is not possible, since there
are no angled lines in the front view.
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FIGURE 11.34. Two possible
oblique surfaces.
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FIGURE 11.35. Three possibili-
ties with an L-shaped normal
surface.
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FIGURE 11.36. Two possible
solutions with inclined profile
L-shaped surfaces.
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FIGURE 11.37. Two possible
solutions with inclined horizon-
tal L-shaped surfaces.
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You also can consider curved surfaces for the L-shaped area as before, as shown in
Figure 11.38. In this case, only one of the possible solutions with a curved surface
matches the two views given.

Can the L-shaped surface be an oblique surface? Figure 11.39 shows one possible
oblique surface that satisfies the front view. Notice that when the L-shaped area is this
oblique surface, once again the side view does not correspond to the one that is given.

After sketching multiple possible pictorials that match the two views that are
given, you have identified three possibilities—one that includes an inclined surface and
two that contain a curved surface. All of the correct pictorials identified in this exercise
are shown in Figure 11.40. You may find this method of creating pictorials from multi-
view drawings tedious at first; however, as you practice, you will find it increasingly
easy. In time, you will probably be able to skip certain pictorials altogether.

11.05.03 Strategy for Constructing Pictorials by Inverse
Tracking of Edges and Vertices
The process of creating a multiview drawing from a pictorial (or from an idea or image
in your mind) is quickly mastered with practice. However, the inverse process of creat-
ing a mental image, or pictorial drawing, of an object from its multiview drawing is
considerably more challenging. With some practice, though, you can master this skill
as well. People who deal with multiview drawings on a daily basis, such as professional
design engineers, drafters, and machinists, usually can create a mental image of a part
quickly after they see its multiview drawing.

To develop this skill, it may be best to start with a technique that is well-defined
and methodical, as well as an object of fairly simple geometry, such as that shown in
Figure 11.41. For this example, sketching techniques will once again be used as a
method for developing visualization skills. Later examples will use more formal graph-
ics for presentation clarity.

11-20 sectionthree Setting Up an Engineering Drawing

(a) (b)

FIGURE 11.38. Two possible curved surfaces for 
the object.

FIGURE 11.39. A possible 
L-shaped oblique surface.

(a) (b) (c)

FIGURE 11.40. Possible correct solutions for the object.

42496_14_ch11_p11.1-11.60  12/27/07  10:23 AM  Page 20



Inverse Tracking with Edges and Vertices for Normal Surfaces
An eight-step process can be used, but this time the process is inverted compared to the
process presented in an earlier chapter where a multiview drawing was created from a
pictorial. The steps are as follows:

Step 1: Define the location and directions of a coordinate system consistent in 
all views.

Step 2: Define an anchor point on the object.

Step 3: Mark the limits of the foundation volume.

Step 4: Locate a vertex or an edge adjacent to the anchor point and draw that edge.

Step 5: Successively locate other vertices and edges and draw those edges.

Step 6: Convert hidden lines.

Step 7: Add internal features.

Step 8: Check model validity.

The first step (Step 1) is to create a set of 3-D axes on an isometric grid and define
the viewing directions. Next, select an anchor point for the object (Step 2). The anchor
point should be a point on the part that you can easily and confidently locate on each
of the orthogonal views. A good selection for this example would be the vertex on the
lower left front of the part. Called point A, it is identified in each view in Figure 11.41;
and a set of axes is drawn at that point in all of the views, including the pictorial grid.
Make sure the directions of the coordinate axes are consistent in every view.

The foundation space (Step 3) is then outlined with respect to the anchor point
on the grid to show the limits of the volume that is occupied by the object in space, as
shown in Figure 11.42. To find the foundation space, note that the width and height
limits of the part can be seen in the front view. The top view shows the width of the part
as well as its depth. The side view shows the height and depth of the part. Thus, the
height, width, and depth of the foundation space can be established with only two
views as long as those view planes are orthogonal to each other. Any two adjacent views,
such as the front and top views or the front and side views, will be orthogonal to each
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other. For this example, the width of the part is 7 units in the x-direction, the height of
the part is 4 units in the z-direction, and the depth of the part is 5 units in the y-direction.
A rectangular volume with these x, y, and z measurements is created on the isometric
grid. Although most objects probably will not be brick-shaped, a foundation shape is
easy to draw and easy to visualize. It is typically much easier to locate the points, edges,
and surfaces of the object with respect to its foundation than to a set of axes. Also, if you
start creating points and lines on the isometric grid that are outside the foundation
space, you will know you are doing something wrong.

Next, locate a vertex or an edge adjacent to the anchor point (Step 4). Remember
that a vertex can be defined as a point that connects at least three edges and any corner
is automatically a vertex. To locate an edge on the pictorial, that edge must be defined
in at least two orthogonal views. For parts that contain surfaces that are parallel or per-
pendicular to the viewing planes, it is likely that two or more edges of the part will
appear on top of each other in the orthogonal views. Thus, when you are tracking an
edge from a drawing view to the pictorial, the edge needs to be carefully specified in
another view. Point and edge tracking is done by selecting vertices on the part in the
orthogonal views and then locating those vertices on the pictorial by moving along 
the edges of the part. Moving along the part edges in a multiview drawing is more diffi-
cult than doing so on a pictorial because you need to track the motion on different
orthogonal views simultaneously. Also, on a multiview drawing, many edges and ver-
tices lie directly above or below each other. Identification of the individual vertices may
be confusing, but it can be done easily when you exercise some care. The trick is to
define the location of the vertices in at least two views simultaneously. Tracking is
made easier by the fact that vertices in adjacent orthogonal views must align either hor-
izontally or vertically. For example, as shown in Figure 11.43, as you move 5 units to the
right along the x-axis from point A to reach point B in the front view along the edge
indicated, you also must identify this motion in the top and side views and on the pic-
torial simultaneously. To find point B in the top view, draw a vertical alignment line
through point B in the front view and see which vertices on the object lie on this line in
the top view. The top view shows a few possible vertex locations on the alignment line
for point B; but only one of the locations is accessible by moving along a single edge
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(also in this case, the x-axis from point A). This edge also is parallel to the front viewing
plane. In the side view, the location of point B is directly in front of point A, thus
appearing coincident with it. With the location of point B identified in each of the
orthogonal views, this location and the edge between point A and point B are trans-
ferred to the pictorial by moving 5 units along the x-axis.

Next, another vertex on the front view and on the same surface as point A is
selected on the orthogonal views. Calling this point C, you can easily see the edge
formed by points A and C on the side view. It is located 3 units above point A along the
z-axis. Even though the horizontal view alignment line goes through four vertices in
the side view, only one of these locations is accessible by moving along an edge from
point A. This edge is parallel to the front viewing plane. In the top view, point C is
directly above point A; so they are seen as coincident in this view. The location of 
point C on the pictorial is placed on the z-axis 3 units above point A. 

Additional vertices are located by noting their x, y, and z positions on the multiview
drawing and then transferring those locations to the pictorial view (Step 5). Before mov-
ing to the next surface, you should select the points and edges to outline an entire surface
of the object. In this manner, instead of seeing connected edges that appear in a variety of
directions on the pictorial, you see that the surfaces of the part appear one at a time.
Surfaces or parts of surfaces on the part can be identified easily on the orthogonal views
as simple closed loops, as shown in Figure 11.44. Once all of the edges in all of the orthog-
onal views have been accounted for and placed on the pictorial, the object pictorial
should be complete, as shown in Figure 11.45. Note that in the final pictorial, one of 
the surface loops is partially obscured by some of the other surfaces. In this case, the
obscured edges should be removed or shown as hidden lines (Step 6). Since isometric
views show only three sides of the glass box, the front, side, and top views are generally
sufficient to create the isometric view of most objects. If only two of these views are avail-
able, you should create the third view before attempting to construct the pictorial.

The final steps are to add any internal features (Step 7), of which there are none in
this example, and then check to ensure that each vertex on the pictorial is connected to
at least three edges (Step 8) for the pictorial to be valid. For this pictorial, all vertices are
connected to three edges (some of the edges are hidden); so it appears to be valid.
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Inverse Tracking with Edges and Vertices for Inclined Surfaces
Anytime there is an edge on a multiview drawing that appears at an angle (i.e., it is not
horizontal or vertical), an inclined surface will exist on the part. The drawing of such a
part is shown in Figure 11.46. Creating an isometric pictorial of a part with inclined sur-
faces is only slightly more complicated than creating a part with horizontal or vertical
surfaces. The same procedure of vertex and edge tracking is used for both types of parts.
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First, an anchor point, called point A, is selected and identified in each view. The
anchor point, coordinate axes, and view directions are defined on an isometric grid
(Steps 1 and 2). A foundation space is created on the grid (Step 3) based on the limits of
the object extracted from the orthogonal views. This space is shown on Figure 11.47.
Note that in this particular example, the anchor point is not located at one of the
extreme limits of the foundation space. The anchor point can be located just about
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anywhere on the object as long as it is convenient to use and you are confident of its
location in all of the orthogonal views and in the pictorial.

Start with vertices near the anchor point (Step 4). By tracking points and identify-
ing the edges of the part in the orthogonal view, build the edges surrounding one of the
surfaces on the part. Note that as you build these edges, the direction of travel for any
edge at an angle will be two-dimensional; and you must keep track on the pictorial of
the distance traveled in each direction. This is shown in Figure 11.48.

Track the edges of one surface at a time (Step 5). Surfaces or parts of surfaces in
each view are seen as simple loops, as shown in Figure 11.49. As long as you keep care-
ful track of the location of each vertex on each surface, the inclined surfaces defined by
their vertices should appear on the pictorial.

Once all edges in all of the orthogonal views are accounted for, the object should
be complete, as shown in Figure 11.50. Note that in this case, one of the surfaces on the
vertical slot seen in the pictorial is hidden in the multiview drawing; that is, the surface
loop on the multiview drawing contains a hidden line. Surfaces must always be con-
nected on all of their edges by other surfaces. Also note for this example that the hidden
edges for a partially obscure surface, such as the ledge on the rear of the object, are not
shown in the pictorial (Step 6).

If so desired, the full object with its hidden edges also can be created, as shown in
Figure 11.51. For the full model with hidden edges to be created, all of the surfaces of the
object need to be created on the pictorial, even the hidden surfaces. The hidden surfaces
are identified by creating the remaining three of the six standard views or by carefully
extracting the required information from the existing three views. When there are many
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hidden edges, it is often better to remove the hidden edges and offer a second pictorial
presentation from another viewing position, as shown in Figure 11.51.

Once again, the pictorial is complete after any internal features are added and its
model validity is checked (Steps 7 and 8).

Inverse Tracking with Edges and Vertices for Oblique Surfaces
and Hidden Features
The next problem is more complicated because of the existence of a hidden feature and
an oblique surface. It is desired to create an isometric pictorial of the object shown on
the multiview drawing in Figure 11.52. This object is an approximate rectangular solid
with one corner that has been cut off obliquely and a cubical cutout at the opposite
corner. A five-view presentation would probably have been clearer, but the luxury of
additional views is not always offered. Although you can create the additional views
yourself, you will proceed with the existing information.

An anchor point, called point A, is selected and identified in each view. The anchor
point, coordinate axes, and view directions are defined on an isometric grid. A founda-
tion space is created on the grid based on the limits of the object extracted from the
orthogonal views. This space is shown in Figure 11.53.
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Start with the anchor point. By tracking points and identifying the edges of the part
in the orthogonal view, build the edges surrounding one of the surfaces on the part. For
the first surface you create, you should select a surface created by loops made of 
visible edges only. In fact, it is a good idea to create all of the surfaces made only with vis-
ible edges (i.e., temporarily ignore the hidden edges). This is shown in Figure 11.54.

For this object, the isometric pictorial does not give a clear representation of the
object. The hidden lines in the multiview drawing indicate a hidden feature that must
somehow be indicated in the pictorial. The hidden edges are then tracked and added to
the pictorial (Step 7), as shown in Figure 11.55, until the pictorial is complete, as shown
in Figure 11.56. A check of model validity shows that this pictorial is valid (step 8).

Inverse Tracking with Edges and Vertices for Curved Surfaces
A curved edge on any view on a multiview drawing means that there is a curved surface
on the part. The most common curved surface is cylindrical, such as a hole or an exter-
nal round, which intersects another planar surface. When a cylindrical surface inter-
sects a plane at a right angle, a circular edge is formed. As you learned in a previous
chapter, in an isometric pictorial, a circular edge will appear as an ellipse, with its incli-
nation angle and orientation dependent upon its orientation on the object. As shown
in Figure 11.57, for an isometric pictorial, depending on the location of the circular
edge, that edge will appear as an ellipse with an inclination angle of zero, sixty, or nega-
tive sixty degrees. For a unit diameter circle, the minor axis of the isometric ellipse will
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FIGURE 11.57. The size and orientation of a circle of unit diameter on the faces of an
isometric cube.

have a length of 0.707 units, and the major axis will have a length of 1.225 units. These
orientations and sizes for the ellipses are true as long as the circle lies in a plane that is
parallel to one of the standard orthogonal views. Also recall that a solid line on the
drawing may not be an edge on the part at all, but rather a representation of the optical
limit of the part seen along a curved surface. When an isometric pictorial of such an
object is constructed, this physical limit of the part must be shown.
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Consider the part shown in Figure 11.58, which has a cylindrical round on its
external surface as well as a hole, which is an internal feature.

Start the creation of the isometric view the same way you began the previous cases.
An anchor point, point A, is selected and identified in each view. The anchor point,
coordinate axes, and view directions are defined on an isometric grid. A foundation
space is created on the grid, based on the limits of the object extracted from the orthog-
onal views. This space is shown in Figure 11.59.

When dealing with curved surfaces, one common strategy you can use is to ignore
the curved surfaces temporarily, create the remaining planar surfaces as extended
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surfaces, and then go back to add the curved surfaces. This approach has the advantage
of allowing you to quickly draw the rough frame of the part and visualize it. The
extended planar surfaces are shown in Figure 11.60.

The circular edges are then added to the appropriate planar surfaces to create the curved
surfaces. In the isometric pictorial, the circular edges appear as segments of ellipses. Linear
edges that are tangent to circular edges on the orthogonal views also are tangent to their
corresponding elliptical edges on the pictorial. This process is shown in Figure 11.61.
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For holes, make sure you include the far edge of the hole when it can be seen
through the thickness of the part. For external curves, make sure you include the phys-
ical limit of the part as seen on the curved surface, as shown in Figure 11.62, even
though a real edge does not exist there. In this example, notice that some surfaces that
were hidden or shown on edge in the multiview drawing become partially visible on the
pictorial. The continuity of the surfaces must be maintained.

As a final check, make sure each vertex has at least three edges connected to it.
Note that tangent edges, created by planes tangent to cylinders or cones, still count as
edges, even though they usually are not shown.

11.05.04 Strategy for Constructing Pictorials by Inverse
Tracking of Surfaces
The process of tracking vertices and edges to create a mental image, or a pictorial draw-
ing, from a multiview drawing is a slow but reliable method. However, after gaining
experience doing this, some people may find it faster and easier to skip this process and
go directly to the surface tracking. The eight-step model creation process is the same
as that used with points and edges except for some slight modifications. 

Step 1: Define the location and directions of a coordinate system consistent in 
all views.

Step 2: Define an anchor surface.

Step 3: Mark the limits of the foundation volume.

Step 4: Locate a surface adjacent to the anchor surface and draw its boundary.

Step 5: Successively locate other adjacent surfaces and draw those boundaries.

Step 6: Convert hidden lines.

Step 7: Add internal features.

Step 8: Check model validity.
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For example, the multiview drawing shown in Figure 11.63 is composed of multi-
ple loops (representing surfaces) in each view. The orientation and viewing directions
(Step 1) for the model are shown in Figure 11.64. Also shown in this figure is an
anchor surface, surface A, which can be easily located in each view and on the picto-
rial (Step 2). The rectangular extent of the outer loop in each view gives the size of the
foundation space as previously described for edges and vertices (Step 3).
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The next step involves identifying a surface adjacent to the anchor surface, locating
the adjacent surface in each view, and then adding this surface to the pictorial view
(Step 4), as shown in Figure 11.65. Continue to identify surfaces on the object and
transfer them to the pictorial, until all of the surfaces are accounted for. The object
shown in Figure 11.66 should now be complete (Step 5).

Note on the completed pictorial in Figure 11.66 that some of the surfaces that
are fully visible in the multiview drawing may be partially obscured in the pictorial
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Top

Front Right

Top

Front Right
B

C

D

A

C

A

B

C
D

E

E

A

E

B

D

E

A

B
C

D

FIGURE 11.65. Begin the
process of locating each surface.
Note that in this case, a surface
in the right-side view is partially
obscured in that view.

Top

Front Right

Top

Front Right

FIGURE 11.66. When all surface
loops in the orthogonal views
are accounted for, the pictorial
should be complete. Remove
hidden edges or show them as
hidden lines.
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representation. The best way to tell is to look at the view that is adjacent to the view
that contains the loop and see if another surface is in “front” of it. If so, you will see
one or more hidden lines on the orthogonal view that form the edges of the plane you
are trying to create on the pictorial (Step 6). There are no internal features (Step 7) in
this example, but remember to check for model validity (Step 8).

Of course, the ultimate goal is to inspect any multiview drawing and create a mental
image of the object with very little effort or thought. However, developing this skill takes
a great deal of practice. Creating pictorials from the multiview drawing is an exercise
that will help you develop this skill. The more you practice, the easier it will become.

11.05.05 Strategy for Improving Spatial Skills through
Imagining Successive Cuts to Objects
One last set of exercises to hone your visualization skills is presented next. With this
method, you start with a basic shape and remove parts of it through successive
cuts. With each new cut, you remove different portions of the original object and
sketch the result.

You will begin with the basic L-shaped object shown in Figure 11.67. Since this
object is made up of only normal surfaces, sketching the missing top view and the iso-
metric pictorial is relatively easy, as shown in Figure 11.68.
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FIGURE 11.67. Front and side
views of a basic L-shaped object.

Pictorial for clarity

FIGURE 11.68. A multiview
drawing of an L-shaped object,
with a sketched top view and
isometric pictorial.
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What happens if you use a block to remove the upper right portion of the original
object? Figure 11.69 shows the front and right views of the new object. What do the top
and isometric views look like?

The cutting block goes all the way through the object, exposing features as it con-
tinues. Since the cutting block cuts through the right side of the object, the left part is
undisturbed. You can start by sketching the isometric pictorial of the original object,
then superimposing the cutting block on top of this sketch, as shown in Figure 11.70.

If you imagine the intersection between the smaller block and the original object,
the result is shown in Figure 11.71a. After the small block has been removed from the
original, the object shown in Figure 11.71b results.

Using this isometric pictorial, now you can complete the top view. Recall that the
left side of the object is undisturbed, so it will appear exactly as the left side of the top
view of the original object. After this cut is made through the object, the multiview
drawing shown in Figure 11.72 results.
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FIGURE 11.69. Front and side views of an object with the upper-right portion removed.

Pictorial for clarity

FIGURE 11.70. A sketched isometric pictorial with a sketched and shaded cutting 
block shown.
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(a)

Pictorial for clarity

(b)

Pictorial for clarity

FIGURE 11.71. The intersections on the cutting block to remove material from an object are shown in (a) on the isometric sketch.
The final result (b) on the isometric sketch of using a cutting block to remove material from an object.

Pictorial for clarity

FIGURE 11.72. A multiview drawing of the resulting object with the sketched top view.

What if the cutting block does not go all the way through the original object? 
Figure 11.73 shows the front- and right-side views of the object in this case. Figure 11.74a
shows the isometric with the cutting block superimposed on it, and Figure 11.74b shows
the result of using the block to cut the original object.
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Once again, the new pictorial can be used to create the top view. Remember that the
left part of the object was undisturbed by this cut and, therefore, should look identical
to the original top view. The correct top view for the object is shown in Figure 11.75.

What if the block had been angled before it was used to cut through the object?
Figure 11.76 shows the front- and right-side views of the original L-shaped object after
this angled cut has been made. Figure 11.77a shows the original object with the cutting
block superimposed on it, and Figure 11.77b shows the result of the cut.
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FIGURE 11.73. Front and side views of an object when the cutting block does not go all the
way through the object.

(a)

Pictorial for clarity

(b)

Pictorial for clarity

FIGURE 11.74. The intersections of the cutting block, which cuts partway through the object, is shown in (a) on the isometric
sketch. The final result (b) on the isometric sketch of the block cutting partway through an object to remove material from it.
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(a)

Pictorial for clarity

(b)

Pictorial for clarity

FIGURE 11.77. The intersection of the angled cutting block on the original object is shown in (a) in the isometric sketch. The
final result (b) on the isometric sketch of the original object cut with the angled cutting block.

Pictorial for clarity

FIGURE 11.75. A multiview drawing of the resulting object
with a sketched top view.

FIGURE 11.76. An L-shaped object with an angled cut.
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What would the top view look like? Notice that the angled cut produced an inclined
surface on the object. The surface appears as an L shape in the isometric, an L shape in
the side view, and an angled edge in the front view. This inclined surface also must
appear as an L-shaped surface in the top view. Figure 11.78 shows a multiview drawing
for the object with the correct top view included. Notice how the limits that define the 
L-shaped surface correspond between the front and top views.

Now what if you take this angled cutting block and move it so that it cuts a V out
of the middle of the original object? The front and side views that result from this cut-
ting operation are shown in Figure 11.79. Figure 11.80a shows the cutting block super-
imposed on the original object, and Figure 11.80b shows the result of this cut.

Sketching the correct top view for this object is a bit more difficult since the result
is two angled surfaces instead of one. Note that the two angled surface overlap each
other in the side view—you see only one outline for the two surfaces. Also note that one
of these surfaces is hidden from view in the isometric pictorial because the object is in
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Pictorial for clarity

FIGURE 11.78. A multiview drawing with a sketched top view of the object with the angled cut.

FIGURE 11.79. An object with an angled wedge cut through the center.
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the way. However, both inclined surfaces will be visible in the top view. To sketch these
surfaces in the top view, use the front view as your guide regarding their limits. The cor-
rect multiview drawing, including a top view, is shown in Figure 11.81.
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(a)

Pictorial for clarity

(b)

Pictorial for clarity

FIGURE 11.80. The intersection of the wedge-shaped cutting block on the original object is shown in (a) in the isometric sketch.
The final result (b) on the isometric sketch of the original object cut with the wedge-shaped cutting block.

Pictorial for clarity

FIGURE 11.81. A multiview drawing with a sketched top view of the object with the angled
wedge removed from it.
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As the last step in this exercise, consider an oblique cut to the object. Figure 11.82
shows the resulting front and side views of the object after it experienced this type of
cut. In this case, the cutting block has been oriented in space as shown in Figure 11.83a.
The resulting isometric pictorial with this oblique cut is shown in Figure 11.83b.

Recall that oblique surfaces will appear as areas in all views. The triangular surfaces
that result from this oblique cut are seen as areas in the front, the side, and the isomet-
ric. They also will appear as triangular areas in the top. Use the other views to help you
find the limits of the triangular areas in the top view to define the surfaces. The com-
pleted multiview drawing for this object is shown in Figure 11.84.
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FIGURE 11.82. Front and side
views of an object with an
oblique cut.

Pictorial for clarity

FIGURE 11.84. A multiview drawing with a sketched top view
of the original object with the oblique cut.

Pictorial for clarity

FIGURE 11.83. The intersection of the oblique surface
cutting block on the original object is shown in the 
isometric sketch.
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Chapter Summary
The ability to visualize objects in three dimensions is a key skill for engineering design.
Physical models for proposed designs often do not exist, and an engineer must be able
to envision, manipulate, and modify designs when they are presented in the form of 
2-D drawings. You can develop visualization skills only through practice. The more you
practice and the more geometrically complex the objects you practice with, the better
your skills become. Mental reconstruction of a 3-D object from its 2-D drawing may, at
first, seem like a daunting task. However, by keeping in mind some basic rules for the
appearance of points, edges, and surfaces between the views on an engineering drawing,
you can re-create a pictorial view of the object in a step-by-step process. Eventually, this
visualization process becomes easier, quicker, and more natural. The ultimate goal is to
be able to work seamlessly with 3-D computer models, pictorial presentations, and 2-D
multiview presentations as tools for the development of engineering designs that are in
your mind’s eye.
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11.06

anchor point: The same point, usually a vertex, which
can be located easily and confidently on multiple views
for an object.
anchor surface: The same surface that can be located
easily and confidently on multiple views for an object.
curved surface: Any nonflat surface on an object.
edge tracking: A procedure by which successive edges
on an object are simultaneously located on a pictorial
image and a multiview image of that object.
foundation space: The rectilinear volume that repre-
sents the limits of the volume occupied by an object.
frontal surface: A surface on an object being viewed
that is parallel to the front viewing plane.
horizontal surface: A surface on an object being
viewed that is parallel to the top viewing plane.
inclined surface: A flat surface on an object being
viewed that is perpendicular to one primary view and
angled with respect to the other two views.

normal surface: A surface on an object being viewed
that is parallel to one of the primary viewing planes.
oblique surface: A flat surface on an object being
viewed that is neither parallel nor perpendicular to any
of the primary views.
point tracking: A procedure by which successive ver-
tices on an object are simultaneously located on a picto-
rial image and a multiview image of that object.
profile surface: A surface on an object being viewed
that is parallel to a side viewing plane.
successive cuts: A method of forming an object with a
complex shape by starting with a basic shape and remov-
ing parts of it through subtraction of other basic shapes.
surface tracking: A procedure by which successive sur-
faces are simultaneously located on a pictorial and mul-
tiview image of that object. 

11.07 glossary of key terms

1. What are normal surfaces on an object? How can
they be recognized on a drawing that shows a multi-
view presentation of the object?

2. What are inclined surfaces on an object? How can
they be recognized on a drawing that shows a multi-
view presentation of the object?

3. What are oblique surfaces on an object? How can
they be recognized on a drawing that shows a multi-
view presentation of the object?

4. Why is it important to be able to visualize an object
from its multiview presentation?

5. What are some ways in which the same surface on
an object can be recognized in its different orthogo-
nal views?

6. What is an edge view of a surface?

7. In what ways can a curved surface on an object be
recognized in its different orthogonal views?

11.08 questions for review
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8. How can inverse tracking of points and edges be
used to create a pictorial of an object from a multi-
view drawing?

9. How can inverse tracking of the surfaces be used to
create a pictorial of an object from a multiview
drawing?

10. If a pictorial of an object has been incorrectly created
from its multiview drawing, what are some indica-
tions that the pictorial is incorrect?

11. How are successive cuts on an object used to
improve visualization skills?

11.08 questions for review (continued)

11.09 problems
1. For the two-view orthographic drawings shown in Figure P11.1, vertices are labeled with numbers to uniquely

identify surfaces and edges. Each row of table specifies a geometric element, either a surface or an edge, as seen in
one view. Complete each row of the table by identifying the same geometric element seen in the other view.

6, 7

1, 10

23, 24

Surface

Surface

Surface

22, 23, 24, 21

20, 25

27

Surface

Edge

Edge

31

3, 4

Edge

Edge

20

33
32

31 30 29 28

34 35

21 24

22 23

25

26

16 1115 14 13 12

17 18

2 5 6 9

4 73 8

101

(a)

27

17, 6

36, 37, 34, 35

41, 33

Surface

Surface

Surface

35, 33

12

30, 31

Surface

Edge

Edge

5

38, 26

Edge

Edge

20

33

32
3130

29 28

19

2422 23
25

26

16
11

15 14 13

12

17
18

2 5

6

9

4

7

3

810

1(b)

27

3435

36
37 41

4039
38
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11.09 problems (continued)

17, 24, 23

33, 42

35, 37

Surface

Surface

Surface

12, 30
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Edge

Edge
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50, 48

Edge
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6
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FIGURE P11.1. 
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11.09 problems (continued)
2. For each row shown in Figure P11.2, select the pictorial view of the object that will produce the orthographic views that

are given.

(a)

(b)

(c)

(d)

(e)

A

A

A

A

A

B

B

B

B

B

C

C

C

C

C

D

D

D

D

D

E

E

E

E

E

FIGURE P11.2. 

(f)

(g)

(h)

(i)

(j)

A

A

A

A

A

B

B

B

B

B

C

C

C

C

C

D

D

D

D

D

E

E

E

E

E
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3. In each lettered cell shown in Figure P11.3, the circle represents the location of a missing view. Select the correct
view from the thirty views proposed. A view may be used more than once.

11.09 problems (continued)

A B C D E

F G H I J

K L M N O

P Q R S T

U V W X Y
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15
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9

29

20

10

30

FIGURE P11.3. 
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4. In each lettered cell shown in Figure P11.4, the circle represents the location of a missing view. Select the correct
view from the thirty views proposed. A view may be used more than once. 

11.09 problems (continued)
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FIGURE P11.4. 
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11.09 problems (continued)

A B C D E

F G H I J
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FIGURE P11.5. 

5. In each lettered cell shown in Figure P11.5, the circle represents the location of a missing view. Select the correct
view from the thirty views proposed. A view may be used more than once. Note that all of these problems contain
single curved surfaces.
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11.09 problems (continued)
6. In each lettered cell shown in Figure P11.6, the circle represents the location of a missing view. Select the correct

view from the thirty views proposed. A view may be used more than once. Note that all of these problems contain
single curved surfaces.
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11
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14
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10
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FIGURE P11.6. 

42496_14_ch11_p11.1-11.60  12/27/07  10:23 AM  Page 52



chapter 11 Advanced Visualization Techniques 11-53

7. For the object shown in pictorial view in each lettered cell shown in Figure P11.7, select one of the twenty views
that correctly shows a top, front, or right-side view of the object having one or more hidden lines. Note that not all
of the problems contain single curved surfaces.

11.09 problems (continued)

A B C D

E F G H

I J K L

M N O P
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FIGURE P11.7. 
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11.09 problems (continued)
8. From the multiview drawings shown in Figure P11.8, create an accurate isometric pictorial of each object. Do not

show hidden lines on the pictorials.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)
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11.09 problems (continued)

(m) (n)

(o) (p)

(q) (r)

(s) (t)

(u) (v)

(w) (x)
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11.09 problems (continued)

(y) (z)

(aa) (bb)

(cc) (dd)

(ee) (ff)

(gg) (hh)

(ii) (jj)

(kk) (ll)

(mm) (nn)FIGURE P11.8. 

42496_14_ch11_p11.1-11.60  12/27/07  10:23 AM  Page 56



chapter 11 Advanced Visualization Techniques 11-57

11.09 problems (continued)
9. From the multiview drawings shown in Figure P11.9, add the missing top- or right-side view and create an accu-

rate isometric pictorial of each object. Do not show hidden lines on the pictorials.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)
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11.09 problems (continued)

(m) (n)

(o) (p)

(q) (r)

FIGURE P11.9. 
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11.09 problems (continued)

Pictorial for clarity

Original Model

(a)  Remove retangular block I

10. A T-shaped solid object is shown in a multiview and isometric pictorial presentation in Figure P11.10. Subsequent
presentations show successive cuts to the original object using a colored solid object whose interfering volume is
to be removed from the original object. For each instance shown, draw the multiview and isometric pictorial pre-
sentations of the final object after the cut is made.
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11.09 problems (continued)

FIGURE P11.10. 

(c)  Remove angled block

(b)  Remove retangular block II

(e)  Remove oblique block

(d)  Remove V block 
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Pictorial Drawings

objectives
After completing this chapter, you should be able to
● Explain the importance of pictorial drawings as an aid in

visualization
● Create an isometric drawing of an object composed of princi-

pal, inclined, and oblique surfaces
● Draw ellipses on the front, top, and right faces of the isomet-

ric to represent cylinders and holes
● Explain the difference between a cavalier and cabinet oblique

drawing
● Create an oblique drawing given the orthographic drawing of

an object
● Create a two-point perspective drawing given the orientation

of the plan view and the location of the elevation view

12

12-1

g point
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Amajor problem in engineering graphics is the need to represent a 3-D
object using a 2-D sheet of paper. Generally, this is done using ortho-
graphic views that show the top, front, and side views of the object as sep-

arate entities. Each view represents two dimensions of the object. The top view
displays the width and depth dimensions, the front view shows the width and
height dimensions, and the side view displays the width and height dimensions.
Since each of these views represents only two dimensions, you have to move the
views around in your mind’s eye to figure out what the 3-D object looks like.
Sometimes you will get it right, and sometimes you will get it wrong. A pictorial
drawing or sketch can be effective in helping you visualize the 3-D shape. The pic-
torial shows all three dimensions (height, width, and depth) in a single view of the
object. You already have been exposed to pictorials in previous chapters of this
book, but in a rather informal way. Sketching pictorials helped you develop your
visualization skills. The earlier chapters also used pictorials as a visualization aid
for making formal multiview drawings. There are cases, however, when pictorial
sketches are inappropriate for certain applications; for example, in formal engi-
neering drawings and documents. In these cases, a more formal and more accurate
method of creating pictorial drawings is needed.

Pictorials help you visualize, but they also are important when you attempt to
assemble parts into mechanisms or need to purchase replacement parts for a tool.
For example, when you purchase a lawn mower, the manufacturer will furnish a
user’s manual. In the user’s manual, you are likely to find a series of pictorial draw-
ings that show every lawn mower part with some identifying information. If you
need to replace a part, you can use the pictorial to install the part. Pictorial draw-
ings can be an effective way to ensure that a mechanism gets reassembled properly
after a part is replaced.

Pictorial drawings are used mainly as visualization aids; they are not used as
working drawings from which a part is produced. Historically, before the industrial
revolution, craftsmen would sketch a design as a pictorial and use it to produce a
product. If part of the design were to fail or break, they would have to custom-
make another part in order for the product to be useful again. After the industrial
revolution, products were manufactured using mass production and the concept of
interchangeable parts came into being. With interchangeable parts, a detail draw-
ing showing lines in true length and angles as true angles was necessary to guaran-
tee that parts could be used interchangeably. Also, proper dimensions and
tolerances were required to ensure that the parts would be interchangeable.
Because a pictorial drawing shows all three dimensions on a 2-D sheet of paper,
lines that define surfaces may not be true length and angles may not be true angles,
as shown in Figure 12.01. The figure shows a pictorial representation of a cube.
Note that the lines that define the cube are not shown in true length. Also, since a
cube is composed of six surfaces that are squares, the angle of line AB and AC
should be 90°; but it is not. For the object to be produced by mechanical processes,
it is important that the shape be interpreted correctly. An effective way to do that is
to use a multiview orthographic drawing (each view contains only two dimensions),
which shows the true lengths of lines and the true angles. After the object is pro-
duced, the pictorial drawing can be used to compare the 3-D shape of the object
with the actual object and the pictorial drawing will verify that the shape is correct.

There are many types and variations of pictorial drawings since they must
serve different purposes. Some of the major types of pictorials are axonometric
drawings, oblique drawings, and perspective drawings. An example of each is

12.01
introduction
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chapter 12 Pictorial Drawings 12-3

shown in Figure 12.02. The term axonometric is a broad category of pictorial
drawings that includes isometric, diametric, and trimetric drawings. The term
axonometric refers to the angle that the coordinate axes make with each other
when the three dimensions are defined for the object. Figure 12.02 shows the
coordinate axes relative to the type of pictorial drawing represented. An oblique
drawing is a pictorial in which the irregular surface (often a circular cylinder) is
drawn in the 2-D plane of the paper and the third dimension is drawn at some
receding angle to this plane (Figure 12.02). A perspective drawing is one where
the receding axis(es) converge at vanishing point(s) located on what is referred to
as a horizon. When done correctly, a perspective drawing gives the impression
that you are looking at a photograph. Each of these types of pictorial drawings
will be discussed in detail later in this chapter.

Most of the following techniques for creating a pictorial drawing are traditional
methods based on 2-D CAD and drafting techniques. These techniques can still be
used when 3-D modeling tools are not available. For speed, efficiency, and accuracy,
pictorial drawings are most easily created when they are extracted from 3-D models.

Measured corner
angle is 120°

Measured edge length
is 1.63 units

True corner angle
is 90° for cube

True edge length
is 2 units for this cube

FIGURE 12.01. An isometric
pictorial of a cube.

PERSPECTIVE DRAWING

OBLIQUE DRAWINGAXONOMETRIC DRAWING

Height axis

Width axis

Depth axis

Horizon Line
Vanishing
Point 1

Vanishing
Point 2

Height axis

Width axis

Depth axis

FIGURE 12.02. Samples of
pictorial drawing types of the
same object.
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Axonometric Drawings
The word axonometric has its origin in Greek from the word axon, which means “axis,”
and the word metric, which means “measure.” An axonometric drawing refers to three
types of pictorial drawings: isometric, dimetric, and trimetric drawings that are created
by measuring along three axes representing width, depth, and height. Isometric draw-
ings are relatively easy to produce and usually can be done quickly. In an isometric
drawing, the three dimensions of width, depth, and height are shown along the three
isometric axes, as shown in Figure 12.03. When the dimensions of width, height, and
depth are plotted in this fashion, the three normal surfaces (frontal, horizontal, and pro-
file) of a rectangular solid object have equal angles between them (120°). In dimetric
drawings, the three dimensions of width, depth, and height are shown along the three
dimetric axes, as shown in Figure 12.04. When plotted correctly along these axes, two of
the normal surfaces (frontal and profile) have equal angles between them, while the third
normal surface (horizontal) has a different angle. In a trimetric drawing, the dimensions
of width, height, and depth are plotted along axes so the normal surfaces of a rectangular
solid (frontal, horizontal, and profile) have none of the three angles equal, as shown in
Figure 12.05.

12-4 sectionthree Setting Up an Engineering Drawing

12.02

120˚

120˚ 120˚

120˚

120˚ 120˚

All angles equalFIGURE 12.03. Three visible
normal surfaces (frontal,
horizontal, and profile) of a
prism have equal angles
between them (120°) in an
isometric drawing.

160˚

100˚ 100˚

Two angles equal

160˚

100˚ 100˚

FIGURE 12.04. In a diametric
drawing, two of the three visible
normal surfaces (frontal and
profile) of a prism have edges
presented at equal angles, not
equal to 120°.

140˚

120˚ 100˚

No angles equal

140˚

120˚ 100˚

FIGURE 12.05. A trimetric
drawing presents the three
visible normal surfaces (frontal,
horizontal, and profile) of a
prism in a position where none
of the angles between the sur-
face edges is equal.
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The drawing of dimetric and trimetic pictorials takes a great deal of time because
of the uncommon angles that are used. Therefore, the time it takes to complete this
type of pictorial offsets any benefit there may be in producing it. Dimetric and trimet-
ric pictorials are seldom used in engineering work; so they will not be discussed in
detail. Instead, the chapter will focus on the easiest and most popular form of axono-
metric drawing, the isometric drawing.

12.02.01 Isometric Drawing
The best way to learn about formal isometric drawings is to study a simple example.
Figure 12.06 shows the orthographic views of a step block. For this object, all of the sur-
faces are normal surfaces. This means that each surface is viewed in its true size and
shape in one of the principal views and will appear as an edge view in the other principal
views. A frontal surface appears in true size and shape in the frontal view, while a hori-
zontal surface appears in true size and shape in the horizontal or top view. A profile sur-
face appears in true size and shape in the right side or right profile view. Note that in the
front view, you see the width and height dimensions; in the top view, you see the width
and depth dimensions; and in the profile view, you see the depth and height dimensions.
To draw the isometric pictorial of the step block, you must first set up the isometric axes
that will define where to measure the width, height, and depth dimensions.

One way to define the isometric axes is shown in Figure 12.07. Two receding axes
intersect at point A and are at 30 degrees to an imaginary horizontal line. The width
dimensions will be plotted along the receding axis extending to the left of point A, and
the depth dimensions will be plotted along the receding axis extending to the right of
point A. The height dimension will be plotted along the vertical axis that extends upward
from point A. When you look at the orthographic drawing in Figure 12.06, you see that
the maximum width, depth, and height are 4 units, 3 units, and 2 units, respectively.
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4.00

2.00

2.00
1.00

3.00

A

A A

FIGURE 12.06. Orthographic
views of a step block.

A

Width
axis Depth

axis

Height
axis

30˚30˚

Imaginary
horizontal line

FIGURE 12.07. The 
isometric axes.
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When beginning to draw the isometric, you want to frame the step block on the isometric
axes and then take care of the details to finish the isometric. Match the following steps
with the steps shown in Figure 12.08 to draw the isometric of the step block.

Step 1: On the isometric axis marked Width, measure the maximum width of the
step block (4 units) from point A and label this measurement as point B.
On the isometric axis marked Depth, measure the maximum depth of the
step block (3 units) from point A and mark this measurement as point C.
On the isometric axis marked Height, measure the maximum height of the
step block (2 units) from point A and mark this measurement as point D.

Step 2: Draw vertical lines from points B and C. From point D, draw a line parallel
with line AC that intersects with the vertical line from C. Label this point as
E. In a similar manner, from point D, draw a line parallel with line AB that
intersects with the vertical line from B. Label this point as F.

Step 3: Complete the “isometric reference prism” by drawing a line from E that is
parallel with line DF. Then draw a line from F that is parallel with DE. The
line from E and the line from F intersect at point G. The isometric reference
prism contains the step block.

Step 4: Along line FD, measure the width of the upper surface (2 units) and label it
point 1. From point 1, draw a line parallel with FG to line GE and label the
point on GE as point 2. From point 1 and point 2, draw vertical lines down-
ward parallel with BF.

Step 5: Along the vertical line AD, measure the height of the lower surface (1 inch)
and label it on AD as point 3. From point 3, draw a line parallel with AC to
line CE. Label the point where this line intersects CE as point 4.

Step 6: From point 3, draw a line parallel with AB that intersects the vertical line
from point 1 and label it point 5. In a similar manner, draw a line from
point 4 parallel with AB that intersects the vertical line from point 2 and
label it point 6. Connect point 5 with point 6.

Step 7: Erase lines 1-D, D-3, 2-E, and E-4. The isometric drawing of the step block
is complete. Darken all lines that define the step block.

The step block is relatively easy to draw because all of the lines that define it are
called isometric lines. All of the lines defining the frontal surface are parallel or per-
pendicular, as are the lines defining the horizontal and profile surfaces. Isometric
drawings can get rather complex when surfaces that need to be drawn are not defined
as frontal, horizontal, or profile surfaces because the lines that form the surfaces are
not parallel or perpendicular. Therefore, these lines are “nonisometric lines” and need
to be plotted using their endpoints.

12.02.02 Inclined Surfaces
Figure 12.09 is an orthographic drawing showing a variation of the step block that has
an inclined surface. The procedure to draw the isometric pictorial of this object is sim-
ilar to drawing the step block in Figure 12.08 except that you have to account for the
inclined surface. Use the following steps along with the steps in Figure 12.10.

Step 1: Follow the seven steps to draw the step block shown in Figure 12.08.

Step 2: From point 5, draw a vertical line downward that intersects AB at point 7.

Step 3: From point 7, draw a line to point C; and from point 5, draw a line to point 4.
The inclined surface is defined by the points 5-4-C-7.

Step 4: Remove lines 5-3, 3-4, 7-A, and AC. These edges were used for construction
only, and are not a part of the object. Darken all visible edges to complete the
drawing.

12-6 sectionthree Setting Up an Engineering Drawing
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FIGURE 12.08. The steps to draw an isometric pictorial of the step block.

Inclined surface

FIGURE 12.09. Orthographic views of a step block with an inclined surface.
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Lines 5-4 and 7-C in Figure 12.10 are defined as nonisometric lines. They are not
parallel to any isometric lines, which is why they are called nonisometric lines. They
must be drawn by plotting the endpoints and then connecting them properly, as shown
in Figure 12.10.

12.02.03 Oblique Surfaces
An even more complex example involving isometric drawings includes a drawing that
has an oblique surface. An oblique surface is a surface that is neither parallel nor perpen-
dicular to the frontal, horizontal, or profile projection plane; and the oblique surface
will appear in all three views as its characteristic shape. That is, if the oblique surface is a
triangle, it will be a triangle in all three views. It will not appear as an edge in any of the
three views. Knowing this, it is reasonable to assume that an isometric drawing showing
an oblique surface will show the surface in its characteristic shape. Figure 12.11 shows
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FIGURE 12.10. The step involved to create an isometric pictorial of a step block with an
inclined surface.

Oblique surface

FIGURE 12.11. Orthographic views of a step block with an oblique surface.
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three orthographic views of a step block that includes an oblique surface. Use the follow-
ing steps and the steps shown in Figure 12.12 to draw the isometric of the step block
with the oblique surface.

Step 1: Follow the seven steps to draw the step block shown in Figure 12.08.

Step 2: Draw a line from point 5 to point 4.

Step 3: Draw a line from point 5 to point A.

Step 4: Draw a line from point 4 to point A.

Step 5: Erase lines 4-3, 5-3, and 3-A to complete the isometric.

In Figure 12.12, the surface formed by 5-4-A is an oblique surface. The lines 5-4, 
4-A, and 5-A are nonisometric lines. All of the remaining lines of the step block are
isometric lines.

In an isometric drawing, orientation of the object depends on the placement of the
axes, which locates the origin. In Figure 12.08, point A on the lower right-corner of 
the object was chosen as the location of the origin. From this point, you measured back
along the left receding axis to lay off widths and you measured along the right receding
axis to measure depth. Then you measured vertically to measure height. For all meas-
urements, you assumed point A to be the origin, or the 0,0,0 point. Selection of the
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FIGURE 12.12. The steps involved to create an isometric pictorial of a step block with an
oblique surface.
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origin (or point 0,0,0) in 3-D coordinates establishes the relative position of each point
that makes up the object. The origin can be placed anywhere on the object, and the iso-
metric can be drawn from this reference. For example, Figure 12.13 shows an origin
that would be located at the lower-left corner of the object. The width, depth, and
height measurements would be measured along the appropriate axes as shown in
Figure 12.13. Notice that the width and depth axes are 30° from an imaginary horizon-
tal line, as explained previously. No matter where the origin is located, all points that
define the object can be plotted in 3-D space; then the points are connected to show the
pictorial.

Refer back to Figure 12.6, the orthographic view of the step block. This set of views
shows a front view, a top or horizontal view, and a right profile view. You also can ori-
ent the views for the step block to show a front view, a top or horizontal view, and a left
profile view (Figure 12.14). Each of these orthographic arrangements allows for two
different orientations of the pictorial. The pictorial can open to the right or it can open
to the left. The term open refers to how the orthographic views are interpreted. When
the orthographic drawing is oriented to show a front, top, and right-side view, the iso-
metric pictorial opens to the right (Figure 12.15). When the orthographic drawing is
oriented to show a front, top, and left-side view, the isometric pictorial opens to the left
(Figure 12.15).

Orthographic views generally show all kinds of lines that define the object. Lines
may be visible, or they may be hidden. Hidden lines are represented in orthographic
views as dashed lines. In isometric pictorial views, hidden lines are generally not shown
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Depth
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FIGURE 12.13. The origin used
to locate an object using the
lower-left corner.

FIGURE 12.14. Orthographic views of the
step block oriented as the front, top, and left
profile views.

Object opens right Object opens left

FIGURE 12.15. An isometric drawing has two primary positions
for viewing. The object can be oriented so that it “opens” to the
right or to the left.
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unless they are necessary for interpretation of the object. For example, Figure 12.16
shows an orthographic drawing of a step block on the left that has a square hole going
all the way through it. In the orthographic views, hidden lines in the front view and in the
right profile view define the hole. The isometric pictorial of this block is shown on 
the right. Notice that no hidden lines are shown. The square hole shown is assumed to go
through the entire object. This is a correct representation of the step block in isometric.
Figure 12.17 shows an orthographic drawing of a step block on the left that has a
square hole that does not go all the way through. This is often referred to as a blind hole.
As before, hidden lines are shown in the orthographic views; however, since the hole does
not go all the way through the object, the isometric pictorial shown on the right must
include hidden lines to define how deep the square hole goes into the step block. In this
case, hidden lines are necessary to define the depth of the hole.

12.02.04 Cylindrical Surfaces
You have learned that 3-D objects can be composed of normal, inclined, and oblique
surfaces, and you have learned how to represent each surface in an isometric pictorial.
Another type of surface that is associated with 3-D objects is the cylindrical surface.
The cylindrical surface may be positive (such as a post) or negative (such as a hole).
When you are looking directly at a normal surface in an orthographic view, the cylinder
is represented by a circle. Since the normal surfaces of an isometric pictorial are dis-
torted and you are looking at all three dimensions on one sheet of paper, the cylinder
is represented on an isometric drawing by an ellipse. The orientation of the ellipse is
dependent upon whether it appears on the top face, the right face, or the left face. An
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FIGURE 12.16. Orthographic
views with a square hole
through the base. Hidden lines
are shown in the front and right
profile views. The isometric
pictorial does not show 
hidden lines.

FIGURE 12.17. Orthographic
views showing a square hole
that does not go all the way
through the base. Hidden lines
are shown in the front and right
profile views. Hidden lines are
shown in the isometric pictorial.
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isometric cube that has an ellipse on the right face, the left face, and the top face is
shown in Figure 12.18. Note the orientation of the long axis for the ellipses on each of
the three normal faces of the cube.

Figure 12.19 illustrates how to construct an ellipse on a horizontal (top) isometric
surface. The first step is to establish the limits of the ellipse by drawing a limiting box,
which appears as a parallelogram in the pictorial view. For normal surfaces on the
object, the sides of the parallelogram are parallel to the isometric lines. The easiest way
to create the ellipse is to use an ellipse template (when drawing is done by hand) and
selecting the ellipse that is tangent to the sides of the limiting box. When a 2-D CAD
tool is used, an ellipse is created by specifying its major and minor diameters in an
ellipse creation tool; the ellipse is then rotated into the correct orientation.

The ellipse also can be constructed using the four-center method. The construc-
tion locates four centers that can be used for drawing four arcs (two large arcs and two
small arcs) that approximate an ellipse. These arcs may be sketched or may be drawn
with a compass. The following steps are shown in Figure 12.19.
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Orientation of primary
(major) axes of ellipses

FIGURE 12.18. An isometric
cube showing ellipses on each
face. Note the orientation of 
the long (major) axis for the
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FIGURE 12.19. Drawing an ellipse on the top isometric surface using the traditional four-center method.
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Step 1: Locate the center of the cylinder by showing the centerlines laid out parallel
to the isometric sides.

Step 2: Measure along the centerlines the extreme points of the cylinder.

Step 3: Frame the limits of the ellipse that will represent the cylinder. The box
should look like a diamond. (An isometric square is a diamond-shaped
rhombus.)

Step 4: Note that the near point (point 1) and the far point (point 2) of the dia-
mond are the first two points of the four centers. From these points, draw
light construction lines across the diamond where the centerline intersects
the box. You should have four light construction lines on the surface.
Where these light construction lines cross is the location of point 3 and
point 4 of the four centers.

Step 5: Assuming a long radius (R) as shown in the figure, draw arcs between the
centerlines, using point 1 and point 2 as the center.

Step 6: Assuming a short radius (r) as shown in the figure, draw arcs between 
the centerlines, using point 3 and point 4 as the center.

Step 7: The ellipse is now complete.

The steps required to draw an ellipse on the right face are shown in Figure 12.20,
and the steps required to draw an ellipse on the left face are shown in Figure 12.21.
Essentially, they are the same as drawing the ellipse on the top face.
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FIGURE 12.20. Drawing an ellipse on the right isometric surface using the traditional four-
center method.

42496_15_ch12_p12.1-12.32  12/21/07  3:45 PM  Page 13



Figure 12.22 shows the orthographic views of a step block that has one of the sur-
faces represented by a semicircle. When drawing the isometric pictorial of this object,
you need to incorporate the steps involved in drawing an ellipse; but you are going to
draw only half of it. Construct the isometric drawing of the step block shown in
Figure 12.08. Figure 12.23 illustrates the steps required to draw the lower surface,
which includes a semicircle.

Step 1: Locate the center of the radius (1.5 units) on surface 3-5-6-4. The center can
be located by measuring 1.5 units from point 3 along line 3-4 and then
measuring 1.5 units from point 3 along 3-5. When you are drawing isomet-
ric lines from these two points, the lines will intersect at the center location
for the radius.

Step 2: Frame the ellipse by measuring along line 3-5 a distance of 3 units (you will
have to extend line 3-5) and marking the point as X. Through X, draw a line
parallel with line 3-4 until it intersects line 4-6, which has been extended,
and mark this point as Y.

Step 3: From point 3, draw a light line to the midpoint of line 4-Y. From point 3,
draw a light line to the midpoint of line X-Y. From point Y, draw a light 
line to the midpoint of line 3-4. Label this line Z where it intersects the line
drawn in from point 3 to the midpoint of 4-Y.

Step 4: Construct a radius (length is the distance from Y to the midpoint of line 3-X)
using point Y as the center point and drawing the arc from the midpoint of
line 3-X to the midpoint of line 3-4. Construct another radius (length is the
distance from Z to the midpoint of line 3-4) using point Z as the center point
and drawing the arc from the midpoint of line 3-4 to the midpoint of line 4-Y.
The partial ellipse is complete for the top surface.

12-14 sectionthree Setting Up an Engineering Drawing

1

2

3

4

1

2

R
3

4

r

STEP 1 STEP 2 STEP 3

STEP 4 STEP 5 STEP 6 STEP 7

Left face

FIGURE 12.21. Drawing an
ellipse on the left isometric
surface using the traditional
four-center method.

42496_15_ch12_p12.1-12.32  12/21/07  3:45 PM  Page 14



chapter 12 Pictorial Drawings 12-15

FIGURE 12.22. Orthographic views of a step block with a semicircular base.
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FIGURE 12.23. Drawing an isometric pictorial of a step block with a semicircular base.

Step 5: Repeat the previous steps on the lower surface to create two arcs that are
“parallel” to the arcs drawn on the top surface.

Step 6: To complete the pictorial, draw a tangent between the upper and lower sur-
face arcs, as shown in Figure 12.23.

12.02.05 Ellipses on Inclined Surfaces
Sometimes the need arises to draw an ellipse on an inclined surface that appears in an
isometric drawing. To do this, you must project some points to ascertain the location
of the ellipse on the inclined surface. This task is achieved by using the following steps
with steps 1 and 2 shown in Figure 12.24, steps 3 and 4 shown in Figure 12.25, and
steps 5 and 6 shown in Figure 12.26. Using these three illustrations, you will create a
circular hole in the center of the inclined surface labeled as A-B-C-D.
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Step 1: Create a normal isometric surface by locating point 1 using points B and A.
Draw a light line from B along the isometric line shown. Draw a light line
from A vertically until the line from B is intersected. This intersection is the
location of point 1. Repeat step 1 using points C and D as your reference
points and locate point 2. The rectangular surface shown as B-1-2-C repre-
sents a projection of the inclined surface B-A-D-C. You will use this projec-
tion to establish the cylindrical hole.

Step 2: In the center of the horizontal surface shown as B-1-1-C, locate the center-
line for the cylindrical hole, which will be shown as an ellipse since this is an
isometric surface. Frame the area that will contain the ellipse and draw the
ellipse as shown in Figure 12.24.

Step 3: Locate several points on the ellipse that will be used to project to the
inclined surface to locate the hole on the inclined surface. Project each
point that you located on the ellipse to line C-2. Make sure these projec-
tions are parallel to lines BC and 1-2.

Step 4: Where the points projected in step 3 intersect line C-2, project them
straight down (parallel to D-2) to line CD, which is on the inclined surface.
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FIGURE 12.24. Steps 1 and 2 to create an isometric pictorial showing a vertical circular hole
in an inclined surface.
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FIGURE 12.25. Steps 3 and 4 to create an isometric pictorial showing a vertical circular hole
in an inclined surface.
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Step 5: Where the points projected in step 4 intersect line CD, draw lines parallel to
BC and AD on the inclined surface.

Step 6: From the points on the ellipse drawn on the normal isometric surface 
B-C-2-1, project downward (parallel to A-1 and B-2) to the place where the
points intersect their specific projection line on the inclined face (A-B-C-D).
Plot a point on this intersection. Using an irregular curve, connect the
points on the inclined surface to complete the location of the cylindrical
hole on the inclined surface.

Figure 12.27 shows the circular hole in the inclined surface without all of the con-
struction required to create it. This looks as though it would be simple to create; but as
you refer back to the steps, the process is very complex.

Oblique Drawings
Oblique drawings are forms of pictorial drawings that enable the viewer to see the
most descriptive view of the object as a front view projected directly onto the plane of
the paper. The depth of the object is shown at a receding angle. An advantage of oblique
pictorials is that one surface appears as its true size and shape and is not distorted. This
means that circular features such as holes and cylinders appear as circles in the plane of
the paper and do not appear as ellipses. Objects with cylinders and holes are easier to
show in a pictorial representation when the drawing is an oblique pictorial. A disadvan-
tage of oblique pictorials is that they tend to be distorted and appear elongated when
viewed because they are not a “true projection” even though they are dimensionally cor-
rect. Although any receding angle from 0° to 90° may be used for an oblique drawing,
angles between 30° and 60° should be used, which minimizes the distortion and elon-
gation, as shown in Figure 12.28.

12.03.01 Types of Oblique Drawings
There are generally two types of oblique drawings: cavalier and cabinet. Both types
generate a pictorial drawing in a similar manner by showing the most descriptive view
of the object in the plane of the paper in true size and shape and show a receding
dimension along an axis at some angle between 30° and 60° (45° is preferred) to mini-
mize distortion. The difference between cavalier and cabinet oblique drawings lies in
the measurements made along the receding depth axes. A cavalier oblique drawing is
generated when the true length of the depth dimension is measured along the receding
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Step 5 Step 6

FIGURE 12.26. Steps 5 and 6 to create an isometric pictorial showing a vertical circular hole
in an inclined surface.

FIGURE 12.27. The finished
construction of the vertical
circular hole in an inclined
surface.
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axes, as shown in Figure 12.29. The cabinet oblique is generated when half the true
length of the depth is measured along the receding axes, as shown in Figure 12.30. The
cavalier oblique shows the most distortion and elongation, while the cabinet oblique
shows the least. For this reason, the cabinet oblique tends to be selected most often.

12.03.02 Construction of Oblique Drawings
An oblique drawing can be constructed using the “framing” technique, which is similar
to the technique used when creating an isometric drawing. Essentially, an oblique
prism is constructed and then the features are cut away to show the 3-D aspects of the
object. Figure 12.31 illustrates the following steps in constructing an oblique drawing.
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Orthographic views

Oblique pictorial

FIGURE 12.28. Example of an
oblique pictoral.

Orthographic views

Depth axis

Full depth measurement

Depth

FIGURE 12.29. A cavalier oblique pictorial.

Orthographic views

Depth axis

Half depth measurement

Depth

FIGURE 12.30. A cabinet oblique pictorial.
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Step 1: Determine the height, width, and depth of the object and frame these
dimensions. The width and height should be in the plane of the paper.
Draw the receding axis at 45° and measure the depth dimensions along this
axis using the true length of the depth.

Step 2: Draw the front view of the object, which matches the orthographic 
front view.

Step 3: Draw the inclined surface by laying out its location on the front surface and
then on the right surface as displayed on the receding axis.

Step 4: Darken all visible lines and erase construction to complete the drawing.

12.03.03 Construction of an Object with Circular
Features
The “boxing-in” technique can be used to create an oblique drawing of an object that has
circular features such as holes or cylinders. The orthographic views shown in Figure 12.32
indicate that you will have to frame the cylinder with the hole as one step and frame the
rectangular prism that also has a hole as another step. This object will need to have two
“box-in” steps. Figure 12.32 illustrates the following steps.
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FIGURE 12.31. The steps
required to construct an oblique
pictorial.

42496_15_ch12_p12.1-12.32  12/21/07  3:45 PM  Page 19



Step 1: Frame the diameter of the cylinder and draw it in the plane of the paper
with a 45° angle for the receding axis.

Step 2: On the front face, locate the center of the hole and cylinder. Frame both the
hole and the cylinder. Draw the circles that define the hole and the cylinder
on the front face. Frame the cylinder on the back surface and draw the cir-
cle (lightly) to define its depth. Connect the front surface cylinder with the
back surface cylinder.

Step 3: Frame the rectangular prism and show the circular features that intersect
the cylinder. Frame the hole that goes through the prism and show the back
edge of the hole as it passes through the far side of the prism. This is done
by offsetting the center of the hole by the depth of the prism.

Step 4: Darken all visible lines to complete the drawing.

When a circular feature such as a hole or cylinder appears in a view that is not in
the plane of the paper, an ellipse must be drawn using the four-center method dis-
cussed in the section describing isometric drawings.

Perspective Drawings
Perspective drawings and sketches are some of the most lifelike pictorials created.
Someone with a great deal of skill can create a perspective drawing that looks as
detailed as a photograph. Perspectives incorporate the concept of vanishing points to
produce the 3-D shape of an object on the plane of the paper or the computer screen.
The concept of a vanishing point is very simple. Suppose you are standing in the
middle of a railroad track in flat terrain so you can see where the sky intersects the ter-
rain. The line where the sky intersects the terrain is called the horizon. As you look
down the railroad toward the horizon, the outside rails seem to converge to a single
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FIGURE 12.32. The steps required to construct an oblique pictorial with circular features.
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point as the railroad intersects the horizon. This point is called the vanishing point
(VP), as shown in Figure 12.33. Perspective pictorials employ the use of vanishing
points to create a 3-D effect.

12.04.01 Types of Perspective Drawings
There are three types of perspective drawings: one-point perspectives, two-point per-
spectives, and three-point perspectives. A one-point perspective is illustrated in
Figure 12.33. There is one vanishing point at the horizon, and all of the lines con-
verge to this vanishing point. Figure 12.34 shows a two-point perspective. In this type
of perspective, there are two vanishing points—one on the right and one on the left.
Lines that define the 3-D object converge at the vanishing points. A three-point per-
spective is shown in Figure 12.35. In this type of perspective, there is a right and left
vanishing point and there is a central vanishing point.

Of the three types of perspectives that can be drawn, the two-point perspective is the
one most often used to show an object as a pictorial. The one-point and three-point per-
spectives are limited in their use and do not convey an image that the eye would be likely
to perceive. Therefore, the two-point perspective will be the only type discussed in detail.
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FIGURE 12.33. An illustration showing railroad tracks converging to a vanishing point on
the horizon.
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FIGURE 12.34. An example of a two-point perspective drawing.
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12.04.02 Two-Point Perspective Drawings
Generally, a two-point perspective is generated using the top (plan) orthographic view
of the object and an elevation view. The plan view is rotated at an appropriate angle to
enhance the 3-D aspects of the perspective. The elevation view is shown as it nor-
mally would be shown in its orthographic position.

An important feature in developing the two-point perspective drawing is the picture
plane (PP). The location of this vertical plane (shown as an edge) defines the size and
position of the perspective when viewed from the station point (SP). The PP can be
located anywhere relative to the object. The simplest position is shown in Figure 12.36,
where the PP goes through the corner of the object. When the PP is located in front of the
object, the perspective appears farther away from the observer. When the PP is located
behind the object, the perspective appears closer to the observer. Selection of the position
of the PP controls the size of the perspective. At times, illustrators may choose to place
the PP through the middle of the object, giving the appearance that one portion of the
object is closer to the observer and one portion is farther away from the observer.

The horizon line (HL) is the line that defines where the ground meets the sky. 
It can be placed anywhere between the PP and the SP. The HL is important because it
establishes the position of the left and right vanishing points that locate the position
of the perspective drawing.
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FIGURE 12.35. An example of a
three-point perspective drawing.
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The ground line (GL) defines the position of the elevation view of the object. The
GL is important because it determines the vertical location of the perspective drawing
and serves as a starting point for the drawing, as shown in Figure 12.36.

12.04.03 Construction of a Two-Point Perspective
Drawing
The two-point perspective drawing is constructed using steps similar to those for con-
structing the isometric pictorial and the oblique pictorial. You will progress through
the steps to create a two-point perspective.

Step 1: Establish the vanishing points. Draw lines from the SP to the PP at angles
parallel to the left and right visible planes in the plan view. Draw lines from
these intersections with the PP vertically downward to the horizon. These
intersections become the left vanishing point (LVP) and the right vanishing
point (RVP), as shown in Figure 12.37.

Step 2: Establish the measuring line (ML). When the corner of the plan view
intersects the picture plane, draw the measuring line downward vertically
from the intersection, as shown in Figure 12.38.

When the plan view is behind the picture plane, extend the corner of the
plan view to the picture plane by drawing parallel to the line used when
establishing the vanishing points (SP to PP). Then draw the measuring line
downward vertically from the intersection with the picture plane, as shown
in Figure 12.39.
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When the plan view is in front of the picture plane, extend the corner of the
plan view to the picture plane by drawing parallel to the line used when
establishing the vanishing point (SP to PP). Then draw the measuring line
down vertically from this intersection with the PP, as shown in Figure 12.40.

Step 3: Project the height measurements to the ML from the elevation view. Project
horizontally from the elevation view. Note the position of the GL to the ele-
vation view, as shown in Figure 12.41.

12-24 sectionthree Setting Up an Engineering Drawing

ML

RVP
LVP

SP

H

PP

Plan
FIGURE 12.39. Establishing the
ML when the object is behind
the PP.

PP

Plan

H

SP

LVP
RVP

ML

FIGURE 12.40. Establishing the
ML when the object is in front
of the PP.

ML

GL

Elevation

Plan 

PP

H

SP

LVP
RVP

FIGURE 12.41. Establishing the
height of the object on the ML.

42496_15_ch12_p12.1-12.32  12/21/07  3:46 PM  Page 24



Step 4: Establish the measuring walls. When the visible corner between the left
and right visible planes touches the PP, the measuring walls originate at the
ML. The lines may be drawn from the top and bottom of the ML to the left
and right vanishing points to establish the left and right measuring walls,
as shown in Figure 12.42.

When the corner that will be represented by the measuring line falls behind
or in front of the PP, the measuring wall representing the extended visible
plane in the plan view must be drawn first, as shown in Figure 12.43.

Special Note: The front-near corner must be projected (steps 5 and 6)
before the measuring wall that represents the other visible plane can be
drawn, as shown in Figure 12.44.
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Step 5: Draw the visual rays. Align the straight edge from each object intersection
in the plan view with the SP, but draw only the plan view intersections to
the PP, as shown in Figure 12.45.

Step 6: Project the visual rays. Draw the PP intersections downward perpendicular
from the PP to the measuring walls to establish the side details of the
object, as shown in Figure 12.46.

Step 7: Lay out details. Repeat steps 3 through 6 to show details. Appropriate points
will need to be projected to the vanishing points, as shown in Figure 12.47.
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FIGURE 12.45. Drawing the visual rays of the object to the PP through the SP.
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12.04.04 Complex Object in Two-Point Perspective
When a complex object is composed of more than one prism, the two-point perspective
may require more than one measuring line. Figure 12.48 shows an object composed of
two prisms, with one of the prisms behind the PP. When this happens, a second meas-
uring line is required to establish the proper height of the prism located behind the PP.
Note in Figure 12.48 that ML-1 establishes the height of the rectangular prism forming
the base and ML-2 establishes the height of the prism containing the inclined surface
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42496_15_ch12_p12.1-12.32  12/21/07  3:46 PM  Page 27



that is behind the PP. The heights projected from the elevation view to ML-2 are trans-
ferred along a line from ML-2 to the right vanishing point. The projectors of the prism
located behind the PP from the plan view are then drawn to the PP and projected down-
ward to these lines to establish the position of the prism that is behind the PP.

Considerations for 3-D Modeling
The easiest way to create pictorial drawings is to extract them from solid models. Most
solid modeling software has the capability to create engineering drawings from models.
These drawings usually include not only traditional orthographic views but also picto-
rial views to increase the speed with which the parts and assemblies can be visualized.
Creating a pictorial from a solid model usually is a matter of specifying the viewing ori-
entation (many times predetermined to give a choice of an isometric or trimetric view)
and the amount of perspective when a perspective view is desired. In fact, pictorial
drawings are so easily extracted from solid models that it might be foolish not to
include them with the orthographic views on working engineering drawings.

Chapter Summary
Pictorial drawings are designed to enhance your graphic communication skills. Since pic-
torial drawings describe all three dimensions on the plane of the paper, they are less likely
to show the detail that would be expected in the orthographic drawings used in work-
ing drawings. Visualization and an understanding of the 3-D relationships of objects
are greatly enhanced through the use of pictorial drawings. Different levels of complex-
ity are involved in creating different types of pictorial drawings. For simple communi-
cation, isometric drawings usually can be created easily for most objects. Oblique
drawings, albeit less realistic in their appearance, are even quicker and simpler to create.
For applications that demand the most realistic appearance, especially for large objects
such as buildings, perspective drawings can be used. With a solid modeler, pictorial
drawings of any type can be created quickly (after the solid model is created) with a few
commands. When 2-D CAD or manual drafting instruments are the only tools avail-
able, the traditional techniques presented in this chapter may need to be used.
Regardless of the graphics tools available, pictorial drawings are now commonly
included in formal engineering drawing to add clarity to the traditional orthographic
multiview presentation.
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axonometric drawing: A drawing in which all three
dimensional axes on an object can be seen, with the scal-
ing factor constant in each direction. Usually, one axis is
shown as being vertical.
cabinet oblique drawing: An oblique drawing where
one half the true length of the depth dimension is meas-
ured along the receding axes.
cavalier oblique drawing: An oblique drawing where
the true length of the depth dimension is measured
along the receding axes.
diametric drawing: An axonometric drawing in which
the scaling factor is the same for two of the axes.
elevation view: In the construction of a perspective
view, the object as viewed from the front, as if created by
orthogonal projection.
ground line (GL): In the construction of a perspective
view, a line on the elevation view that represents the
height of the ground.
horizon line (HL): In the construction of a perspec-
tive view, the line that represent the horizon, which is
the separation between the earth and the sky at a long
distance. The left and right vanishing points are
located on the HL. The PP and the HL are usually
parallel to each other.
isometric drawing: An axonometric drawing in which
the scaling factor is the same for all three axes.
isometric lines: Lines on an isometric drawing that are
parallel or perpendicular to the front, top, or profile
viewing planes.
measuring line (ML): In the construction of a per-
spective view, a vertical line used in conjunction with
the elevation view to locate vertical points on the per-
spective drawing.

measuring wall: In the construction of a perspective
view, a line that extends from the object to the vanishing
point to help establish the location of horizontal points
on the drawing.
oblique pictorial: A sketch of an object that shows one
face in the plane of the paper and the third dimension
receding off at an angle relative to the face.
perspective drawing: A drawing in which all three-
dimensional axes on an object can be seen, with the scal-
ing factor linearly increasing or decreasing in each
direction. Usually one axis is shown as being vertical.
This type of drawing generally offers the most realistic
presentation of an object.
pictorial: A drawing that shows the 3-D aspects and
features of an object.
picture plane (PP): In the construction of a perspec-
tive view, the viewing plane through which the object is
seen. The PP appears as a line (edge view of the viewing
plane) in the plan view.
plan view: In the construction of a perspective view,
the object as viewed from the top, as if created by
orthogonal projection.
station point (SP): In the construction of a perspec-
tive view, the theoretical location of the observer who
looks at the object through the picture plane.
trimetric drawing: An axonometric drawing in which
the scaling factor is different for all three axes.
vanishing point (VP): In the construction of a per-
spective view, the point on the horizon where all parallel
lines in a single direction converge.

12.07 glossary of key terms
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1. Why are pictorial drawings useful?

2. When should pictorial drawing be used instead of
pictorial sketches?

3. Why should pictorial drawings not be used as work-
ing drawings to produce parts?

4. What is an axonometric drawing?

5. How do isometric, diametric, and trimetic 
drawings differ?

6. How do isometric and oblique drawings differ?

7. In what way is an oblique drawing nonrealistic?

8. How do cabinet and cavalier oblique drawings differ?

9. How do isometric and perspective drawings differ?

10. In what way are perspective drawings more realistic
than isometric drawings?

11. When should perspective drawings be used in favor
of axonometric drawings?

12. Why are two-point perspective drawings more com-
mon than one-point or three-point perspective
drawings?

12.08 questions for review
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Measure the features shown in the front-, top-, and right- side views of the objects shown in Figure P12.1. Using drafting
instruments or CAD, create the following scaled pictorials of each object that is represented.

1. An isometric drawing

2. A cabinet oblique drawing

3. A cavalier oblique drawing

4. A trimetric drawing using your choice of axes angles (one axis must be vertical).

5. A two-point perspective drawing using your choice of plan location and orientation, station point, and van-
ishing points. The height axis must be vertical, and the two vanishing points must be on the same HL.

12.09 problems

(a) (b)

(c) (d)

(e) (f)
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12.09 problems (continued)

(g) (h)

(i) (j)

(k) (l)

FIGURE P12.1. 
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Section Views

objectives
After completing this chapter, you should be able to
● Use cutaway, or section, views as a method for showing the

features of a part that are normally hidden when presented
on a multiview drawing

● Decide when a section view is necessary
● Decide what category of section view should be used for par-

ticular circumstances
● Create a desired section view such that it adheres to accepted

engineering drawing practices

13

13-1

CTION A-A
SECTION B-B

C

B
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A Look Inside
Pick up an everyday object (for example, a coffee mug) and look at it from all directions.
If you cannot find a coffee mug, some images have been provided for your convenience
in Figure 13.01. You will notice that you cannot view the mug from a direction where
the inside depth of the cup or the thickness of the bottom can be directly measured
(unless it is made of a clear material). If the mug has a handle on it, look at that as well.
Are the edges of the handle rounded? Can you look at the handle from a direction
where you get an undistorted view of the radius of the edge? These features are simple
examples of measurements that cannot be made from looking at an object in a multi-
view drawing. Yet there must be some means of showing these types of features so a fab-
ricator will know what to make and what sizes are required. A coffee mug is a very
simple example.

Here is an industrial example. Consider the Hoyt AeroTec bow handle again. Its
image and multiview engineering drawing are shown in Figure 13.02, with its cross brace
highlighted. Note that the edges of the cross brace are rounded. Can these rounded
edges be seen on the drawing? Assume the edges of the cross brace are not rounded, (i.e.,
the surfaces meet at a 90° angle). How would the drawing change? The answer is that in
its current state, with all of the complexity and exquisite detail, the drawing cannot show
the existence of rounded edges. Clearly, something must be added to the drawing to
show that these edges are rounded and to what size they are rounded.

13-2 sectionthree Setting Up an Engineering Drawing

T he precisely aligned images in a multiview drawing offer an excellent start
in defining the exact geometry needed for a part that you want to build.
However, this description alone may not be adequate to define all of the

features in many types of parts. Some features may be partially or fully obscured
in the standard views. The use of hidden lines can alleviate the problem, but too
many hidden lines may cause confusion. In these cases, it is useful to have a
means of revealing proposed interior detail. This is done by showing cross sec-
tions, or section views, at important locations. As with multiview drawings, to
minimize ambiguity, you must follow certain guidelines when you want to present
a section view.

13.01
introduction

13.02

FIGURE 13.01. Two views of an object (a coffee mug) with interior detail.
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Backing up a bit, look at the mug again to find out what is causing the problem.
Figure 13.03 shows the multiview engineering drawing of the mug. Note that the depth
of the mug and the radius of the edges of the handle cannot be seen on this drawing.
The reason is because the object gets in the way of itself. Portions of the object obscure
other portions of the same object. The outside of the mug hides the inside.

A possible solution to this problem is to use hidden lines, as shown in Figure 13.04.
The hidden lines show the depth and geometry of the inside of the mug, as well as the
geometry of the edges on the handle. However, the use of hidden lines is not always an
ideal solution. As objects become more complicated, too many hidden lines make the
views confusing, particularly when the images of different features start to fall atop one
another.
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FIGURE 13.02. The geometry of the cross brace on the AeroTec riser cannot be seen in the
multiview drawing.
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In Chapter 3, you learned about cross sections of 3-D objects. If there were a way to
cut the mug open, as shown in Figure 13.05, you could take the sliced part and turn it
around until you were able to see the desired geometry. This hypothetical slicing is the
essence of creating a cross section of the object, to create what is called a section view.
The slicing, however, must be done following certain rules to ensure that the person
who sees a section view on a drawing knows exactly where the slicing has occurred and
how it was performed.

A drawing of the mug with three orthogonal views and two types of sections views
is shown in Figure 13.06. Do not worry if you have difficulty understanding the extra
views in this figure. The following sections discuss in detail how various types of sec-
tion views are made and how they should be interpreted.

FIGURE 13.03. Orthographic views of the coffee mug
fail to define interior detail.

FIGURE 13.04. A multiview drawing of the coffee mug
using hidden lines to show interior detail.

FIGURE 13.05. Hypothetical
cutting of the object to reveal
interior detail.
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Full Sections
The simplest section view is the full section. In a full section, the object is cut com-
pletely apart by a cutting plane that is perpendicular to one of the standard viewing
planes, such as the front, top, or side views. The image of the original whole object is
made on the viewing plane using orthogonal projection, and the cutting plane is seen
in edge view. A good way to think of a cutting plane is as a very thin knife with the blade
held perpendicular to the viewing plane, which hypothetically splits the part into two
pieces. This process is shown in Figure 13.07. Note that the cutting plane has an associ-
ated viewing direction, identified by a set of arrows pointing in the direction of the
freshly cut surface that is to be viewed. To create the section view, the image of the split
part is imprinted on the cutting plane. The cutting plane and the image are then
rotated away from the split part until it is coplanar with the viewing plane. The hinge
for this rotation of the cutting plane is its intersection with the viewing plane. With
this definition of a section view and its location on the viewing plane, the alignment
and orientation of the section view is the same as that used to create an orthogonal
view. The section view is the image of the cut object as seen through the cutting plane,
and this image is then placed on the viewing plane. In essence, a full section view is just
another orthogonal view, but one that reveals the interior of the object.

On an engineering drawing, the original images of the object are not cut apart, as
shown in Figure 13.08. A heavy line that extends across the entire part, with alternating
short-short-long dashes, represents the edge view of the cutting plane. This line is called
a cutting plane line. The orientation of the section view relative to the original view of
the object is the same as if the viewing plane and the cutting plane were orthogonal view-
ing plans that had been unfolded. Section lines, which are a form of shading, are used
to identify areas on the section view that are solid on the original whole object.

There are some important things to note in a full section on an engineering draw-
ing. First, the cutting of the part is imaginary. The part is not to be split into separate
pieces. The use of a full section is similar to saying, “If we imagine that the part was cut
here, this is what we would see.” The cutting plane is flat and goes all the way through
the object. Notice the pairs of large, bold capital letters on the cutting plane line next to
the arrows. These are used for unique identification of cutting plane lines and their
associated section views on a drawing. If the letter A is used beside both arrows on a
cutting plane line, there must be a note immediately below the corresponding section
view that identifies it as “SECTION A-A.” The arrows on the cutting plane line point in

chapter 13 Section Views 13-5

SECTION A-A

A

A

FIGURE 13.06. A multiview
drawing of the coffee mug 
using section views to show
interior detail.

13.03
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 13.07. Creating a full section. An object is projected onto a viewing plane in (a). A cutting plane orthogonal to the view-
ing plane slices the object in (b). The piece to be viewed remains, while the other piece is removed in (c). The projection of the
sliced object is made on the cutting plane in (d). The cutting plane and image are rotated about the section line in (e). The section
view is coplanar with the viewing plane in (e).

the direction of viewing. This last point is important because the viewing direction 
and the orientation of the section view are not arbitrary. An error in either may cause
confusion for the reader. Try to visualize the cutting process by comparing Figure 13.07
with Figure 13.08. Correlate the 3-D cutting process in Figure 13.07 with what is shown
on the 2-D representation in Figure 13.08. The arrows on the cutting plane point are in
the same direction as the arrows on the cutting plane line.
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Pictorial for clarity

A

A SECTION A-A

FIGURE 13.08. An engineering
drawing with a section view to
reveal interior detail.

B

BSECTION B-B

FIGURE 13.09. An engineering
drawing with a section view to
reveal interior detail.

If the arrows on the cutting plane and its corresponding cutting plane line were
reversed, as shown in Figure 13.09, the section view would be slightly different.
Although the surface that is created by the cutting operation would be the same, the
background image of the part would be different. This change is due to the fact that
you would be retaining and looking at the other piece that was created when the part
was hypothetically split compared to the case in Figure 13.08. When working with mul-
tiview drawings, you can remember the proper orientation of the section view by noting
that it has the same orientation as the orthogonal view opposite to which the cutting
plane line arrows point. For example, if the cutting plane line was located on the front
view (and its arrows pointed away from the right-side view), the associated section view
would have the same orientation and alignment as the right side view.
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The drawing in Figure 13.10 shows a part with multiple section views. If a drawing
has multiple section views, a pair of letters must uniquely identify each set of cutting
plane lines and corresponding section views. So if there is a second cutting plane line
and corresponding section view on the drawing, it may be identified as “SECTION B-B”
if “SECTION A-A” already exists. The third set may be called “SECTION C-C,” and so
on. These identification labels are customarily used even when a drawing has only one
section view. The hypothetical interpretation of the multiple sections on the object in
Figure 13.10 is shown in Figure 13.11.

One way section views differ from conventional orthogonal views is that, in prac-
tice, section views are not required to remain aligned with their adjacent orthogonal
views. Although breaking this alignment may violate the rules of orthogonal projection
used to create a section view, it is allowed for convenience. Figure 13.12, for example,
shows multiple section views of the part. One section is aligned with the view in which
it was created. The other section views are nonaligned, but this is permitted in engi-
neering drawing. However, note that even when the section views are nonaligned, they
still are required to maintain the same rotational orientation as if they were aligned.

13-8 sectionthree Setting Up an Engineering Drawing

A A

B

B

C

C

D

D

SECTION A-A

SECTION B-B SECTION C-C SECTION D-D

Pictorial for clarity

FIGURE 13.10. Multiple section
views on a single object.
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SECTION A-A
SECTION B-B

SECTION C-C
SECTION D-D

A

A

B

C

C

D

D

B

FIGURE 13.11. A hypothetical
interpretation of the cutting
planes for the previous figure.

Another difference between a section view and a conventional orthogonal view is
that a section view is permitted to have a different scale, or magnification, than the
view in which it was created. An example of this property is shown in Figure 13.12,
where three of the section views are magnified to reveal detail inside the part that
would otherwise be difficult to see. When a section view uses a scale that is different
from that of the principal views, the new scale must be clearly marked below the note
used to identify the section view, as shown in Figure 13.12.

When a section view is created, even though the cutting plane is perpendicular to the
viewing plane, there is no requirement that the cutting plane be parallel or perpendicular
to any of the other orthogonal views. This property of section views makes it convenient to
view features that may be placed at odd angles with respect to the principal views, as with
the part shown in Figure 13.13.
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A A

D

D

C

C

B

B

SECTION A-A

SECTION B-B
SCALE 2:1

SECTION C-C
SCALE 2:1

SECTION D-D
SCALE 2:1

FIGURE 13.12. Multiple sec-
tions with nonaligned section
views and different scales.

A

ASECTION A-A

FIGURE 13.13. A full section through a 
feature placed at an angle.

SECTION A-A

A

A

(a)

(b)

FIGURE 13.14. The need for many hidden lines in
the original drawing (a) is reduced by the use of a
section view (b).
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What Happens to the Hidden Lines?
One of the main incentives for using section views is to reduce the use of hidden lines,
which until now has been the only method available for revealing the interior and hid-
den features of many types of objects. When there are too many hidden lines on the view
of an object, the drawing becomes confusing. Replacing those hidden lines with one or
more section views greatly clarifies the drawing. When section views are used in this
manner, there is no longer any need to retain the hidden lines; and they can be removed
from the drawing. Hidden lines are typically not shown on the section-line-filled por-
tions of a section view except to indicate the presence of screw threads. Figure 13.14
compares an example of a drawing that originally contained many hidden lines with a
revised drawing that replaces one of the orthogonal views with a section view. The
improvement in clarity is substantial.

The Finer Points of Section Lines
Section lines are used to improve the clarity of a section view by indicating the portions
of the part that had been solid at the location it was hypothetically cut. However, indis-
criminate section line patterns may cause more confusion than clarification. The most
basic pattern is a set of lines with a common inclination angle, thickness, and spacing, as
shown in Figure 13.15. The line thickness for the pattern is usually no thicker than that
used for the part edges. Even with this simple set of variables, the pattern requires some
thought. The pattern must be discernible as being section lines when the drawing is
read, and the pattern must be reproducible without significant distortion occurring
when the drawing is copied. For example, optical copiers, scanners, and fax machines
can greatly distort a high-density pattern. A low-density pattern may not appear as sec-
tion line patterns at all, and the section lines may be misinterpreted as edges on the part.

The pattern should not be parallel or perpendicular to any of the major feature
edges of the part; otherwise, there may be some confusion about which lines are 
part edges and which are section lines. Vertical and horizontal lines are rarely used for
section lines.

Different section line patterns can be used to represent different materials. Sample
patterns are shown in Figure 13.16. For some materials used in construction, such as
concrete or earth, section line patterns are more of a texture than a simple geometric
pattern.

chapter 13 Section Views 13-11

13.04

13.05

42496_16_ch13_p13.1-13.66  12/21/07  3:46 PM  Page 11



13-12 sectionthree Setting Up an Engineering Drawing

Proper

Uneven spacing or
orientation

Uneven line weights Edge limits not
observed

Too dense Avoid solid fill Not dense enough

Parallel to
major edges

Parallel to
major edges

Parallel to
major edges

POOR!

FIGURE 13.15. Examples of proper and poor cross-hatching techniques.

General use Steel Aluminum

Bronze, brass,
copper

Rubber, plastic Lead, zinc,
babbitt

Titanium Glass, ceramic,
stone

Concrete

Sand Earth Water

FIGURE 13.16. ANSI
standard cross-hatch 
patterns for various
materials.
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Offset Sections
Offset sections can be considered modifications of full sections. An offset section
allows multiple features, which normally require multiple section views, to be captured
on a single view. As with a full section, an external surface hypothetically cuts through
an entire part. However, instead of the part being divided with a single flat cutting
plane, the cutting surface is stepped. The size and location of each step is chosen to best
capture the features to be displayed. Also, as with a full section, an offset section has its
viewing direction indicated by arrows that point at the cut surface to be seen. When the
offset cutting surface is rotated onto the viewing plane, the cross sections of multiple
features, which could not be shown otherwise with a single cutting plane, can be dis-
played on a single view. This process is shown in Figure 13.17.

chapter 13 Section Views 13-13

13.06

(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 13.17. Creating an offset section. An object is projected onto a viewing plane in (a). A stepped cutting plane orthogonal
to the viewing plane slices the object in (b). The piece to be viewed remains, while the other piece is removed in (c). The projection
of the sliced part is made on the outermost segment of the stepped cutting plane in (d). The cutting plane and image are rotated
about the section line in (e). The section view is coplanar with the viewing plane in (f ).
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On an engineering drawing such as the one shown in Figure 13.18, the edge view of
the stepped cutting surface is represented by a heavy stepped line with alternating
short-short-long dashes. This is still called a cutting plane line, although technically it
is no longer a straight line. The arrows point in the direction of viewing, and the
cutting plane line and its associated offset section view are uniquely identified in each
drawing with a pair of capital letters, as before.

As with full sections, the rotation orientation of an offset section view must be
consistent with the creation of an orthogonal view; but the location and scale of the
view is left to the discretion of the person creating the drawing. Note that in an offset
section view, it is customary not to show the locations of the steps on the view. The rea-
son is because this information is already available by inspecting the cutting plane line
and because adding step lines may cause confusion by showing edges that do not actu-
ally exist on the part.

Half Sections
Half sections are used to save space and labor on an engineering drawing, especially
for symmetrical parts. Recall what you learned about symmetry in Chapter 3. When an
object is symmetrical about a plane or an axis, it is acceptable to present the object par-
tially in its original state and partially in a sectioned state on the same orthogonal view.
The plane of symmetry separates the two states. Another way of visualizing a half sec-
tion is to imagine a part that is cut such that one-quarter of it is removed to reveal the
interior detail. This hypothetical process is shown in Figure 13.19.

In the engineering drawing for this half section, the cutting plane line extends
across the object only to the plane of symmetry. The cutting plane line extends part-
way across the object. A single arrow on the cutting plane line points in the direction
of viewing. The absence of a second arrow is an indication that the cutting plane line

13-14 sectionthree Setting Up an Engineering Drawing

A

A
SECTION A-A

Pictorial for clarity

FIGURE 13.18. An engineering
drawing using an offset section
view to reveal multiple 
interior detail.

13.07
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 13.19. Creating a half section. An object is projected onto a viewing plane in (a). A stepped cutting plane slices through
the object to the plane of symmetry in (b). The piece to be viewed remains, while the other piece is removed in (c). The image of
the sliced object is projected onto an orthogonal viewing plane in (d). The viewing plane and image are rotated about the
intersection line in (e). The section view is coplanar with the original viewing plane in (f ).

chapter 13 Section Views 13-15

is for a half section. There is no separate section view. Instead, the orthogonal view
and the section view are combined such that the exterior of the part is shown on one
half and the interior of the part is shown on the other half. In Figure 13.20, the view
types change at the plane of symmetry, which is shown as a centerline. Note that hid-
den lines are not shown on the unsectioned half of the part.
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Procedures for the Creation of Section Views
Later in this chapter, you will learn about some special types of section views; but for
now, you will focus on creating the three types you have learned about so far: the full,
offset, and half section views. A problem that many new engineers have when they are
creating an engineering drawing is deciding whether to include section views. The basic
question that must be answered when making this decision is this: Will the section view
improve the clarity of the presentation? When the answer is clearly “yes,” include sec-
tion views. When the answer is “probably not,” section views may not be necessary.
Since section views are used to show interior or hidden details, objects that do not have
such features usually fall into the latter category. Objects with such details must reveal
them with hidden lines or section views. The question then becomes, which technique
is better?

13.08.01 Deciding When to use Section Views
The decision to use section views is somewhat subjective. If the hidden features are rel-
atively few and simple in geometry, such as a few simple holes or slots that go all the
way through the part, the use of hidden lines would probably be best. Such features are
so common that standard orthogonal views with hidden lines are quickly interpreted,
and the addition of section views may actually contribute to unnecessary clutter on the
drawing. However, as the hidden features become more numerous or complex in geom-
etry, section views should be used to clearly define their geometries. As a guide, con-
sider using section views when the answer to any of the following questions is yes if
only hidden lines will be used.
■ Are any hidden lines composed of multiple segments?
■ Do any hidden lines of a feature intrude into the area occupied by another hidden

feature?

13.08

Pictorial for clarity

FIGURE 13.20. An engineering drawing shows the use of a half section to reveal interior as
well as exterior detail.
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■ Do any hidden lines of a feature share or come close to sharing any hidden lines
with another feature unless the lines are exactly common?

Examples of these types of features are shown in Figure 13.21. An overall rule of
thumb is that whenever the shear number or the geometric complexity of hidden lines
makes the presentation of the object confusing, consider using section views.

Pictorial for clarity

Pictorial for clarity

Pictorial for clarity

(a)

(b)

(c)

FIGURE 13.21. Internal 
features with hidden lines that
have multiple segments (a) or
overlap (b and c) are good can-
didates for using section views.
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13.08.02 Creating a Full Section View
When the decision has been made to add section views to a drawing, the next step is to
create them. When you are the original designer of the part, this task may be simple
since you probably already visualize the internal geometry you want to feature. If the
part is someone else’s design, the process is trickier because you may need to interpret a
rather messy drawing that needs the section views to improve the drawing’s presenta-
tion. If this is the case, you will need to correctly align, identify, and visualize internal
features that have been outlined with hidden lines in adjacent views. This task becomes
difficult when some hidden lines are missing or have been removed for clarity. The
steps to creating a full section view are outlined below and then explained in more
detail using an example.

Step 1: Identify the feature(s) to be revealed and the desired viewing direction.

Step 2: Draw the cutting plane line that represents the edge of the cutting plane.

Step 3: Outline the modified part in an adjacent orthogonal view.

Step 4: Identify the intersection points of the part’s exterior and interior edges with
the cutting plane.

Step 5: Outline the internal features associated with the intersection points on the
cutting plane.

Step 6: Find the boundaries between solid and empty space and fill the solid areas
with section lines.

Step 7: Add or remove background edges in space and remove edges in solid areas.

When the section view is completed, it may be moved to a more convenient loca-
tion on the drawing as long as its rotational orientation remains the same.

Consider the object shown in Figure 13.22, which has a pair of grooves inside its
main bore. When the geometry of this feature is defined using hidden lines, these lines
are composed of multiple segments. Thus, a section view would probably present this
feature more clearly.

First (step 1), the bore with its grooves is identified as the feature to be shown in a
section view. This feature can be presented best by using a cutting plane that contains
the axis of the bore. Slicing the part in this manner would reveal the width and depth 
of the grooves. In this case, as in most cases, choosing a cutting plane that is parallel to
one of the preferred principal views will make section view creation simpler. A cutting
plane line (step 2) is drawn in the top view to represent the edge of the cutting plane, as
shown in Figure 13.23. The cutting plane is a vertical plane seen as an edge in the top
view. Because the cutting plane line is horizontal on the top view of the drawing, the
cutting plane also is parallel to the front view; and outlining the part for the next step
becomes easier.

Pictorial for clarity

FIGURE 13.22. Construct a full section view of this part. It is desired to reveal the indicated
features (step 1).
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The direction of the arrows on the cutting plane line shows that the direction of
viewing is from front to back. Since the cutting plane is parallel to the front viewing
plane, the outline of the part in the section view is likely to be a significant portion of
the outline as seen in the front view. This outline (step 3) is shown in Figure 13.24.
Note that the size of the outline and its orientation are the same as in the front view
from which it was derived. This outline is temporarily placed below the front view for
convenience in feature alignment.

Next (step 4), examine the intersections of the cutting plane line with each visible
and hidden edge inside the part, as shown in Figure 13.25. Note that some hidden
edges may be obscured by visible edges. At every such intersection, a corresponding
point will exist in the section view where the edge direction of an internal feature will
change. The edges of the internal features appear as hidden lines in the front view but
become visible edges in the section view. By tracking the internal edges, the outline of
each sectioned internal feature on the cutting plane can be created.

A

A

AA

Pictorial for clarity

FIGURE 13.23. Step 2: Draw the
cutting plane and the desired
viewing direction.

AA AA

FIGURE 13.24. Step 3: Outline 
the sectioned part based on the
adjacent view.

AA

FIGURE 13.26. Step 5: Outline
the internal features associated
with the intersection points on
the cutting plane.

FIGURE 13.25. Step 4: Identify
the intersection points with the
cutting plane and see what is 
happening on the adjacent view.
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One way to proceed (step 5) is to examine sets of intersections on the cutting plane
line and try to associate and visualize the internal features that created those inter-
sections on the adjacent view. For example, from left to right on the cutting plane line
in the top view, the first feature crossed is the visible edge of a circle. When the two
intersection points of the cutting plane line on the circle are aligned with their corre-
sponding features on the adjacent view, as shown in Figure 13.26, a pair of hidden lines
is seen. The internal feature capable of generating such 2-D geometries on adjacent
views is a simple hole that extends all the way through the part. In the section view, the
optical limits (or “sides”) of the hole become visible edges when the part is hypotheti-
cally split at the cutting plane.

The next feature crossed by the cutting plane line is a bit more complicated. It is
composed of a visible circular edge inside a hidden circular edge. When these ele-
ments are aligned with their corresponding elements in the adjacent view, as shown
in Figure 13.27, the feature described is a hole with two internal grooves. In the sec-
tion view, the hidden edges of this feature seen in the front view become visible edges
in the split part.

The final feature crossed by the cutting plane line is another hole. The section view
showing all of the edges of the interior features revealed by the cutting plane is shown
in Figure 13.28.

The next question that must be asked is, which of the interior areas of the section
view were formerly solid, and which were formerly space? The ability to visualize the
interior features is important here. The insides of holes, slots, and grooves, for example,
contain space. Their edges in the section view separate space from former solid. In
Figure 13.29, the portions of the section that are solid have been filled with section
lines for easier visualization (step 6). Since the sectioned part also reveals the edges of
the slots in the interior surface of the bore, these must be added to the section view
(step 7), as shown in Figure 13.30. Note that in the final presentation, the original front

AA AA

FIGURE 13.27. Continue and
outline the next internal feature
associated with the intersection
points on the cutting plane.

FIGURE 13.28. Continue and
outline the last internal feature
associated with the intersection
points on the cutting plane.

AA

FIGURE 13.29. Step 6: Find the
boundaries of air and solid and
cross-hatch the solid areas.
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view may be removed because it adds no additional information after the completed
section view has been added. A pictorial of the part before and after sectioning is shown
in Figure 13.31.

13.08.03 Creating a Half Section
The steps for creating a half section view are identical to those for creating a full section
view except that only half the interior of the object needs to be revealed. A drawing with
a half section view of the object in Figure 13.31 is shown in Figure 13.32. Note that this
object is symmetrical about the centerline of the bore on its left and right sides.

In this case, the cutting plane line is created on the top view and extends only to
the plane of symmetry (located at the axis of the bore). The single arrow on the cutting
plane line points in the direction that the object is to be viewed. The half section view
completely replaces the front view and shows the object in its unsectioned state with-
out hidden lines on one side of the symmetry axis and the interior of the object on the
other side of the axis.

13.08.04 Multiple Section Views
When an object is particularly complex, multiple section views should be used to reveal
all of its internal details. The object shown in Figure 13.33, for example, has multiple
holes and slots that extend from different directions and that intersect. The plethora of
hidden lines that result from the internal features make the multiview drawing diffi-
cult to interpret.

AA

SECTION A-A

May be removed A

SECTION A-A

A

FIGURE 13.31. The whole part and the
sectioned part.

FIGURE 13.30. Step 7: Add any new edges that are revealed.
Label the view. Note that the former front view may be
removed since it adds no additional information.

FIGURE 13.32. Presentation as a
half section view.
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To reveal the interior details of the part (step 1) and remove the necessity of the
hidden lines, three section views are needed. The cutting plane lines are labeled as A-A,
B-B, and C-C on Figure 13.34. Note that each section has been chosen to reveal some-
thing unique about the interior detail (step 2), although different sections may share
the same details. The seven-step process will be used to create Section A-A. The creation
of Section B-B and Section C-C are left as a reader exercise, and only the results are shown.

Cutting plane line A-A extends across the length of the part at the keyhole-shaped
slot in the front view. Since the arrows of the cutting plane line point away from the top
view, an outline of the section view can be begun with a copy of the outline of the top view
(step 3), as shown in Figure 13.35. Note that if the arrows of the cutting plane line had
been pointing in the other direction (i.e., in the direction away from the (nonexistent)
bottom view), the section view would need to have the same alignment and rotational
orientation as the bottom view. 

FIGURE 13.33. A complex object requiring multiple sections. It is desired to reveal the inte-
rior of the indicated features (step 1).

A A

B

C

B

C

SECTION A-A

FIGURE 13.34. Step 2: Draw the cutting planes with the desired viewing directions.
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From left to right, the cutting plane line enters the part; crosses a set of concentric
circles, then a set of concentric partial circles; and exits the part. The top view shows that
the interior line is created by the edge of the inclined surface. When the intersection
between the cutting plane line and concentric circles is aligned to their corresponding
hidden edges in the adjacent views (step 4), as shown in Figure 13.36, it can be seen 

A A

B

C

B

C

SECTION A-A

FIGURE 13.35. Step 3: Outline the sectioned part based on the adjacent view.

A A

B

C

B

C

SECTION A-A

FIGURE 13.36. Step 4: Identify the intersection points with the cutting plane and see what is
happening on the adjacent view.
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that the concentric circles represent the edges of a counterbored hole. On the section
view, the hidden edges of the hole become visible (step 5), as shown in Figure 13.37.

By aligning the intersection between the cutting plane line and circles to their cor-
responding hidden edges in the adjacent views, it can be seen that the semicircles repre-
sent the edges of a countersunk-keyhole-shaped slot. On the section view, the hidden
edges of the slot become visible (more of step 5), as shown in Figure 13.38.

A A

B

C

B

C

SECTION A-A

FIGURE 13.37. Step 5: Outline
the first internal feature associ-
ated with the intersection
points on the cutting plane.

A A

B

C

B

C

SECTION A-A

FIGURE 13.38. Step 5 cont: Outline the next internal feature associated with the intersection
points on the cutting plane.
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Notice that as you continue to move from left to right along the cutting plane line,
it does not intersect any other object feature. This means that the object behind the
cutting plane is still visible, but there will not be any section lines to worry about
because the cutting plane is not “cutting” through any more solid areas. The insides of
the hole, slot, and counterbores contain space. Their edges in the section view separate
space from former solid. In Figure 13.39, the portions of the section that were formerly
solid have been filled with section lines for visualization (step 6). Note that in this case,
the section view reveals the back “uncut” part of the object along with two edges in the
keyhole slot that were previously hidden in the regular orthogonal view (step 7), as
shown in Figure 13.40.

A A

B

C

B

C

FIGURE 13.39. Step 6: Find the
boundaries of air and solid and
cross-hatch the solid areas.

A A

B

C

B

C

SECTION A-A

FIGURE 13.40. Step 7: Add
background edges in the air.
Label the view.
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The completed Sections B-B and C-C are shown in Figure 13.41. The addition of
Section B-B reveals the interior detail of the two holes beside the countersunk hole,
which eliminates the confusion of the multiplicity of hidden lines in the multiview
drawing. The addition of Section C-C reveals the interior detail of the cross hole that
goes through the keyhole-shaped slot. Note that this view gives the appearance of two
disjointed pieces because of the direction in which the section is viewed. A pictorial of
the part before and after sectioning is shown in Figure 13.42.

A A

B

C

B

C

SECTION A-A

SECTION B-B SECTION C-C

FIGURE 13.41. Add the other
two sections using the same
method of construction. Note
that many of the hidden lines
can be removed.
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13.08.05 Creating an Offset Section
As mentioned previously, when the multiple internal features do not line up along a
single cutting plane, it may be possible to capture most or all of them with an offset
cutting plane, which is not a true plane but rather a stepped planar surface. The proce-
dure for creating an offset section is similar to creating a full section, with a few modi-
fications to step 2.

Step 1: Identify the features to be revealed and the desired viewing direction.

Step 2: Draw the stepped cutting plane line to reveal the desired features.

Step 3: Outline the modified part in an adjacent orthogonal view.

Step 4: Identify the intersection points of the part’s exterior and interior edges with
each segment of the cutting plane.

Step 5: Outline the internal features associated with the intersection points on the
cutting plane.

Step 6: Find the boundaries between solid and empty space and fill solid areas with
section lines.

Step 7: Add or remove background edges in space and remove edges in solid areas.

In particular, for step 2, it is desired to create a stepped cutting surface that reveals
the true dimensions of the features to be revealed with no overlap of these features 
in the section view. 

SECTION A-A
SECTION B-B

SECTION C-C

A

A

B

B

C

CFIGURE 13.42. The whole part
and the part split at three
different locations.
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Consider, for example, the part shown in Figure 13.43, which contains two coun-
terbored holes, a stepped slot, and two simple holes. It is desired to reveal the interior
detail of the slot and each type of hole (step 1).

When creating the cutting plane line for an offset, it is important to select a good
viewing direction as well as a good line configuration. The hidden lines in the right-
side view show that the projections of these features overlap in this view. In the top
view, however, the hidden lines show that the projection of these features do not
overlap in this view. An offset cutting plane line can be imagined as being composed of
two types of segments. The cutting segments are the portions that cut through the
internal features to be viewed. Each of these segments should pass through entire fea-
tures if they are to be revealed in their entirety. The step segments are transitions
between the various cutting segments and are perpendicular to them. The step seg-
ments should not pass through any features on the object. A section view that shows all
of the desired internal features without interference is desirable; so in this case, the cut-
ting segments are chosen to be parallel to the top view. The precise lengths of the cut-
ting segments are not important as long as they pass through the entire feature. A good
offset cutting plane line (step 2) is shown in Figure 13.44.

Since the arrows of the cutting plane line point away from the (nonexistent) bot-
tom view, an outline of the section view can be begun with the outline of the bottom
view (step 3). Since a bottom view does not exist, this view or its outline needs to be cre-
ated with the proper alignment and orientation of a regular orthogonal view, as shown
in Figure 13.45. If only the outline of this view is created, the projections of the internal
features must then be inferred from the top view.

In this example, each cutting sample passes through only one feature, although in
general, a cutting segment can pass through multiple features. From left to right on
the cutting plane line in Figure 13.45, the first feature crossed is a circle that repre-
sents the edge of a simple hole. The next cutting segment passes through the stepped

Pictorial for clarity

FIGURE 13.43. The indicated features (step 1) of this
part can be revealed with an offset section.

Pictorial for clarity

A

A

FIGURE 13.44. Step 2: Draw the cutting plane and select
the desired viewing direction.
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FIGURE 13.45. Step 3: Outline the part based on adjacent
views. Temporarily note locations of steps in the offset line to
use as reference marks.

A

A

FIGURE 13.46. Step 4: Identify the intersection points
with the cutting plane and see what is happening on the
adjacent view.

A

A

Outline of
entire view

Location of steps in 
offset cutting plane

slot, and the final cutting segment passes through a set of concentric circles that rep-
resent the edges of a counterbored hole. The intersections of the cutting plane line
with the edges of these features (step 4), shown in Figure 13.46, indicate the aligned
locations on the section view where something should be happening (namely, a
change in depth of the feature) to create those edges.

When the part is hypothetically cut, the edges of the counterbored hole, the slot,
and the simple hole would be exposed (step 5), as shown in Figure 13.47. Note that if

A

A

FIGURE 13.47. Step 5: Transfer the features into the sec-
tion view and form the feature edges.
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the cutting implement had actually been a stepped plane, new edges also would have
been created at the locations of the step segments. These edges are temporarily shown
in Figure 13.47 merely to illustrate the location of the steps. In engineering drawing
practice, these edges are removed.

The inside of the hole, slot, and counterbores contain space. Their edges in the sec-
tion view separate space from solid. In Figure 13.48, the portions of the section that are
supposed to be solid have been filled with section lines for visualization (step 6). Note
that in this case, the section view reveals edges in the counterbored hole and slot that
were previously hidden in the regular orthogonal view (step 7), as shown in Figure 13.49.
The boundary edges in the upper left corner of the section view must be deleted because
those edges were formed by a portion of the object that would not be seen on the sec-
tioned object. Finally, you must delete any edges formed by the stepped cutting plane
that you may have included for reference.

13.08.06 Creating a Sectioned Pictorial
An excellent aid for visualizing sectioned objects is to present pictorials of them.
Creating this type of view is also an excellent academic exercise for the development of
visualization skills. The process involves removing the portion of the object that is not
viewed, creating a multiview drawing of the remaining portion, and creating a pictorial
of the remaining portion from the modified drawing. Constructing such a pictorial con-
tinues the previous example. The construction of a section pictorial should not be done
on the original drawing; rather, it should be done on a copy of the drawing on a separate
worksheet to avoid confusion between the real part that is to be built and the model that
is for visualization purposes only.

In the drawing in Figure 13.49, the cutting plane line arrows in the front view point
toward the portion of the object to be retained and viewed, while the other portion is to
be discarded. The modified front view is shown in Figure 13.50.

A

A

FIGURE 13.48. Step 6: Find the boundaries of air and
solid and cross-hatch the solid areas.

A

A

SECTION A-A

FIGURE 13.49. Step 7: Add newly revealed background
edges and remove the step edges of the cutting plane.
Label the section view.
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Remove

Remove

FIGURE 13.50. To visualize the sectioned part, remove the portion that is not seen from the
existing orthogonal views.

FIGURE 13.51. For ease of visualization, turn the former section view into the bottom view
by removing cross-hatching and adding a section step line. Add a left view.

Once a portion of the part has been removed in the front view, the remaining views
also must be modified to be consistent with the modified part. In this case, there will be
no changes to the top view. The right-side view must be modified to show that material
has been removed. The section view can be used for the bottom view if the section lines
are removed and the edges formed by the step segments are once again included. Note
that if a left-side view was created, that view also would need to include the new edges
formed by the stepped cutting plane. These modified views are shown in Figure 13.51.
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With the completed modified views of the object actually cut, the pictorial can be
created by using the point, edge, or surface tracking techniques detailed in Chapter 11.
The complete pictorial of the sectioned object is shown in Figure 13.52. Note that the
freshly created surfaces from the cutting operation should be shaded or filled with
section lines to show that these surfaces were artificially created and do not exist on the
real part.

Removed Sections
In certain cases, it is convenient to use a removed section instead of a full section. A
removed section offers the convenience of showing only the new surfaces created by
a cutting plane, without the complexity of showing the remaining surfaces on an
object. A hypothetical procedure for creating a removed section image is shown in
Figure 13.53.

In this figure, a cutting plane intersects the object in the area of interest in (a). The
cutting plane should be parallel to one of the principal views or perpendicular to 
the major surfaces of the part where the cut is made in order to reveal its true sizes. In
(b), the cutting plane is removed from the part with the image of the intersection
imprinted on the plane. The cutting plane and image are then rotated by 90 degrees in
(c) such that the arrows point into the page on a drawing (d). The complete removed
section view, as would be seen in an engineering drawing, is shown in Figure 13.54.

(a)

(b)

(c)

FIGURE 13.52. Create the
pictorial using the sectioned
part instead of the whole part.

13.09
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 13.53. Creating a removed section. An object is projected into a viewing plane in (a). The cutting plane slices the object in
(b). The image of the intersection is removed from the object in (c). The removed image is initially perpendicular to the viewing
plane in (d) but is then rotated to be parallel to the viewing plane in (e). The removed image is finally projected onto the viewing
plane in (f ).

There is no need for view alignment for the removed section, although its orienta-
tion must still follow the rules of multiview presentation and the section view should
be located near the cutting plane line. If the scale of the section view is different from
that used on the multiview projections, the new scale must be included with the label-
ing of the section view.

For views where the surfaces created by a hypothetical cut are relatively small
compared to the remaining surfaces of the view or where full sections may create
unnecessarily large or confusing views, removed sections are a good option for
improving clarity while reducing effort and complexity in a drawing. Figure 13.55
shows how removed sections were used for defining various parts of the Hoyt AeroTec
bow handle. In this case, full sections or offset sections would have created unneces-
sary complexity in the drawing.
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Pictorial for clarity

FIGURE 13.54. A removed section as it would be placed on an engineering drawing.

DETAIL A
SCALE 3:1

DETAIL B
SCALE 3:1

DETAIL C
SCALE 3:1

DETAIL D
SCALE 3:1

A

B

C

D

FIGURE 13.55. Use of removed sections on the Hoyt AeroTec bow example.
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Revolved Sections
Revolved sections are created in a manner similar to that of removed sections. A
hypothetical procedure for creating a revolved section image is shown in Figure 13.56.

In this figure, a cutting plane intersects the object in the area of interest and the
image of the intersection is imprinted on the plane. The cutting plane should be par-
allel to one of the principal views or perpendicular to the major surfaces of the part
where the cut is made in order to reveal its true sizes. The cutting plane is rotated by
90 degrees such that the arrows point into the page on a drawing. The axis of rotation
of the intersection image is on the cutting plane, parallel to the cutting plane line, and
through the geometric center of the image. Unlike the removed section, the cutting

13.10

(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 13.56. Creating a revolved section. An object is projected onto a viewing plane in (a). The cutting plane slices the object
in (b). An image of the intersection is removed in (c). The intersection image is initially perpendicular to the viewing plane in (d)
and then rotated to be parallel to the viewing plane in (e). The image is projected onto the viewing plane in (f ).
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plane is not removed from the object. Thus, the image of the intersection is
superimposed on the orthogonal view. The complete revolved section view, as would be
seen in an engineering drawing, is shown in Figure 13.57. Since a revolved section view is
constructed at the location of the cutting plane line, there is no need to label the view.

The scale of the revolved section must be the same as for the principal views, and
its orientation must follow the rules of multiview presentation. For views where the
surfaces created by a hypothetical cut are relatively small compared to the remaining
surfaces of the view, revolved sections are another good option for improving clarity
while reducing effort and complexity in a drawing. Revolved sections should not be
used when the section image interferes significantly with other features in the princi-
pal view. Figure 13.58 shows another example where the use of revolved sections is
convenient.

FIGURE 13.57. A revolved section as it would be placed on an engineering drawing.

FIGURE 13.58. An example of a part with multiple revolved sections.
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Broken-Out Sections
A broken-out section can be used when the internal feature to be revealed is a small
portion of the entire object and a full section would not reveal additional details of
interest. Use of a broken-out section in this manner would decrease the size and com-
plexity of a drawing, as well as reduce the effort required to make it.

A broken-out section, as with the revolved and removed sections, offers the conven-
ience of slicing only a fraction of the entire object when only a small slice is needed to
define an internal geometry. However, a broken-out section offers the added convenience
of not requiring the cutting plane to go all the way through the part. With all of the other
sections you have studied so far, cutting plane lines start in space, go through the part,
and end in space. With a broken-out section, the ends of the cutting plane line can be
wholly or partially embedded in the part, as shown in Figure 13.59, where a cutting
plane that has its extent limited to the area immediately surrounding a feature is

13.11

(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 13.59. Creating a broken-out section. The object is projected onto a viewing plane on (a). A cutting plane slices through
the feature of interest (but not the entire part) in (b). The portion in front of the cutting is broken out and removed in (c).The
interior details of the feature are shown in (d). The image of these features is projected forward in (e) and placed directly on the
part image in (f ).
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imbedded into the part. A piece of the object that is opposite the viewing direction is
then hypothetically broken off to reveal the interior details of the feature.

The portion of the cutting plane that is embedded in the part is shown on the sec-
tion view as an irregular edge to emphasize that the part would hypothetically be bro-
ken to reveal the interior details shown at that location. The broken-out-section view
may be shown on the corresponding orthogonal view, as shown in Figure 13.60, or in a
separate detail view, as shown in another example in Figure 13.61.

FIGURE 13.60. A broken-out
section as it would be placed on
an engineering drawing.

DETAIL E
SCALE 2:1

E

FIGURE 13.61. A broken-out
section used to reveal some
pocket details of the Hoyt
AeroTec bow.
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Sections of Assemblies
Section views are commonly used in drawings that show multiple parts in their
intended mating configuration to illustrate proper alignment of different features
between the parts. When multiple parts are sectioned, as in Figure 13.62, it is advisable
to use a different section line pattern for each part in order to distinguish the different
parts easily. In everyday practice, assemblies that include pins, keys, shafts, or bolts usu-
ally do not show these items sectioned even though the cutting plane line may pass
through them. These items usually have standardized geometries and sizes; thus, their
sections add little information to a drawing and may even detract from the informa-
tion presented by parts of greater interest.

A Few Shortcuts to Simplify Your Life
As with many other engineering drawing practices, acceptable shortcuts for creating
section views can be used to reduce the time it takes to create a drawing and/or to min-
imize possible misinterpretation of a drawing. With all of the shortcuts presented next,
the main question you need to ask yourself before using any of them is, “Will this
approximation or shortcut increase or decrease the speed and accuracy of interpreta-
tion of the drawing?” If the speed or accuracy of interpretation decreases, the shortcuts
should not be used.

13.13.01 Small Cutouts on Curved Surfaces
A shortcut is allowed when there is a small hole or another cutout on a curved surface.
Figure 13.63, for example, shows a small hole and slot on a tube compared to larger
cutouts. If a true projection of these features were made, the orthogonal views would
show a curved depression on the surface of the tube. The shape of this curve is complex
and would take some time to create. Since in most applications the size of the depres-
sion on the surface is unimportant, the depression is not shown on the orthogonal
views. The true projection of these features and the accepted shortcut are shown in
Figure 13.63. This approximation makes the drawing easier to create, with very little
loss of information. However, when the cutouts are large or the size of the depression
cannot be ignored in the function of the part, the true projection should be used. What
is considered “small” is rather subjective.

13.12

Pictorials for clarity

FIGURE 13.62. The method 
for showing the assembly of
many parts.

13.13
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13.13.02 Threaded Parts
Another shortcut is in the representation of a threaded part, such as the pneumatic
fitting shown in Figure 13.64. A thread on the outside of a bolt or screw or the inside
of a nut has many complex curved surfaces that would result in a very complicated
drawing, especially if it were created with manual instruments or 2-D CAD. Much sim-
pler representations of internal and external threads are included in Figure 13.62.
These schematic representations are easier to construct, with very little loss of infor-
mation, especially since thread sizes are mostly standardized based on the diameter of
the part. A note and arrow are required to specify the precise thread sizes. Methods 
for the complete specification of thread sizes can be found in most machinists’ or
engineers’ handbooks.

True projection

Permitted shortcut

AA

SECTION A-A

Pictorial for clarity

"Large" features,
no shortcut permitted

FIGURE 13.63. A permitted shortcut for small holes and slots in curved surfaces.
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13.13.03 Thin Features
For sectioned features that have relatively small thickness when compared to the
remainder of a sectioned part, it is acceptable not to fill these features with section lines
even when cutting plane lines pass directly through them. As an example, consider the
objects in Figure 13.65. These two objects are composed of the same main body but

SECTION A-A

AA

External threads
External threads

Internal threads

FIGURE 13.64. A section of a
threaded part.

SECTION A-A

SECTION B-B

(a)

(b)

AA

BB

Pictorial
for clarity

Pictorial
for clarity

FIGURE 13.65. The 
conventional section (a) and
recommended variation for a
thin feature (b).
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with mounting flanges turned differently. In both cases, the cutting plane line goes
through both the main body and the flanges. For the part in (a), the thickness of the
two flanges in the section view is about the same as the depth of the main body. In this
case, the flanges are filled with section lines, as normal. For the part in (b), the thick-
ness of the two flanges in the section view is a fraction of the depth of the main body. In
this latter case, it is acceptable not to fill the flanges with section lines because doing so
may give an immediate false impression that the flanges are about the same thickness
as the main body. As an alternative to not filling thin features with section lines, it is
permissible to use a different section line pattern for spokes and vanes than is used for
the main body of the object. Note that for this shortcut, an extra edge must exist to sep-
arate the thin feature from the main body in the section view. Webs and fins, such as
those shown in Figure 13.66, are generally treated in this manner.

13.13.04 Vanes, Fins, Spokes, and the Like
Objects with axially symmetric features such as vanes and spokes, as shown in the two
parts in Figure 13.67, also are not filled with section lines even when cutting plane lines
pass directly through them. Filling such features with section lines may give the false
impression that the features are solid throughout the part. It also is permissible to use
a different section line pattern for spokes and vanes than is used for the main body of
the object. Note that for this shortcut, an extra edge must exist to separate spokes and
vanes from the main body in the section view.

13.13.05 Symmetry
An interesting exception to the rules of true projection occurs when parts with rotational
symmetry, which means that the part can be divided into identical wedges along an axis,
are sectioned. Note that rotational symmetry is different from the planar symmetry dis-
cussed in Chapter 3, where the image of an entire object can be created by reflecting a por-
tion of it on a plane. For example, examine the part shown in Figure 13.68. This part has
one-third rotational symmetry, with three thin support ribs and three holes about the
center tube.

SECTION A-A

AA

Pictorial 
for clarity

FIGURE 13.66. The
recommended presentation of
thin webs.
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A multiview drawing created using true projection would be like that shown in
Figure 13.68. Using a true projection for the front view in this case has some problems.
First, using instruments or 2-D CAD, the projection is rather difficult to create. Also,
the true projection of the side view may have the negative effect of representing the part
as being nonsymmetrical.

An acceptable shortcut for this drawing also is included in Figure 13.68. This draw-
ing is easier to create and gives the impression that the part is symmetrical. The top
view clarifies any possible misinterpretation about the number and locations of the
support ribs. Interestingly, if the part had one-quarter (or higher) symmetry, for exam-
ple, four (or more) support ribs instead of three, the front view would be exactly the
same as the part with one-third symmetry.

SECTION A-A

SECTION B-B

AA

BB

Do not
crosshatch

Do not
crosshatch

(a)

(b)

FIGURE 13.67. Two examples of the recommended presentation of spoke, vanes, and fins.
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Creating section views is still part science and part art. Even though the rules of ortho-
graphic projection generally must be followed (except for the shortcuts mentioned),
engineers, designers, and drafters are allowed considerable freedom in choosing when
and where section views should be used, what type of section to use, and what presenta-
tion method to use. However, experienced people who are required to read and inter-
pret drawings expect certain rules to be followed when the drawings are created; and
deviation from these rules may cause confusion. Beginners are sometimes prone to
poor choices and errors. In the best case, the person reading the drawing can interpret
it because the necessary information is still contained on the remaining views. Still,
errors can cause confusion and slow down the process of interpreting the drawing. In a
more serious case, errors cause ambiguity that makes the drawing impossible to inter-
pret correctly. In a worst-case scenario, the errors may cause the part to be interpreted
as an entirely different part than originally desired. The following sections of this text
are a compilation of the most common beginners’ errors and ways to avoid them.

Cutting Through Only a Piece of an Internal Feature
Section views should be constructed to reveal true sizes. For example, consider the object
shown in Figure 13.67. The full section cuts through the center of the large bore, reveal-
ing the true measurable sizes of the diameters inside. The cutting plane line goes through
two holes, but not at their centers. The resulting section shows the two holes not at their
true diameters. This section may be easily misinterpreted as having hole diameters that
are smaller than they really are. A better way to section the object is to use an offset sec-
tion in which the cutting plane line goes through the center of all of the internal features
revealed, also shown in Figure 13.69.

SECTION A-A SECTION A-A

True projection Preferred presentation

AA AA

FIGURE 13.68. The preferred presentation of symmetrical features.

CAUTION
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Forgetting the Rest of the Object
A proper full or offset section shows the object as if it had been cut, including any back-
ground edges that still may appear outside the cut surfaces. Sometimes it is easy to forget
these background edges because the cut surfaces are usually of prime importance.
Nevertheless, for a full or offset section to be correct, the background edges must be
included, mostly for use as reference locations for the cut surfaces, as shown in Figure 13.70.

SECTION A-A SECTION B-B

B BAA

NO! Yes

FIGURE 13.69. A common error: Cutting through a feature such that its true size is not shown.

SECTION A-A

Yes

SECTION A-A

NO!

AA AA

FIGURE 13.70. A common error: Forgetting the rest of the object on a full or offset section.
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Forgetting Back Edges That Are Made Visible
Newly revealed internal edges also are often carelessly omitted. Edges of grooves, coun-
terbores, cross holes, and other similar features have edges that become visible once the
object is cut, as shown in Figure 13.71. Neglecting to include these edges may cause
confusion about the true geometry of the features.

Incorrect Rotation Orientation
Sometimes in a hastily created section view, the rotational orientation of the view is
incorrect, as shown in Figure 13.72. Section views are created and presented using the
rules of orthogonal projection and multiview presentation. Even though a section view
is forgiven the requirement of proper position alignment with the other orthogonal
views (for purposes of drawing convenience), the requirement for proper rotational ori-
entation still exists. Recall that a cutting plane line on an orthogonal view is the edge
view of a cutting plane that is perpendicular to that view. Incorrect rotational orienta-
tion of the section view may cause confusion with its interpretation.

Viewing the Object from the Wrong Side
The arrows of a cutting plane line point in the viewing direction. A common error, as
shown in Figure 13.73, is to show the section view looking at the piece of the object that
should have been removed, rather than the piece that is to remain. The areas that have
been cut (i.e., the areas that are filled with section lines) are the same for both pieces.
However, the background edges and the rotational orientation of the object may be
incorrect.

SECTION A-ASECTION A-A

NO! Yes

AA AA

FIGURE 13.71. Forgetting internal edges made visible.
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NO!

SECTION B-B

SECTION A-A

Yes

SECTION A-A

SECTION B-B

AA
B

AA

B

B

FIGURE 13.72. A common error: Rotational orientation of the section view is incorrect.

SECTION A-A SECTION A-A

NO! Yes

AA AA

FIGURE 13.73. A common error: The section view shows the wrong side of the object.

42496_16_ch13_p13.1-13.66  12/21/07  3:46 PM  Page 47



13-48 sectionthree Setting Up an Engineering Drawing

Including Step Lines on an Offset Section
The steps in an offset section, as shown in Figure 13.74, create edges; but leaving these
edges on a section view is considered improper. Therefore, they should be removed.
Actually, if you were to follow the rules of orthogonal projection strictly, the edges cre-
ated by the changes in direction of the cutting plane should be shown. However, some-
one in the past thought a nicer-looking drawing would result from their removal; thus,
the practice remains today. Until this practice is formally changed, the edges in an off-
set section should be removed.

No View Label or View Scale
To avoid confusion with parts that have multiple section views, every full or offset sec-
tion view must be labeled with the same letters used to identify their respective cutting
plane line, as shown in Figure 13.75. This labeling is practiced even when only one sec-
tion view is on the drawing. Half, revolved, and broken-out section views have the same
scale as the view on which it was created. Full, offset, and removed section views are
allowed to be a different scale than the view on which they were created. However,
whenever there is a change in scale, the new scale must be clearly labeled on the view.

Section Lines with Poor Spacing or Angle
Section lines should be created in such a manner that they are easily recognizable as sec-
tion lines. Section lines should be easily distinguishable from edges on the part. If the
section line density is too low or if the angle of the section lines matches the angle of
some of the edges of the part, as shown in Figure 13.76, there may be confusion
between the section lines and the edges of the part. On the other hand, too dense a sec-
tion line pattern is difficult to reproduce cleanly when the drawing is printed, copied,
or transmitted.

SECTION A-A

SECTION B-B

NO!

SECTION A-A

SECTION B-B

Yes

A A

B

B

A A

B

B

FIGURE 13.74. A common error: Step lines are not removed from the offset section.
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SECTION A-A
SCALE 4:1

SECTION B-B
SCALE 4:1

SECTION D-D
SCALE 4:1?

SECTION C-C
SCALE 4:1

YesNO!

AA B

B

CC

D

D

FIGURE 13.75. A common
error: No scale or view is
missing labels.

SECTION A-A

NO!

SECTION A-A

Yes

AA AA

FIGURE 13.76. A common
error: Poor choice of cross-
hatching.
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Filling Vanes or Spokes with Section Lines
Filling spokes or vanes with section lines, as shown in Figure 13.77, gives an immediate
but false impression that the object is solid throughout the spoke or vane area. Spokes
and vanes should not be filled at all or should be filled with a different section line pat-
tern than is used for the rest of the sectioned object.

Common Section Line Pattern on Different Parts in an Assembly
A common section line pattern used for different parts in a sectioned assembly, as
shown in Figure 13.78, gives the immediate but false impression that the separate parts
are a single part. Different parts in a sectioned assembly, even when they are made of
the same material, should be filled with section lines that are of different patterns.

SECTION A-A

SECTION A-A

SECTION A-A

NO!

Yes

OK

AA

FIGURE 13.77. A common error: Cross-hatching in vanes or spokes.
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Considerations for 3-D Modeling
With solids modeling software, parts are initially modeled as a series of protru-

sions and cuts to create a 3-D graphical model of a part. The solids modeling software
creates a mathematical model of the geometry from which the projections of the object
are used to create drawings. Once the solids model is created, it is usually a simple mat-
ter to extract a front view, side view, or any of the other orthogonal views from the
model. A section view is created merely as another orthogonal view, but with a portion
of the object removed. The ease with which section views can be created from a solids
model has many advantages, but also some disadvantages. The greatest advantage is
the speed and accuracy with which section views can be created. With most software,
creating additional views is simply a matter of specifying the cutting plane and viewing
direction and then picking a location on the drawing where the new view is to appear.
Cutting planes can be specified as existing or newly created reference planes. Creating
stepped cutting plane lines in the views of interest usually specifies offset cutting
planes. The process is often a matter of a few strokes on a keyboard or a few clicks with
a mouse or another pointing device. The time required is usually only a few seconds.
Also, accurate orthogonal projection of features that were previously represented by
shortcut practices, such as small cutouts in curved surfaces or thin symmetrical fea-
tures, are very easy to create. In fact, with most software, it would be difficult to create
a view that is not an accurate projection. Using section lines to fill areas that were for-
merly solid is also a rather simple matter. The software identifies the newly cut surfaces
and automatically fills them. All the software user needs to do is specify the section line
pattern to be used and modify it if necessary.

SECTION A-A SECTION A-A

NO! Yes

AA AA

FIGURE 13.78. A common error: The same cross-hatch pattern for different parts in an assembly.

13.14
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The selection of where to section an object to view its interior or the type of section
to use is still up to the person making the drawing. One disadvantage of the nearly
automatic section creation offered by 3-D modeling is that in some cases, the modeling
becomes too accurate. Many of the shortcuts and clarification practices used in tradi-
tional drafting are no longer available in some software. For example, a section through
a spoke or vane used in a 3-D model would show the spoke or vane filled with section
lines, not blank as would be preferred. Also, all projections would be true projections.
With an object of odd rotational symmetry, there would be no opportunity to modify
the projection to create a symmetrical presentation, as would be preferred. With some
software, the step edges of an offset section may be visible in the section view, and not
removed as is practiced.

Another disadvantage of 3-D modeling is that manual creation of section views
has been a traditional method of developing spatial reasoning and mental imaging
skills. When the process is too automatic with software, a person may not adequately
develop these skills in the absence of the software and may become too dependent on
the software. When faced with multiple section views in a shop drawing, that person
may not be able to create a mental image of the part or may not develop the skills nec-
essary to interpret the drawings. Eventually, the person will develop these skills, but it
may require exposure to many solids models and their drawings.

Chapter Summary
With many complex objects, looking only at the exterior may not fully reveal all of

their features. The use of section views is a method of looking at the internal details 
of such objects. The section process involves using a hypothetical cutting plane to
hypothetically cut an object into pieces so the interior details one or more features.
These features can then be examined more closely, specified in such a manner that the
details can be fabricated and inspected to ensure that they meet the desired specifica-
tions. On an engineering drawing, the cutting plane appears in an edge view called a
cutting plane line. Several types of section views are available for use at the discretion of
the drafter, depending on the desired presentation. Whichever type is used, certain
rules and practices must be followed to ensure that these views can be interpreted 
easily and quickly without ambiguity. Of primary importance is that the rules of
orthogonal projection and multiview presentation be used.

13.15

broken-out section: The section view produced when
the cutting plane is partially imbedded into the object,
requiring an irregular portion of the object to be removed
before the hypothetically cut surface can be seen.
cutting plane: A theoretical plane used to hypotheti-
cally cut and remove a portion of an object to reveal its
interior details.
cutting plane line: On an orthographic view of an
object, the presentation of the edge view of a cutting
plane used to hypothetically cut and remove a portion
of that object for viewing.
cutting segment: On a stepped cutting plane for an
offset section view, that portion of the plane that hypo-
thetically cuts and reveals the interior detail of a feature
of interest.

full section: The section view produced when a single
cutting plane is used to hypothetically cut an object
completely into two pieces.
half section: The section view produced when a single
cutting plane is used to hypothetically cut an object up
to a plane or axis of symmetry, leaving that portion
beyond the plane or axis intact.
offset section: The section view produced by a stepped
cutting plane that is used to hypothetically cut an object
completely into two pieces. Different portions of the
plane are used to reveal the interior details of different
features of interest.
removed section: The section view produced when a
cutting plane is used to hypothetically remove an infini-
tesimally thin slice of an object for viewing.

13.16 glossary of key terms

42496_16_ch13_p13.1-13.66  12/21/07  3:46 PM  Page 52



chapter 13 Section Views 13-53

revolved section: The section view produced when a
cutting plane is used to hypothetically create an infini-
tesimally thin slice, which is rotated 90 degrees for view-
ing, on an object.
section lines: Shading used to indicate newly formed
or cut surfaces that result when an object is hypotheti-
cally cut.
section view: A general term for any view that presents
an object that has been hypothetically cut to reveal the
interior details of its features, with the cut surfaces

perpendicular to the viewing direction and filled with
section lines for improved presentation.
step segment: On a stepped cutting plane for an offset
section view, that portion of the plane that connects the
cutting segments and is usually perpendicular to them
but does not intersect any interior features.
viewing direction: The direction indicated by arrows
on the cutting plane line from the eye to the object of
interest that corresponds to the tail and point of the
arrow, respectively.

13.16 glossary of key terms

1. When should a section view be used?

2. What does a cutting plane line represent?

3. What does the area filled with section lines on a sec-
tion view represent?

4. What are some guidelines concerning good drafting
practice in creating section line patterns?

5. What is the significance of the direction of the arrow
on a cutting plane line?

6. Why is it important that the rotational orientation
of a section view, even if it is moved, be maintained
as if it were an orthogonal view?

7. When should an offset section be used instead of a
full section?

8. When should revolved or removed sections be used
instead of full or offset sections?

9. Under what conditions should certain areas on a
section view not be filled with section lines even
though the cut is through solid material?

13.17 questions for review
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13.18 problems
1. In the problem shown in Figure P13.1, the views indicated by the balloons are to be changed to full section

views taken along the centerline in the direction indicated by the arrows in the remaining view. For each set
of views, select the correct section view from the twenty-four proposed views shown at the right. A section view
choice may be used more than once. A correct answer may not be available as a choice.

A

CB

F

G H

K L M

P Q R

D

E

I

J

N

O

S T

1 9 17

2 10 18

3 11 19

4 12 20

5 13 21

6 14 22

7 15 23

8 16 24

FIGURE P13.1. 
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13.18 problems (continued)
2. In the problem shown in Figure P13.2, the views indicated by the balloons are to be changed to half section views

as indicated by the letters A-A taken along the centerline in the direction in the remaining view. For each set of
views, select the correct section view from the twenty-four proposed views shown at the right. A section view
choice may be used more than once. A correct answer may not be available as a choice.

A

CB

F

G H

K L M

P Q R

D

E

I

J

N

O

S T

1 9 17

2 10 18

3 11 19

4 12 20

5 13 21

6 14 22

7 15 23

8 16 24

A

A

A

A

A

A

A

A

A

A
A

A A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A
A

A
A

A

FIGURE P13.2. 
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13.18 problems (continued)
3. In the problem shown in Figure P13.3, the views indicated by the circles are to be the location of section views.

Select the correct section view to complete each problem from the thirty proposed views shown. A section view
choice may be used more than once. A correct answer may not be available as a choice.

A B C D E

F G H I J

K L M N O

P Q R S T

U V W X Y

12

2

22

11

1

21

13

3

23

14

4

24

15

5

25

16

6

26

17

7

27

18

8

28

19

9

29

20

10

30

FIGURE P13.3. 
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13.18 problems (continued)

A B C D E

F G H I J

K L M N O

P Q R S T

U V W X Y
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2

22

11

1

21

13

3

23

14

4

24

15

5

25

16

6

26

17

7

27

18

8

28

19

9

29

20

10

30

FIGURE P13.4. 

4. In the problem shown in Figure P13.4, the views indicated by the circles are to be the location of offset section
views. Select the correct section view to complete each problem from the thirty proposed views shown. A
section view choice may be used more than once. A correct answer may not be available as a choice.
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13.18 problems (continued)
5. For each object represented in Figure P13.5, create a multiview drawing to fully describe the object, including the

indicated full section views to reveal interior detail. When the precise location of the cutting plane line for the full
section is not specified, choose the location to best reveal the interior detail.
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13.18 problems (continued)

.50

.50

A B C

A B C

.75

.50

1.125

3.125

2.0 .50

1.88
.25

.125

.75.63
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     O1.25 X    1.0
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O2.0

(e) (f )

FIGURE P13.5. 

6. For each object represented in Figure P13.6, create a multiview drawing to fully describe the object, including the
indicated half section views to reveal interior detail. When the precise location of the cutting plane line for
the half section is not specified, choose the location to best reveal the interior detail.

RIB THICKNESS
.375, 3 REQ'D.
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13.18 problems (continued)
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FIGURE P13.6. 
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13.18 problems (continued)
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7. For each object represented in Figure P13.7, create a multiview drawing to fully describe the object, including the
indicated offset section views to reveal interior detail. When the precise location of the cutting plane lines for the off-
set sections are not specified, choose the locations to best reveal the interior detail.
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13.18 problems (continued)

8. For each object represented in Figure P13.8, create a multiview drawing to fully describe the object, including the
indicated removed or revolved section views to reveal interior detail. When the precise location of the cutting plane
line for the removed or revolved section is not specified, choose the location to best reveal the interior detail.
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FIGURE P13.7. 
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13.18 problems (continued)

(c) (d)

(e) (f )

FIGURE P13.8. 
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13.18 problems (continued)
9. For each object represented in Figure P13.9, create a multiview drawing to fully describe the object, including the

indicated broken-out-section view to reveal interior detail. When the precise location of the broken-out section is
not specified, choose the location to best reveal the interior detail.
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13.18 problems (continued)

FIGURE P13.10. 
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10. For the three objects represented in Figure P13.10, create a multiview drawing to fully describe objects in their
assembled state, including a removed section view to reveal the interior detail of how the separate parts are mated.

11. For each object presented in a multiview format in Figures P13.1–P13.10, create an isometric pictorial of the
remaining object after it has been sectioned.
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Auxiliary Views

objectives
After completing this chapter, you should be able to
● Describe an auxiliary view
● Describe situations where an auxiliary view is desired
● Locate top-adjacent, front-adjacent, and side-adjacent

auxiliary views constructed from primary views
● Create an auxiliary view of an inclined surface

14

14-1

Auxilia
ry view
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A uxiliary views are most commonly used to determine the true shape of
inclined or oblique surfaces. Auxiliary views also are used to locate char-
acteristics and relationships between lines and planes, such as:

■ Visibility of lines and planes. For example, at a chemical facility, you will
find buildings containing pumps and pipes crossing over and under each
other. Auxiliary views and visibility principles are used to determine whether
a pipe is on top or in front of another pipe.

■ The shortest distance between two lines; for example, designing a brace to
separate two pipes at their closest point.

■ The shortest distance from a point to a plane. For example, in an ore mine,
the entrance tunnel leading to a vein of ore should be short for economic rea-
sons, but it also should have the optimal slope for the transportation of
the ore.

■ The slope of a line or plane; for example, the downward angle of a feeder
that delivers parts to a conveyor belt.

■ The angle between two planes, also called a dihedral angle. For example, the
angle between the face and flank of a tool bit is ground to 62º to cut steel
and 71º to cut cast iron.

■ The intersection of two planes; for example, the intersection of one tube with
another on a bicycle frame.

In this chapter, you will learn about the basics of using auxiliary views for
examining inclined surfaces on solid objects. A supplemental chapter covers fun-
damentals in descriptive geometry, a graphical technique that was developed to
explore characteristics and relationships between lines and planes. In descriptive
geometry, auxiliary views are constructed to define relationships between points,
lines, and planes in space; however, here you will focus on the fundamentals in cre-
ating auxiliary views of object surfaces, leaving the more advanced techniques for
your later exploration.

14.01
introduction

Auxiliary Views for Solid Objects
In a previous chapter, you learned about multiview drawings of objects. You learned
how to construct the top, front, and side views of an object by projecting these views
onto the surfaces of a glass box surrounding the object and then unfolding the panes of
glass so all of them were in the same plane. You also learned that normal surfaces are
parallel to one of the six primary views, inclined surfaces are perpendicular to one of
the primary views but are not parallel to any of the primary views, and oblique surfaces
are neither parallel nor perpendicular to any of the primary views.

For normal surfaces, a frontal surface is parallel to the front view (or front pane on
the glass box). A frontal surface is seen as an edge in the top and side views and is seen in
its true shape and size in the front view. Likewise, horizontal surfaces are seen in true
shape and size in the top view (they are parallel to the top view), and profile surfaces are
seen in true shape and size in the side view (they are parallel to the side view). Thus, for a
surface to be seen in its true shape and size, it must be parallel to the given view.

What about an inclined or oblique surface? You learned previously that these types
of surfaces are not parallel to any of the primary views. Because they are not parallel to
any of the primary views, they are seen foreshortened in the primary views—they are
not seen in their true shape or size in the top, front, or side views. In the remainder of
this chapter, you will learn about the creation of auxiliary views that show inclined sur-
faces in true shape and size. The creation of auxiliary views to determine the true size

14.02 
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and shape of oblique surfaces will not be covered here. If you want to create successive
auxiliary views to obtain true size and shape of an oblique surface, you can refer to the
supplementary chapter on descriptive geometry.

Before you dive into understanding how auxiliary views are created, step back and
think about the creation of the primary views. A horizontal surface is parallel to the top
view. When you constructed the top view, you projected it onto the top pane of the
glass box using projection rays that were perpendicular to the pane. In the front
view, these projection rays extended perpendicularly from the horizontal edge view of
the normal surface toward the top viewing plane. When the top pane was unfolded, the
projection rays from the front view defined the outer limits of the surface as seen in 
the top view. The horizontal pane of glass also appears as an edge in the front view—an
edge that is parallel to the surface in question. Figure 14.01a shows a simple object with
the projection rays used to create the top view indicated, and Figure 14.01b shows the
top and front views of the object after the imaginary glass box has been unfolded.

Figure 14.02 shows the top, front, and right-side views of a drill jig; a pictorial view
of the jig is also shown for clarity. Surface A on the drill jig is seen as an edge in the front
and side views and is seen in its true shape in the top view, signifying that surface A is

chapter 14 Auxiliary Views 14-3

Top view

Front view

Top view

(a) (b)

FIGURE 14.01. The image of
the object is projected onto a
horizontal surface to create 
the top view in (a). The front
and top views are shown in (b).

Edge view 
of surface A

True shape
of surface A

Pictorial for clarity

Edge view 
of surface A

FIGURE 14.02. An object with
an inclined surface shown in the
preferred orthogonal view con-
figuration with top, front, and
right-side views. Surface A is
parallel to the top viewing plane
(and, therefore, will be shown in
its true shape in the top view)
and in its edge view in the 
front and right-side views.
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parallel to the top plane. The edge view of inclined surface B is seen in the front view as
indicated in Figure 14.03; however, since neither the top nor right-side views of the
object are parallel to the surface, you are not seeing surface B in its true shape and size in
either view. Surface B is foreshortened in both the top and side views.

To manufacture this part (you learned about manufacturing processes in an earlier
chapter), a machinist will need to know exactly where the hole through the inclined sur-
face B is located. However, since none of the views show the surface in its true shape and
size, it would be difficult for the machinist to make this part accurately, based on the
given information. If a view that is parallel to this inclined surface could somehow be
constructed, surface B would be seen in its true shape and size in this new view, solving
the problem of accurately locating the hole for the machinist. Because this new view is
not one of the primary views of the object, it is called an auxiliary view—essentially any
extra view, other than a pictorial, which has been constructed for overall clarity.

To understand how auxiliary views are created, it is useful once again to think
about the object as if it were surrounded by a glass box. This time, however, imagine an
extra pane of glass has been added to the glass box that is parallel to the inclined plane
as shown in Figure 14.04. The inclined surface can be projected perpendicularly onto
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Pictorial for clarity

Foreshortened view 
of surface B

Edge view 
of surface B

Foreshortened view 
of surface B

FIGURE 14.03. Surface B is 
seen in an edge view in the front
view but is not seen in its true
shape in either the top or 
right-side views.

Auxilia
ry view

Auxiliary view plane
is parallel to the surface
to be seen in its true shape

FIGURE 14.04. An additional
plane (pane) added to the glass
box to show the true shape of
the inclined surface.
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this angled pane of glass, resulting in a view of its true shape and size. The glass box can
now be unfolded to show all views, including the auxiliary view, on a single plane.
Figure 14.05 shows the glass box with the panes of glass unfolded, including the pane
with the auxiliary view on it.

Figure 14.06a shows a full auxiliary view of the drill jig, while Figure 14.06b shows
a partial auxiliary view of the drill jig. The difference is that the full auxiliary view
shows all surfaces of the object, whether they are true shape or not, whereas the partial
auxiliary view shows only the surface for which the true shape and size are required—
the inclined surface. Full auxiliary views are usually not necessary to construct because

chapter 14 Auxiliary Views 14-5

Line of sight (LOS) 
perpendicular to 
surface B

Front view Right-side view

Top view

Auxiliary
view

FIGURE 14.05. The glass box
unfolded, showing the top,
front, right-side, and auxiliary
viewing planes on a single plane.

1
F

1
F

(a)

(b)

FIGURE 14.06. A full auxiliary
view is shown in (a). A partial
auxiliary view, showing only the
inclined surface, is shown in (b).
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you do not gain additional information from including other surfaces , which may even
serve to clutter the drawing in such a view—the primary views show you what you need
to know about the other surfaces on the object. Since your primary purpose in creating
an auxiliary view is for clarity and not for confusion, partial auxiliary views are the most
common type of auxiliary views you will create.

Some conventions have been developed to enable you to organize your work when
you are working with auxiliary views. One of the conventions is in labeling views. You
know the glass box is composed of six principal planes—two horizontal planes (the top
and bottom planes), two frontal planes (the front and back planes), and two profile
planes (the right and left-side planes). To help identify which views you are working
with, when creating auxiliary views, it is standard practice to label the top, front, and
side planes with the capital letters H, F, and P, respectively. (In this case, H represents
the horizontal, or top plane; F represents the front plane; and P represents the side, or
profile plane.) Any auxiliary planes you create should be numbered sequentially.

Figure 14.07 shows the three principal planes of the glass box labeled H, F, and P
and the angled glass plane for the auxiliary view labeled 1. Figure 14.08 shows what
these planes look like after the glass box has been unfolded. The glass box hinges are
referred to as reference lines or fold lines and will be used to transfer measurements
as you construct your auxiliary views. One of the other conventions that have been
developed for work with auxiliary views is that the fold lines are usually shown in the
multiview drawings. This is in contrast with standard practice for constructing multi-
view drawings that you learned about in a previous chapter, where fold lines are not
usually shown.

Understanding an auxiliary view is simple if you remember the principles of ortho-
graphic projection. Any view that is projected from one view into the next is adjacent to
the first view. The auxiliary view showing the inclined surface B in true size and shape
is adjacent to the front view; the top and side views are also adjacent to the front view.
In general, adjacent views are aligned side by side and share a common dimension.
For example, the right and front views that are adjacent to each other show the height
of the object in common. Related views are adjacent to the same view and share a
common dimension. For the drill jig, the top and auxiliary views are adjacent to the
front view. In this case, the top and auxiliary views are related to each other and share a
common dimension—the object depth. The depth that point A is away from the fold
line is visible in the top view, and this distance is preserved in the related auxiliary view.
Figure 14.09 shows how the depth dimension for point A is preserved from the top into
the auxiliary view.
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Top view is projected
onto a horizontal 
plane

Front view is projected 
onto a frontal plane

Primary auxiliary view 
is projected onto 
auxiliary plane 1

Right-side view is projected 
onto a profile plane

F

F
1

P
F

FIGURE 14.07. The glass box
planes labeled.
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H

F

PF

P

1

F

H

F
1

Auxilia
ry

 p
lane

Profile plane

Horizontal plane

Frontal plane

Imaginary hinge of glass box, called 
reference line or fold line, used to 
transfer measurements

Projection lines,  parallel to line of 
sight, are used to align views and
transfer points from one view 
to the next

FIGURE 14.08. The glass box
opened to show proper view
alignment.

H

F
1

P

F

F

Depth

Auxiliary view and right-side views are
related views, they share depth, which
must be transferred from one view to
the other

Front and right-side views are 
adjacent views, they share height

Height Height

Depth

Depth

A

A

A
A

FIGURE 14.09. Comparison
between adjacent and 
related views.
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The auxiliary view you have been working with is called a front-adjacent view
because it was constructed adjacent to the front view. It also is possible to draw top-
adjacent and side-adjacent views, depending on which primary view shows the inclined
surface in question as an edge. For example, if the inclined surface is an edge view in the
top view, you would project the auxiliary view from the top view to obtain its true size
and shape, thus creating a top-adjacent view. Similarly, if the inclined surface is seen as
an edge in the side view, a side-adjacent auxiliary view would be used to show the sur-
face in its true size and shape. Figure 14.10 illustrates a side-adjacent auxiliary view that
shows the true size and shape of the indicated inclined surface.

Auxiliary Views of Irregular or Curved Surfaces
Most of the time, you will need to construct an auxiliary view of a surface on an object
that shows a curved or irregular feature, like the drill jig from the previous example.
Consider the object shown in Figure 14.11. This object contains two holes through an
inclined surface. The inclined surface is seen in edge view in the top view, and the holes
appear as ellipses in the front view.

When creating an auxiliary view of this surface, you should project several points
on the curved edges to define them in the new view. For a circular hole, usually four
radial points are sufficient; but, for an irregular curve, you may need to locate several
points to obtain an accurate projection. Figure 14.12 shows an auxiliary view of the
inclined surface for the object shown in Figure 14.11. In this case, four radial points
were transferred into the auxiliary view for each circular hole on the surface.
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Width

F  P

True shape
of surface B

Projection lines transfer right-side 
dimensions, height, and depth

Width

1

P 1

Edge view 
of surface BA, B

Surface B
in back

Surface A 
in front

F

1

P

P

FIGURE 14.10. A profile-
adjacent auxiliary view of
surface B.
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Strategies for Auxiliary Views
How do you construct an auxiliary view that shows an inclined surface in true size
without the aid of a glass cube? Review what you know so far. To see a surface in true
size and shape, you must view it from a plane that is parallel to the surface. Since this
viewing plane is parallel to the surface, the edge view of the pane of glass defining the
new view also will be parallel to the surface. Finally, the points on the surface will proj-
ect perpendicularly into this new view, similar to the way points are projected perpen-
dicularly from the front into the top view (or from the front into the side view).

In general, the procedure used to create an auxiliary view that shows an inclined
surface in true size and shape is as follows:

1. Identify the edge view in one of the primary views of the surface to be projected.

2. Sketch a “fold” line parallel to the edge view of the surface.

3. Label all of the fold lines, including the one you just created.

4. Project the points that define the surface along rays that are perpendicular to the
fold line for the auxiliary view.

5. Obtain the projected dimensions of the surface into the auxiliary view by observ-
ing the same dimension in a related view. (Another way to think of this is that the
dimensions are found in a view that is two views back from the auxiliary view in
which you are working.)

In the case of curved or irregular surfaces, the first step in the procedure is to seg-
ment the curved edge into several points and to locate these in the primary views. The
points defining the segments also can be projected into the auxiliary view in step 4 of
this procedure.
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B, D

A, C

E, G
F

H

A B

C D

E

F

G

H

Projection
rays

(b)  Completed auxiliary view. (a)  Projection of four points on each circle.

True shape of
inclined surface

FIGURE 14.11. An object with
two holes through an inclined
surface.

FIGURE 14.12. An auxiliary view of an inclined surface with holes in it.
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Figure 14.13 shows a truncated pyramid, and you want to sketch an auxiliary view
of the plane A that shows its true size and shape. Figure 14.14 shows the horizontal and
front views of the pyramid. Notice that the front view includes the edge view of the sur-
face in question. Also notice for this application the inclusion of the fold line between
the top and front views. 

To begin the construction of the auxiliary view, sketch a line parallel to the edge view
of the surface in the front view. This line represents the fold line for the auxiliary view—
the edge view of the pane added to the glass box. After you sketch the fold line, you
should label the views appropriately. Figure 14.15 shows the two views of the object with
the added fold line and the labels for the fold lines.

The surface will be projected into the auxiliary view along perpendicular projection
rays. Only four points define the surface; but in the front view, these points are on top
of each other—the endpoints of the line representing the edge view of the plane. Lightly
sketch the projection rays from the endpoints of the line into the auxiliary view, keep-
ing in mind that the direction of the projection rays is perpendicular to the fold line.
Since the fold line was drawn parallel to the edge view of the plane, the projection rays
also are perpendicular to the edge view of the surface. Figure 14.16 shows the two views
of the object with the projection rays extending into the auxiliary view.
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Surface A

Edge

View

F

H

a

b

c

d

a, b

d, cFIGURE 14.13. A truncated pyramid for con-
structing an auxiliary view.

FIGURE 14.14. Top and
front views of the truncated
pyramid.
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H
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Edge view and “fold” line
drawn parallel to each other

Edge

View

1
F

F

H

a

b

c

d
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d, c

FIGURE 14.15. The fold line for the
auxiliary view, with labels added.

FIGURE 14.16. Projection rays
added, extending from the edge
view into the auxiliary view.
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Transfer the depth dimensions that define the surface in question by looking in the
related view (two views back). In this case, the depth is obtained in the top view for trans-
fer into the auxiliary view. Figure 14.17 shows the first point for the surface, point “a,”
transferred into the auxiliary view.

Continue transferring the remaining points that define the surface into the auxiliary
view, each time transferring the depth dimension from the top view. Figure 14.18 illus-
trates the completed auxiliary view showing the true size and shape of the inclined surface.

Follow this same procedure to obtain the true size and shape of the irregular
inclined surface on the object shown in Figure 14.19.

Before you begin, you need to locate several points along the curved edge that you
will subsequently project into the auxiliary view. Figure 14.20 shows the same object
except that five points along the curved edge have been located and labeled A–E in the
top and front views.
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FIGURE 14.17. Point “a” transferred into the
auxiliary view.

FIGURE 14.18. The auxiliary view showing surface A in
true shape.
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H

FIGURE 14.19. Top and front
views of an object with an
irregularly shaped surface for 
the auxiliary view.
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E

FIGURE 14.20. A curved edge
with points A–E located.
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Sketch the fold line parallel to the edge view of the inclined surface and project the
points into the auxiliary view using perpendicular projection rays as you did before. Also,
make sure you label the fold lines appropriately according to the conventions described
earlier. The result is shown in Figure 14.21. When projecting the points, make sure you
project each of the points from the segments defining the irregular curved edge.

Locate each of the points in the auxiliary view by measuring the distance each
point is from the fold line for the related view (in this case, the front view) and transfer-
ring those distances into the view you are creating. Figure 14.22a shows the distance
transferred for point A, and Figure 14.22b shows the remainder of the points defining
the curved edge transferred into the auxiliary view. Figure 14.22c shows the remaining
points defining the surface transferred into the auxiliary view.
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FIGURE 14.21. The fold line
and projection rays added.

FIGURE 14.22. Points defining an irregular surface projected into the auxiliary view.
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Finally, connect the dots to create a smooth curved edge and complete the auxil-
iary view that shows the surface in true shape and size. The completed view is shown in
Figure 14.23.

The most common error that students make in creating auxiliary views is when transfer-
ring distances into the new view. A typical mistake involves trying to measure the dis-
tance from the adjacent view instead of from a related view. For example, Figure 14.24
shows an object with an inclined surface. The parallel fold line is easily created, as are the
perpendicular projection rays shown in Figure 14.25.
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FIGURE 14.23. The completed auxiliary view of the irregular surface.

FIGURE 14.24. An object
with an inclined surface
for auxiliary view.
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FIGURE 14.25. The fold line and projec-
tion rays for auxiliary view creation.
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FIGURE 14.26. The depth distance
for point A found in the front view.
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FIGURE 14.27. The incorrect transfer of dis-
tance to point A in the auxiliary view.
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FIGURE 14.28. Choosing the correct view for distance transfer.

To establish point A along the projection ray, you need to determine the distance
that it lies from the H/1 fold line. To do this, you need to measure the distance that the
point is from the H/F fold line; however, it is the distance from the H/F fold in the front
view, as shown in Figure 14.26. Many times students incorrectly transfer the distance
that the point is from the H/F fold line in the top view, as shown in Figure 14.27.

Remember, when transferring distances into the auxiliary view, go back two views,
not just one, as shown in Figure 14.28.

Solid Modeling Considerations in Creating 
Auxiliary Views
The procedure followed to create an auxiliary view by hand is sometimes tedious and often
prone to errors. In the era of 3-D solid modeling, the need for auxiliary views may be some-
what diminished, and the difficulty in creating auxiliary views is greatly reduced. First of
all, since the 3-D model is often sent directly to a CAM system for fabrication, it may not be

14.05

42496_17_ch14_p14.1-14.23  12/21/07  3:47 PM  Page 14



chapter 14 Auxiliary Views 14-15

 (a) The true shape of the inclined surface can be viewed in the model 
        by selecting the surface to see in a normal (i.e. true shape) view

Inclined surface to 
view in true shape

True shape of 
inclined surface

A

DETAIL A
SCALE 2:1

(Hidden) surface 
to see in true shape

True shape 
of surface

 (b) The true shape of the inclined surface can be viewed in the 
        drawing by selecting the surface to see  in an auxilary view

FIGURE 14.29. The creation of
auxiliary views of the AeroTec
bow handle from its solid model.

necessary to create an auxiliary view to locate holes and other features accurately on an
inclined surface. Because the 3-D model contains all of the necessary information for the
creation of the part, an auxiliary view of an inclined surface might not provide any addi-
tional information and, therefore, is not needed for manufacturing the part.

Second, when an auxiliary view from a 3-D solid model is needed, creating it is a
relatively easy task. Recall that an auxiliary view is created by “looking” perpendicular
to the inclined surface. With 3-D modeling software, you usually can select a plane on
the object to define the viewing plane. The software will then rotate the object in space
so the selected plane is parallel to the computer screen, meaning the plane will appear
in true size and shape. With some software, you will be able to show only the plane;
with other software, you will be forced to show the entire object from this viewpoint.
However, since this auxiliary view is so simple to create, showing the entire object is a
small price to pay. Figure 4.29 illustrates a 3-D solid model and an auxiliary view show-
ing the inclined surface in true shape and size.
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Also, note that the software can just as easily show the true size and shape of an
oblique surface and that successive auxiliary views are not required in this application.
Figure 14.30 shows a 3-D model of an object containing an oblique surface and the cor-
responding auxiliary view in true size and shape.

Sketching Techniques for Auxiliary Views
In creating auxiliary views as described in this chapter, you should realize by now that
you will need to create parallel and perpendicular lines accurately. Many advanced draft-
ing techniques allow you to create these lines; however, you can use a simple set of trian-
gles to create parallel and perpendicular lines. To draw a line parallel or perpendicular to
another line, align one leg of one of the triangles with the line. Place the hypotenuse of
the second triangle (the base triangle) up against the hypotenuse of the first triangle and
hold the base triangle firmly in place. Slide the first triangle up or down the paper, mak-
ing sure its hypotenuse is always in contact with the hypotenuse of the base triangle. As
you slide the triangle, one of its legs will remain parallel to the original line and the other
leg will remain perpendicular to the line. You can use either of these straightedge sur-
faces to draw your parallel or perpendicular lines according to the type of line you need
to construct. The method of using triangles to draw parallel or perpendicular lines is
illustrated in Figure 14.31.
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Solid model of object with oblique surface

Front view

Top view

Right-side view

Normal (true shape)
view of oblique surface

FIGURE 14.30. An object with
an oblique surface created by a
solid model can easily be pre-
sented in any view orientation,
including a normal (i.e., true
shape) view of the oblique
surface.
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Chapter Summary
Auxiliary views allow you to look perpendicular to an inclined surface and see it in its
true shape and size. When you are looking perpendicular to the surface, it is important
to note that your viewing plane is parallel to the plane in question. Auxiliary views also
are used to find information between two lines, a line and a plane, and two planes; how-
ever, these applications are left for your exploration in a supplementary chapter on
descriptive geometry. The procedure you use to create an auxiliary view is based on the
principles from orthographic projection described in detail in previous chapters of this
text. In essence, when creating an auxiliary view, you are inserting a pane of glass into
the imaginary glass cube that is parallel to the inclined surface. When the glass cube is
unfolded, including the extra pane, the auxiliary view shows the inclined surface in true
size and shape. In the age of 3-D solid modeling, the need for auxiliary views may be
diminished; however, knowing the basics of creating this type of view is important for
your understanding of graphic communication. Three-dimensional solid modeling
software also enables you to easily create an auxiliary view of an inclined or an oblique
surface using a few clicks of the mouse button.

chapter 14 Auxiliary Views 14-17

(a) (b) (c)

Base triangle

Triangle aligned
with original line

Original line

Triangle sliding
along base

Line parallel 
to original line

Line perpendicular
to original line

FIGURE 14.31. Sliding triangles used to construct parallel and perpendicular lines.

14.07 

adjacent views: Views that are aligned side by side to
share a common dimension.
auxiliary views: Views on any projection plane other
than a primary or principal projection plane.
edge view (of a plane): A view in which the given plane
appears as a straight line.
foreshortened (line or plane): Appearing shorter than
its actual length in one of the primary views.

inclined surface: A plane that appears as an edge view
in one primary view but is not parallel to any of the
principal views.
oblique surface: A plane that does not appear as an
edge view in any of the six principal planes.
projection ray: A line perpendicular to the projection
plane. It transfers the 2-D shape from the object to an
adjacent view. Projection rays are drawn lightly or are
not shown at all on a finished drawing.

14.08 glossary of key terms
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14-18 sectionthree Setting Up an Engineering Drawing

reference line: Edges of the glass box or the intersec-
tion of the perpendicular planes. The reference line is
drawn only when needed to aid in constructing addi-
tional views. The reference line should be labeled in con-
structing auxiliary views to show its association between
the planes it is representing; for example, H/F for the
hinged line between the frontal and horizontal planes.
A reference line is also referred to as a fold line or a
hinged line.

related views: Views adjacent to the same view that
share a common dimension that must be transferred in
creating auxiliary views.
true shape (of a plane): The actual shape and size of a
plane surface as seen in a view that is parallel to the sur-
face in question.

14.08 glossary of key terms (continued)

1. What is a primary auxiliary view?

2. What is the purpose of an auxiliary view?

3. How is a full auxiliary view different from a partial
auxiliary view?

4. List the five basic steps or procedure for drawing an
auxiliary view.

5. Why might the creation of auxiliary views not be
necessary with 3-D solid modeling software?

6. How does 3-D solid modeling software make the
job of auxiliary view creation easier and less prone 
to errors?

14.09 questions for review

1. For each of the pictorials shown in Figure P14.1, create the top, front, and right-side views. Then, create an auxil-
iary view to present the true shape of the inclined surface.

14.10 problems

FRONT VIEW

1.75

.50

 R1.25

3.5

.75

(2.0)

60

3.0

FRONT VIEW

1.38

(2.25)

1.75

45

 R.88

(a) (b)
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14.10 problems (continued)

(c) (d)

.50

(2.0)

1.0

FRONT VIEW

R.75

R2.5

.50

.50

2.25 3.53.0

(2.50) 60

(g)

3.5

FRONT VIEW

.125

.38

.19

Ø.75 THRU

Ø1.5

30 FRONT VIEW
2.25

1.50

1.0

.62
.38

Ø1.62

2X Ø.31 THRU

45

(e)

(f )

FIGURE P14.1. 
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14-20 sectionthree Setting Up an Engineering Drawing

2. For each of the pictorials shown in Figure P14.2, create the top, front, and right-side views. Then, create an auxil-
iary view to present the entire object with the inclined surface shown in its true shape.

14.10 problems (continued)

2.0
3.5

FRONT VIEW

1.75

45

(a) (b)

1.75

.75 .50
.38

2.0

FRONT VIEW

3.5

55

(c) (d)

1.25 2.52.0

.38

R.25 (TYP.)

R.31 (TYP.)

2.8146

R.38

4.0

2.0 1.0

60

ALL UNMARKED RADII = R.06

FRONT VIEW

2X O.38 THRU

O.75 THRU
O1.25

(e) (f )
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14.10 problems (continued)

R.88

R.38

.38ALL UNMARKED RADII = R.06

R.43 (TYP.)

.38 1.0

1.5

1.5

.25
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     O.50    .125

FRONT VIEW

1.0

60°
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30

.50
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.50
.63
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.38
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1.25

1.25
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2.5
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.84
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ALL UNMARKED RADII = R.09
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(g) (h)
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45°

40°
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FRONT VIEW

50

40

30 ACROSS 
     FLATS

25

15

 80

55°

20

60°

(a) (b)

FIGURE P14.2. 

3. For each of the multiview drawings shown in Figure P14.3, create an auxiliary view to present the entire object
with the inclined surface shown in its true shape.
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14-22 sectionthree Setting Up an Engineering Drawing

14.10 problems (continued)
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FIGURE P14.3. 
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ii

sectionfour
Drawing Annotation
and Design
Implementation

The majority of engineered parts require the
specification of measurements, sizes, and allow-
able errors of features on the parts. Engineers
still need to be able to specify part sizes so that
everything fits together and functions as
intended. This specification must be completed
before the parts can be fabricated. Procedures
for size specification must be followed to ensure
that these specifications can be easily inter-
preted, checked, and controlled for proper
function of the parts. When an engineer is pre-
sented with a formal engineering drawing,
whether it is a mechanical device or a construc-
tion project, that engineer must be able to read
all of its contents correctly. Drawings are legal
documents and, as such, are required to con-
tain certain information to ensure that the cre-
ators and the receivers interpret them properly.
Guidelines must be followed to ensure that
completed drawings are created, updated, and
approved in a manner that establishes a line of
accountability.

CHAPTER 15
Dimensioning ■ 15-1

CHAPTER 16
Tolerancing ■ 16-1

CHAPTER 17
Fasteners ■ 17-1

CHAPTER 18
Working 
Drawing ■ 18-1
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1

Dimensioning

objectives
After completing this chapter, you should be able to
● Use the concept of dimensioning
● Explain the idea of tolerance in dimensioning
● Recall the fundamental rules and apply the techniques for

dimensioning
● Select appropriate dimensions for a moderately complex part

and correctly apply them to a drawing of that part

15

15-1

2.625

4.000

5008
005

1.313

.688

 2.250

R3.00 all around spoke
at wheel and at hub
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15-2 sectionfour Drawing Annotation and Design Implementation

I n the previous chapters, you learned how to represent the shape of objects in
various ways. You learned about standard ways of representing objects with
orthogonal projection techniques, pictorials, sectional views, and auxiliary

views. You learned about different techniques for creating solid models and the
way parametric, feature-based modeling is used to create 3-D representations of
objects. All of this information is great for representing the shape of objects; but
at some point, you will want to communicate size information to someone who
will construct or manufacture your design. Until your designs are built, you will not
be making any money. As with orthogonal projection, there are standard ways of
displaying this size information, or dimensions, on drawings. In this chapter, you
will examine some of these standards as well as look at some reasons for dimen-
sioning objects in certain ways.

To begin, it is critical that you understand something about how dimensions
are formally presented in a design. As you learned in your work with 3-D solid
modeling, objects are a combination of features such as rectangular prisms, cylin-
ders, holes, fillets, and chamfers. Recall from solid modeling that most of these
features require that they be defined by their sizes and their locations. For exam-
ple, the hole in the object shown in Figure 15.01 is considered a feature. The size
(.500 diameter) must be given so the person manufacturing the part can select the
correct drill bit or cutting tool to machine the hole to the proper size. For engineer-
ing drawings, diameters (such as the .500 for this hole) are preceded with the Ø
symbol. Location dimensions (1.250 from the right and .750 from the top) are
given from the sides of the part to the center of the hole so the machinist can accu-
rately locate the center of the drill bit on that point.

Similarly, the slot in the top of the object shown in Figure 15.02 must also be
defined by its size and location. The size of the slot feature is defined by its width
(.500) and its height (.250). A location dimension is given from the left side (1.000). 

Dimensioning is much like creating constraint-based solid models—you define
the size and location of the features within the software, and the part is created
“virtually” to your size and location specifications. Figure 15.03 illustrates how the
size and location dimensions for a rectangle are used to define an extruded cut in a
constraint-based solid modeling program for the object shown in Figure 15.02.

One of the key points you should learn from this chapter is a strategy for deter-
mining the types of dimensions required to define a part. You already have a head
start through your experiences with 3-D solid modeling software. Following the
correct standards for representing dimensions on a drawing is important, but being
able to apply the best dimensions to a drawing will impress your boss more than
your knowing the standards and applying bad dimensions. For example, imagine
you work for a company that manufactures hardware for household doors. Your
current project involves the deadbolt lock assembly shown in Figure 15.04. 
Your boss asks you to design a cover plate where the door meets the doorjamb. You
are familiar with the standard ways to represent the shape of the part. One or two
views will be enough to describe the shape of the plate, but what are the dimensions
needed to manufacture the plate? What are the critical dimensions that must be
given? What are some of the standard dimensions that exist on other parts or pre-
vious parts? Think about the assembly and these questions because you will return
to this example later in the chapter.

15.01
introduction
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Pictorial for clarity

ø .500

1.250

2.500

.750

1.500

FIGURE 15.01. The size and location of a hole feature.

1.500

2.500

.500

.250

1.000

Pictorial for clarity

FIGURE 15.02. The size and location of a slot feature.

FIGURE 15.03. Defining features in a constraint-based modeling program.

Pictorial for clarity

FIGURE 15.04. A deadbolt lock plate.
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Is the Dimension I See on a Drawing Exact?
People are not perfect. When they fabricate metal objects, mold plastic parts, and build
houses, some room must be made to account for their imperfection. Even when robots
are used to machine parts, there may be some slight imperfection in the resulting
object. For machined parts, the amount of variation, or tolerance, might be relatively
small. There are various ways of including allowable tolerances for a part on a drawing.
An example of a note appearing on an engineering drawing might be this: 

ALL LINEAR DIMENSIONS ± .010 UNLESS OTHERWISE SPECIFIED. 

In the construction industry, tolerances for laying brick or pouring a concrete
foundation are typically larger than tolerances on hand-held sized machined parts.

Tolerance dimensions also help with effective size control of finished parts. Examine
the assembly of parts in Figure 15.05. For this design, the BUSHING is not supposed to
spin inside the WHEEL, but the SHAFT is designed to spin inside the BUSHING.
Therefore, the largest diameter of the SHAFT must be just a little smaller than the diam-
eter of the hole in the BUSHING, and the outside diameter of the BUSHING must be just
a little larger than the hole in the WHEEL. Dimensioning the hole in the BUSHING and
the diameter of the SHAFT as .750 would not communicate the intended type of fit
between the two parts. The person putting the parts together would not know whether
you wanted the parts to spin freely or be jammed together.

Detail drawings of the BUSHING and the SHAFT are shown in Figure 15.06 and
Figure 15.07, respectively. Notice that tolerance dimensions (specifically, limit dimen-
sions) are given to ensure effective size control between the parts. The hole in the
BUSHING is dimensioned as .7500–.7512, and the diameter of the SHAFT is given as
.7484–.7492. If the parts are manufactured within these specifications, the SHAFT will
spin freely within the BUSHING.

15-4 sectionfour Drawing Annotation and Design Implementation

15.02

SHAFT

WHEEL

BUSHING

ASSEMBLED

FIGURE 15.05. Parts requiring
effective size control.

Ø1.250 Ø

.125

1.000

1.0023
1.0018

Ø
.7512
.7500

FIGURE 15.06. The detail
drawing of the BUSHING.
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What Are the Rules for Dimensioning?
As with most topics in engineering graphics, dimensions conform to national, interna-
tional, and individual company standards. The accepted national standard in the
United States for Dimensioning and Tolerancing is ANSI Y14.5 (currently referenced
as ASME Y14.5M-1994), which is published by the American Society of Mechanical
Engineers (ASME). This standard outlines uniform practices for displaying and inter-
preting dimensions and related information on drawings and other forms of engineer-
ing documentation. The information in ASME Y14.5M-1994 is important, but do not be
too concerned with it right now. Remember, keep trying to figure out what the critical
dimensions are, and you will worry about standard dimensioning technique later.

15.03.01 Millimeters, Inches, or Angstroms?
“The 200 meter dash.” “First down and 10 yards to go.” “Hand me that 2 × 4.” These are
all examples of length measurements that are familiar to most people. For most track
and field events, lengths are defined in meters. In baseball and football, lengths are
measured in feet and yards. In the construction industry, decimal or fractional inch
measurements are the standard way lengths are defined. Engineering drawings also
have standard units of measure. Most drawings conform to the International System of
Units (SI), which is metric and uses the millimeter as the standard unit; or they con-
form to U.S. customary units with a standard unit of the decimal inch. Throughout
this chapter, you will see examples using both millimeter and inch dimensions. The
next section will discuss how to recognize the differences between the two. Since both
standards are used thoughout the United States, it is important that you be able to work
with each type. You should be familiar with both standards by the end of the chapter.

15.03.02 Types of Dimensioning
At this point in your class, you may have noticed that your instructor or professor is
fairly picky about the way things look on sketches or drawings, mostly because, as was
mentioned earlier, engineering drawings do follow standards. Well, here is the first really
picky thing about dimensioning that will help you recognize the differences between
metric- and inch-based drawings. For metric drawings where millimeters are the stan-
dard unit (see Figure 15.08), the following rules apply (ASME Y14.5M-1994, p. 5):

1. Where the dimension is less than one millimeter, a zero precedes the decimal point.

2. Where the dimension is a whole number, neither the decimal point nor the zero
is shown.

3. Where the dimension exceeds a whole number by a decimal fraction of one milli-
meter, the last digit to the right of the decimal point is not followed by a zero.

4. Neither commas nor spaces shall be used to separate digits into groups in specify-
ing millimeter dimensions on drawings (e.g., 1000 not 1,000).

chapter 15 Dimensioning 15-5

2.625

4.000

.7492

.7484ø.5008
.5005ø

1.313 ø.250

.688

ø.250      2.250

FIGURE 15.07. The detail
drawing of the SHAFT.
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To help distinguish between the two systems, the following rules have been estab-
lished for decimal inches (ASME Y14.5M-1994, pp. 5–6) (see Figure 15.09):

1. A zero is not used before the decimal point for values less than one inch.

2. A dimension is expressed to the same number of decimal places as its tolerance.
Zeros are added to the right of the decimal point where necessary.

What does this mean? When dimensioning in millimeters, show leading zeros for
values less than 1, but do not show trailing zeros. When using inches, do not show lead-
ing zeros for values less than 1, but do show trailing zeros equal to the precision on the
drawing.

15.03.03 Fundamental Rules for Dimensioning
As you can imagine, making sure that a drawing created by a designer in Raleigh, North
Carolina, can be read by a manufacturer in Detroit, Michigan, or Taipei, Taiwan,
requires that some standards be established. The main reason for having standards is

15-6 sectionfour Drawing Annotation and Design Implementation
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1.736
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15.3
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55
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22.25
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Ø12.5

FIGURE 15.08. Millimeter dimensions.

.063 .500 1.250 .100

.375.312
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2.750

1.325

.750

Ø.500

FIGURE 15.09. Dimensioning in inches.
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to ensure consistency in the way things are done. Over the last 100 years, individuals 
in the automotive, aircraft, and military industries and in other industries have refined
the standards for dimensioning objects. As mentioned previously, fundamental rules
and standards for dimensioning and tolerancing are published in ASME Y14.5M. These
rules define engineering and design intent clearly. Some of the rules are listed here. (A
complete list of the fundamental rules is given at the end of the chapter.)

1. Each dimension shall have a tolerance. As was mentioned earlier in the chapter, toler-
ance dimensioning is necessary to account for human imperfection and to allow
for effective size control. If a dimension does not appear as a limit dimension, the
tolerance is usually covered by a general note on the drawing or in the title block.

2. Dimensioning and tolerancing shall be complete so there is full understanding of the characteris-
tic of each feature. Drawings need to be dimensioned so the manufacturer or construc-
tion worker does not have to guess at anything. It is your responsibility to provide all
necessary information to produce, manufacture, or build the design.

3. Each necessary dimension of an end product shall be shown. No more dimensions than those
necessary for complete definition shall be given. As you will see later in the chapter, you
do not want to give more dimensions than necessary to describe your design.
Show only the dimensions that the person producing the design will need.
Taking rule 3 together with rule 2 means you need “just enough” dimensions to
define the part—not too many and not too few.

4. The drawing should define a part without specifying manufacturing methods. Do not spec-
ify that a hole is to be drilled, reamed, punched, or made by any other operation.
The person manufacturing your design is responsible for determining the best
method for producing the hole.

5. Dimensions should be arranged to provide required information for optimum readability.
Dimensions should be shown in true profile views and refer to visible outlines. Show the
size and location of a hole in the view where the hole shows up as a circle. When
the hole is created in the part, it will be located and drilled from that same view.
This ensures consistency between the design and the manufacturing of the part.
Also, do not dimension hidden features on a part. Find a view where the feature is
visible, and dimension in that view.

Definitions
The following terms are used in the remainder of this chapter. Studying them now will
help you better understand the dimensioning concepts that follow. (*Definitions are
from ASME Y14.5M-1994.)
■ Dimension—*A numerical value expressed in appropriate units of measure and

used to define the size, location, geometric characteristic, or surface texture of a
part or part feature.

■ Arrowhead—A small triangle at the end of dimension lines and leaders to indi-
cate the direction and extent of a dimension (see Figure 15.10).

■ Dimension Line—A thin, dark, solid line that terminates at each end with arrow-
heads. The value of a dimension typically is shown in the center of the dimension
line. *A dimension line, along with its arrowheads, shows the direction and extent
of a dimension (see Figure 15.10).

■ Extension Line—A thin, dark, solid line extending from a point on an object,
perpendicular to a dimension line. *Extension lines are used to indicate the
extension of a surface or point to a location preferably outside the part outline
(see Figure 15.10). There should be a visible gap between extension lines and

chapter 15 Dimensioning 15-7
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visible lines so the person reading the drawing can distinguish between the part
and the dimensions describing the part.

■ Leader—A thin, dark, solid line terminating with an arrowhead at one end and a
dimension, note, or symbol at the other end. *Leaders are used to direct a dimen-
sion, note, or symbol to the intended place on a drawing.

Redundancy is Dumb
As you learn more about dimensioning parts, you will discover that clarity is very impor-
tant and that a certain amount of economy goes a long way. The machinist is not going
to be too happy if you dimension every point in every view on a drawing. He or she is
expecting to see only the dimensions that are necessary to manufacture the part.
Dimensions should appear only once on a drawing. In addition, each dimension should
be placed in the view where the contour shape is best shown. This is known as the
contour rule or contour dimensioning. Examine the part and dimensions shown in
Figure 15.11. In (a), too many dimensions are given. It is not necessary to give dimen-
sions to every point in each view. Notice the dimensions in (b). Each dimension is shown
only once in the view where the contour or shape for that particular dimension shows
up the best. For example, the hole shows up the best in the top view; therefore, it is best
to show the size and location of the hole in that view rather than in the front view.

Another example of redundancy that should be avoided is shown in Figure 15.12.
This is a very simple example, but notice that one of the horizontal dimensions can be
omitted since 20 + 15 + 20 = 55. The same is true for the vertical dimensions since 
10 + 20 = 30. The task here is to determine which dimensions are needed most and
include just those.

To help you determine which dimensions are most critical, imagine a similar part
in a couple of situations. In Figure 15.13(a), notice that the spacer must fit correctly
with respect to a couple of different features within the larger part. The tab in the larger
part fits into the slot, and the left side of the spacer fits against the right side of the
larger part. For the drawing in (b), there is no need to include the dimension of 23 on 
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FIGURE 15.10. Dimensioning
terminology.
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40

50

20
30

20

1020 20 20

10

20

10

10202020

10

20

Ø20

(a) (b)

Pictorial for clarity

NO!      Redundant dimensions Yes      Dimensions given once

FIGURE 15.11. Redundant dimensions in (a) are poor practice. Dimensions in (b) are shown
once in the view best suited for viewing.

20 15 20

55

20

10

30

FIGURE 15.12. Redundant dimensions.

the right of the part since it is not really critical. The overall dimension is more impor-
tant in this context. Overall dimensions help to define outer boundaries of parts
quickly. Figure 15.13(c) is not appropriate in this situation. The critical dimension of
20 is omitted, and the noncritical dimension of 23 is included. It is being left to chance
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that the feature whose size is 20 will be correct based on the other three dimensions
being manufactured to their exact correct sizes.

When the “inside” dimensions are more important or more critical than the overall
dimension, the overall dimension should be identified as a reference dimension. In
Figure 15.14 (a), the two tabs on the spacer fit into two holes in the larger part. In this
case, the sizes of the tabs and the space between them are critical for the parts to fit
together. In this case, the overall dimension is given as a reference dimension so the per-
son making the part does not have to add the three dimensions to figure out the over-
all size. Reference dimensions, like the overall dimension in (b), are identified by
enclosing them in parentheses. Here the person inspecting the parts can use the overall
dimension as a quick check.
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FIGURE 15.13. Dimensions applied, considering the fit and function of the part 
named SPACER.
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REFERENCE DIMENSION

FIGURE 15.14. Reference dimensions.
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Geometrically Correct, but Still Wrong!
Why does it matter what dimensions are given if all of the geometry is defined? It may
not matter if you are converting 3-D CAD data directly to produce molds for plastic
parts, STL (stereolithography) file data for rapid prototyping, or tool paths for CNC
machining. However, when drawings are being used to document parts for manufac-
ture, accepted rules and practices must be followed to ensure acceptable results.

15.06.01 Different Ways of Specifying the Same
Geometry
One of the first things to recognize when dimensioning objects is that there are stan-
dards for specifying particular types of geometry. For example, circles are typically
dimensioned as diameters (Ø), and arcs are dimensioned as radii (see Figure 15.15).
Circles are dimensioned with diameters since they typically represent machined holes,
and machined holes are produced with standard tools that are defined by diameter
dimensions. If the part in Figure 15.15 is a gasket, the three holes must line up with
three holes on mating parts. Therefore, the 35 and the 70 dimensions are important
dimensions to include since they identify the centers of the holes. Although the 
94 dimension might be of interest to someone knowing the overall width of the object,
it is not critical for defining the geometry. For the part shown in (a), the overall width
can be determined by adding the 70 to the radii on the ends if necessary.

15.06.02 Identifying and Specifying the Critical
Dimensions for Part Function
As you get more experience in engineering and design, one skill you will acquire is the
ability to identify the critical dimensions on parts. In fact, by carefully planning the way
a part is dimensioned, you may be able to eliminate potential errors in assembly.
Examine the SPACER shown in Figure 15.16. The purpose of this part is to make sure
the vise assembly stays together when the vise is opened to its maximum width. What
are the critical dimensions on the SPACER? Are the overall height and width dimen-
sions critical? To some extent yes, but the most important dimensions are the size of
the machined holes and the distance between the two holes. The size of the holes is crit-
ical because the cylindrical bars must fit correctly in the holes. The location dimension
between the holes is important because it ensures that both bars line up with both
holes. For this example, you are going to concentrate on dimensioning the location of
the holes. 
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FIGURE 15.15. Proper dimensioning of circles and arcs.
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Figure 15.17 includes two examples of dimensioning the location of the holes on
the spacer from the assembly shown in Figure 15.16. You might be asking yourself, why
does it matter whether you dimension the holes from the ends of the part (b) or give the
dimension between the centers (a)?

Imagine the parts are manufactured according to the fixture shown in Figure 15.18.
A jig has been set up such that the SPACER stock material is slid into the jig, held down,
and then cut to its overall length of 70 mm. Next, a machinist uses the dimensions on
the drawing you prepared to locate and drill the two holes. What happens if during the
day of manufacturing parts, the jig begins to slip? By the end of the day, the overall
length of the parts are coming out to be 72 mm instead of 70 mm. If the machinist used
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FIGURE 15.16. The vise assembly SPACER.
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FIGURE 15.17. Two possible dimensioned drawings of the SPACER.
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the drawing in Figure 15.17(a) to locate and drill the holes, the parts would not function
since the distance between the holes is probably 42 mm instead of 40 mm (72 − 30 = 42).
If the drawing in Figure 15.17(b) was used to machine the parts, the overall length
would still be incorrect, but the distance between the holes would be right. The
SPACER would still function, and the additional material could be removed if necessary.

15.06.03 Baseline versus Chain Dimensioning
There are many different ways to locate features. As mentioned already, starting with
an examination of how the part will function within the assembly is the best way to
begin determining which dimensions are most important. Two of the main types of
dimensioning techniques are baseline and chain.

Baseline dimensioning is illustrated in Figure 15.19. Notice how all of the dimen-
sions in a given direction originate from a base or datum. This type of dimensioning is
frequently used for CNC machines that work from a rectangular coordinate system.
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FIGURE 15.19. Baseline dimensioning.
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Chain dimensioning is shown in Figure 15.20. In this system, features are
dimensioned relative to one another. This is appropriate when part function
requires that features be related to one another, as discussed previously for the part
in Figure 15.17(b). As you will see in the next chapter, chain dimensioning can cause
problems with tolerance accumulation; so baseline dimensioning is often preferred,
However, there are times when chain dimensioning is appropriate.

15.06.04 What Types of Dimensions Can Be Measured
and Checked?
As was discussed earlier, it is important that you give dimensions that make sense to
the person who is manufacturing or constructing the object you are designing. When
dimensioning holes, you dimension to their centers because the machinist will locate
the same points and center the drill bit at that location. When dimensioning parts, you
also should select dimensions that can be measured. The object in Figure 15.21(a) is
dimensioned to locate the center of the R50 arc. It would be very difficult for the per-
son inspecting the part to locate the center of the arc since it is not on the object. In
Figure 15.21(b), the ends of the arc are dimensioned, as well as the radius. This is better
practice because the linear dimensions on the final part can be easily checked with
standard measuring tools.
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FIGURE 15.21. Checking the location of an arc center.
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Guidelines to Guide Your Lines
As you dimension more parts, you will get a better idea about where to place particular
dimensions. As mentioned earlier in the chapter, showing dimensions in the view
where the contour or shape of the object shows up the best is a good global rule to fol-
low. There are some exceptions; but for most parts, following this contour rule is good
practice. Figure 15.22(a) shows an example of poor dimensioning. Notice that the con-
tour of the slot shows up the best in the right-side view; but the depth dimension of 16
is given in the top view, and the height dimension of 5 is given in the front. The size and
location dimensions for the hole also are not clear in Figure 15.22(a). The diameter of 8
and the location dimension of 30 from the left side should both be in the top view, not
the front view. Figure (b) shows the hole correctly dimensioned in the view where its
size, location, and shape show up the best (top view).
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FIGURE 15.22. Contour dimensioning.
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As an illustration of the process used in picking the correct view for dimensions,
this example can be broken down into smaller steps. Figure 15.23 illustrates a step-by-
step feature breakdown of the CONTOUR BLOCK. A solid model of the first feature is
shown in Figure 15.23(a). This feature is defined by three dimensions shown in (b): the
radius of the arc (R15), the distance from the left side of the part to the center of the arc
(30), and the height of the feature (10). Based on following contour dimensioning, the
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FIGURE 15.23. Dimensioning breakdown of the CONTOUR BLOCK.
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R15 and 30 dimensions show up best in the top view; but the 10 dimension is best
placed in the front view. The next feature is the extruded piece on the left side of the
part shown in Figure 15.22(c). This feature is defined by the two dimensions in 
(d): the height of the feature from the bottom of the part (25) and the width of the part (9).
The front view is the only view where the 9 dimension clearly shows the width of the
extrusion. The height of the extrusion (25) can be shown in either the front or right-
side views; but since you will be putting other dimensions in the right-side view, it is
better to group them. The rectangular cut feature is shown in Figure 15.23(e). This fea-
ture is defined by three dimensions in (f ): the height of the cut (5), the depth of the 
cut (16), and a location dimension for the cut (7). The contour of this feature is best
seen in the side view, so that is where these three dimensions should be located. The last
feature of this part is the hole shown in Figure 15.23(g). Since the hole has the same
center as the arc, there is no need for a location dimension. The only dimension neces-
sary for the hole feature is the diameter. Figure 15.23(h) illustrates how this dimension
shows up best in the top view, where the hole’s contour is most clearly seen.

15.07.01 Solid Lines Only
Another good rule of thumb to follow when dimensioning is to dimension only to vis-
ible or solid lines. This is related to the contour rule. In Figure 15.24(a), notice how the
extension line of the 10 dimension is related to the hidden line. The dimension is much
clearer in figure (b) where the extension line extends from a visible or solid line. Also
notice the illustration of this rule on the drawing shown in Figure 15.22.

15.07.02 Placement and Spacing
As you place dimensions on drawings, you should follow established guidelines for the
distance that dimensions should be located from views, gaps between extension lines
and visible lines, lengths of arrowheads, etc. Figure 15.25 shows the standard practice
related to dimension placement and spacing. When someone is looking at your draw-
ing, the first thing that will be noticed will be the object itself. Several conventions and
standards help distinguish dimensions from object geometry. As mentioned earlier in
the book, visible lines are thick and dark to make the outline and visible edges of the
object stand out. Dimension lines, extension lines, and leader lines should be thin and
dark. Dimension lines also should be at least 10 mm (.375 inches) from any view, help-
ing to avoid clutter. When dimensions are placed outside other dimensions, there
should be at least 6 mm (.25 inches) between dimension lines. The standards for
dimensioning also require a visible gap between extension lines and object geometry.
Typically, 1 mm (.0625 inches) is a good rule of thumb. Also, extension lines should
extend just past their corresponding dimension line (2–3 mm or .125 inches).
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FIGURE 15.24. Dimensioning to solid lines.
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15.07.03 Font
Engineering drawings require the use of single-stroke gothic lettering. In addition, let-
ters should be uppercase since few languages worldwide have an upper- and a lower-
case. Typical fonts used in CAD software are Century Gothic and Romans.shx (see
Figure 15.26).

Shortcuts
The last 20 years have seen a shift toward the use of symbols to define features on draw-
ings rather than notes written in English. Since many companies have adopted inter-
national standards for design and production and they must be able to communicate
in a universal language that everyone understands, symbols often lend themselves to
clarity of design intent. Some of these symbols are used in the shortcuts representing
dimensions for diameters, radii, chamfers, machined holes, threads, and standard fea-
tures as described in the following sections.

15.08.01 Diameters and Radii
As shown earlier in the chapter in Figure 15.15, circles are dimensioned as diameters
using the Ø symbol and arcs are dimensioned as radii using the R symbol. Both symbols
are shown preceding the dimension value. For holes, diameter dimensions are usually
shown in the view where the hole appears as a circle since that is the view of the part a
machinist will see when the hole is being produced. When the diameter of a cylinder is
dimensioned, however, the dimension should be placed in the rectangular view of the fea-
ture (see Figure 15.27). This helps distinguish holes from positive space cylinders.

Figure 15.28 illustrates several options for dimensioning arcs. When the arc is large
enough, as in (a), the leader line and text can be placed on the inside of the arc. In 
(b), the arc is not large enough to place the text on the inside. In this case, the leader line
should extend through the arc with the text on the outside. With small arcs such as (c)
and (d), the leader line and the text should be placed on the outside.
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15.08.02 Chamfers
Chamfers are beveled or angled edges that typically appear on the ends of shafts or fas-
teners to aid in assembling parts or to smooth out rough edges. They are dimensioned
by giving a length from the end of the part and an angle or by specifying two distances.
Figure 15.29 illustrates the different options for dimensioning a chamfer.

15.08.03 Standard Machined Holes: Countersinks and
Counterbores
The use of symbols also is very important when you are dimensioning the sizes of
machined holes such as counterbores, countersinks, spotfaced holes, and blind holes.
Take a look at Figure 15.30. Symbols used in the top view represent the different types
of machined holes. In these examples, v represents a counterbore, w represents a
countersink, and x is the symbol used for specifying depth. Note that according to
standard practice, no manufacturing processes are specified (e.g., drill, ream, or bore).
■ Figure 15.30(a) illustrates a standard drill hole with a diameter of 8 mm.
■ Figure 15.30(b) illustrates a blind hole with the same diameter. The depth of 15 is

measured from the top surface to the horizontal line at the bottom of the cylindri-
cal portion of the hole, not the point.

■ A counterbore hole is shown in (c). The 8 diameter indicates the original drill size, the
15 diameter is the size of the counterbore, and the 7 is the depth of the counterbore.
Counterbore holes are used to accept fillister head and hex socket head screws.

■ Figure 15.30(d) illustrates a countersink. The 8 indicates the original drill diameter,
the 14 is the diameter of the countersink, and the 82° is the angle of the counter-
sink bit. Countersunk holes are used for applications with flat head and oval
head screws.
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FIGURE 15.29. Dimensioning chamfers.
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■ A spotface hole is shown in (e). Spotfacing is used to clean off the rough surface of a
cast part typically to accept a hexagon head type screw. The format of the dimen-
sion is the same as the counterbore; however, the depth dimension may be left off
if a company uses a standard spotface depth.

It should be noted that you string the symbols together in the order that a machin-
ist would perform the operations. For example, in Figure 15.30(c), the diameter of the
through hole is given first, followed by the diameter and depth of the counterbore.
These symbols are included in that order because a machinist would first drill the hole
and then make the counterbore at that location.

When multiple holes with the same size are present, only dimension one of the
holes. The X symbol is used to indicate how many times that particular hole is
machined. In Figure 15.31, 4X is placed before the counterbored hole dimension to
indicate that four holes require that size dimension.

15.08.04 Slots
Slots are produced with standard tools such as milling bits. Since these tools are specified
by their diameters, slots also should be dimensioned by their diameters. Figure 15.32
shows several acceptable ways that slots can be dimensioned. Notice that in each case, the
end radii are indicated but not dimensioned.
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Notes
Most drawings require some type of note or notes in addition to the dimensions on the
drawing in order to fully define the part. Since the purpose of your drawing is to give all
of the information necessary to manufacture the part, some pieces of information cannot
easily be shown in typical dimensions. No matter what type of notes are being shown, all
of them should be placed so they are read from the bottom of the sheet of paper.

15.09.01 General Notes
General notes typically appear in the lower right-hand corner of a drawing and apply to
the whole drawing. Some may be located in the titleblock. Examples of general notes
are as follows:

MATERIAL: CAST IRON
FAO (finish all over)
ALL DIMENSIONS ARE IN MILLIMETERS
ALL DIMENSIONS `0.1 UNLESS OTHERWISE SPECIFIED
BREAK ALL SHARP EDGES

15.09.02 Local Notes
Local notes appear on the drawing views and are usually specified with a leader line.
Like general notes, local notes are used to specify information that cannot be shown
with regular dimensions. Figure 15.33 includes examples of local notes.

chapter 15 Dimensioning 15-21

20

10

2X R 2X R

10 x 30

2X R

10

30

FIGURE 15.32. Dimensioning slots.

15.09

PITCH 0.9 RAISED
DIAMOND KNURL

20 FULL KNURL

10

Ø30

KEYWAY
6 WIDE X 4 DEEP

FIGURE 15.33. Using local notes.

42496_19_ch15_p15.1-15.36  12/13/07  8:01 AM  Page 21



Considerations for 3-D Modeling
Now that you have covered all of the rules and guidelines for dimensioning, take some
time to think about what all of this means as you are creating parts using a 
3-D modeler. If you have already been creating solid models, you probably noticed that
drawings sometimes require more dimensions than what you would use when model-
ing. This happens because you can imbed certain geometric relations or constraints
within a 3-D model that must be explicitly pointed out on a drawing. Figure 15.34
illustrates this idea. Notice that the drawing includes dimensions from the center of
the hole to the ends of the part, but the 3-D model sketch does not. A machinist would
need to know this information to locate the hole in the center of the part. The sketch
incorporates symmetric constraints between the outside lines and their corresponding
center line.

Since these differences between the dimensions are required in 3-D models and the
drawings are required for documenting the parts, drawings with dimensions for manu-
facturing are typically done at the end of the design process instead of at the beginning.
As you model parts, you want to add geometric and dimensional constraints that cap-
ture the design intent for each part. Documentation drawings can then be completed
with dimensions for manufacture when the design is complete.

One of the nice features of constraint-based modelers is the ability of the software
to let you know when geometry has been underdimensioned or overdimensioned. Your
goal should be to fully define the geometry with geometric and dimensional con-
straints. If a constraint or constraints are missing, the software usually has some type
of indicator that the geometry is underdefined. When geometry is underdefined, you
should be able to grab entities and move them. When too many dimensions or geomet-
ric constraints are present, the software lets you know that the geometry is overdefined
or overconstrained. To correct this problem, you must delete a dimension or geometric
constraint that is in conflict with other constraints.

Dimensions for the Plate Example
Return to the senario where you work for the company that manufactures hardware for
household doors. You were asked to think about several questions. What are the dimen-
sions needed to manufacture the plate in Figure 15.35? What are the critical dimensions
that must be given? What are some of the standard dimensions that exist on other parts
or previous parts?

Figure 15.36 shows an example of how the part might be dimensioned. The critical
dimensions on the plate are the distances between the countersunk holes and the cen-
ter hole, the sizes of the holes, and the overall size of the plate (since it must fit in the
door properly).
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The plate drawing includes dimensions that may not be present in the constraint-
based solid model. Since symmetric geometric constraints may have been incorporated
into the model, the highlighted dimensions may not exist in the 3-D solid model data-
base. These dimensions will need to be specified on the drawing to ensure that the part
is manufactured properly.

Fundamental Rules for Dimensioning
This chapter contains best practice suggestions for dimensioning a part; however, as
stated previously, ASME Y14.5M-1994 is the accepted standard for dimensioning prac-
tice. The following fundamental rules are quoted from the ASME Y14.5M-1994 stan-
dards for Dimensioning and Tolerancing. For a complete listing of the standards, see
ASME Y14.5M-1994.

a. Each dimension shall have a tolerance, except for those dimensions specifically
identified as reference, maximum, minimum, or stock (commercial stock size).
The tolerance may be applied directly to a dimension (or indirectly in the case of
basic dimensions), indicated by a general note, or located in a supplementary
block of the drawing format.

b. Dimensioning and tolerancing shall be complete so there is full understanding of
the characteristic of each feature. Neither scaling (measuring the size of a feature
directly from an engineering drawing) nor assumption of a distance of size is
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permitted, except as follows: Undimensioned drawings, such as loft, printed
wiring, templates, and master layouts prepared on stable material, are excluded
provided the necessary control dimensions are specified.

c. Each necessary dimension of an end product shall be shown. No more dimen-
sions than those necessary for complete definition shall be given. The use of refer-
ence dimensions on a drawing should be minimized.

d. Dimensions shall be selected and arranged to suit the function and mating rela-
tionship of a part and shall not be subject to more than one interpretation.

e. The drawing should define a part without specifying manufacturing methods.
Thus, only the diameter of a hole is given without indicating whether it is to be
drilled, reamed, punched, or made by any other operation. However, in those
instances where manufacturing, processing, quality assurance, or environmental
information is essential to the definition of engineering requirements, it shall be
specified on the drawing or in a document referenced on the drawing.

f. It is permissible to identify as nonmandatory certain processing dimensions that
provide for finish allowance, shrink allowance, and other requirements, provided
the final dimensions are given on the drawing. Nonmandatory processing dimen-
sions shall be identified by an appropriate note, such as NON-MANDATORY
(MFG DATA).

g. Dimensions should be arranged to provide required information for optimum
readability. Dimensions should be shown in true profile views and refer to visible
outlines.

h. Wires, cables, sheets, rods, and other materials manufactured to gage or code num-
bers shall be specified by linear dimensions indicating the diameter or thickness.
Gage or code numbers may be shown in parentheses following the dimension.

i. A 90° angle applies where center lines and lines depicting features are shown on a
drawing at right angles and no angle is specified.

j. A 90° basic angle applies where centerlines of features in a pattern or surfaces
shown at right angles on the drawing are located or defined by basic dimensions
and no angle is specified.

k. Unless otherwise specified, all dimensions are applicable at 20°C (68°F). Compen-
sation may be made for measurements made at other temperatures.

l. All dimensions and tolerances apply in a free state condition. This principle does
not apply to non-rigid parts.

m. Unless otherwise specified, all geometric tolerances apply for full depth, length,
and width of the feature.

n. Dimensions and tolerances apply only at the drawing level where they are speci-
fied. A dimension specified for a given feature on one level of drawing (for exam-
ple, a detail drawing) is not mandatory for that feature at any other level (for
example, an assembly drawing).

Chapter Summary
This chapter provided an introduction to dimensioning. The chapter discussed how all
dimensions have a tolerance and how tolerances are important for the function of
designs. Dimensioning, like other drawing topics, follows fairly specific standards or
rules. Whether dimensioning in inches or millimeters, you must follow these stan-
dards. This chapter also covered techniques for dimensioning different features, such
as standard parts, machined holes, and notes.

The next chapter will discuss tolerance dimensioning in more detail, as well as
introduce the topic of geometric dimensioning and tolerancing. These topics are key to
the production of parts that are based on the specific intent of the designer.
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ANSI Y14.5 (ASME Y14.5M-1994): Industry stan-
dard document that outlines uniform practices for dis-
playing and interpreting dimensions and related
information on drawings and other forms of engineer-
ing documentation.
arrowhead: A small triangle at the end of dimension
lines and leaders to indicate the direction and extent of
a dimension.
baseline dimensioning: A system of dimensioning
where each feature is dimensioned from the same origin.
chain dimensioning: A system of dimensioning where
features are dimensioned from one another instead of
from an origin.
contour dimensioning: Placing each dimension in
the view where the contour or shape of the feature
shows up best.
contour rule: A drawing practice where each dimen-
sion should be placed in the view where the contour
shape is best shown.
dimension: A numerical value expressed in appropriate
units of measure and used to define the size, location,

geometric characteristic, or surface texture of a part or
part feature.
dimension line: A thin, dark, solid line that terminates
at each end with arrowheads. The value of a dimension
typically is shown in the center of the dimension line.
extension line: A thin, dark, solid line extending from
a point on an object, perpendicular to a dimension line
used to indicate the extension of a surface or point to a
location preferably outside the part outline.
leader: A thin, dark, solid line terminating with an
arrowhead at one end and a dimension, note, or symbol
at the other end.
location: A dimension associated with the position of a
feature on a part.
size: The general term for the size of a feature, such as a
hole, cylinder, or set of opposed parallel surfaces.
tolerance: The total amount a specific dimension is
permitted to vary. It is the difference between the upper
and lower limits of the dimension.

15.14 glossary of key terms

1. What is the current standard for dimensioning and
tolerancing in the United States?

2. Explain the difference between dimensioning stan-
dards for inches and the standards for millimeters.

3. List at least four fundamental rules for dimensioning.

4. What are the correct line types and darkness for
dimension lines, extension lines, and leaders?

5. When a two-view drawing of a simple rectangular
block is given, what dimensions are necessary?

6. Explain the difference between baseline and chain
dimensioning.

7. What is contour dimensioning?

8. What are the standard symbols for diameter, radius,
counterbore, countersink, and depth?

9. Explain why the dimensions for a constraint-based
solid model of a design may be different from the
dimensions that appear on a detail drawing of the part.

15.15 questions for review
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15.16 problems
1. Sketch the necessary dimensions to fully define each object shown in Figure P15.1. Do not use redundant or refer-

ence dimensions.

(a) (b)

(c) (d)

(e) (f)

FIGURE P15.1. 
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15.16 problems (continued)
2. Scale and copy the drawings shown in Figure P15.2, leaving sufficient space between the views to add dimensions. Add

the necessary dimensions to fully define each object. Add additional views as necessary to conform to the dimensioning
guidelines in this chapter. Do not use redundant or reference dimensions.

D

B

E

C

F

A

J

H

K

I

L

G
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15.16 problems (continued)

AA

DD

BB

EE

CC

FF

JJ

GG HH II

LLKK

FIGURE P15.2. 
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15.16 problems (continued)
3. Scale and copy the drawings shown in Figure P15.3, leaving sufficient space between the views to add dimensions. Add

the necessary dimensions to fully define each object. Add additional views and section views as necessary to conform
to the dimensioning guidelines in this chapter. Whenever possible, apply accepted shortcut practices to describe
appropriate features. Do not use redundant or reference dimensions.

(a) (b)

(c) (d)

(e) (f )
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15.16 problems (continued)

(g)

(h)

(i) ( j)

(k)

(l)
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15.16 problems (continued)

(m) (n)

(o) (p)

(q)
(r)
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15.16 problems (continued)

(s)
(t)

(u)

FIGURE P15.3. 
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15.16 problems (continued)
4. In Figure P15.4, consider the function of the indicated parts shown in their intended assemblies. For each draw-

ing, add the necessary dimensions to fully define the object, giving consideration to the critical dimensions neces-
sary for each part to fit and function in its intended assembly.

PLATE

DOOR STOP

(DOOR)

SLIDE

(a)

(b)

(c)
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15.16 problems (continued)

LINK

PLATE

CAM LOCK

(d)

(e)

(f)
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15.16 problems (continued)

(g)

(h)

(i)

GASKET

BEARING

SPACER

FIGURE P15.4. 
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1

Tolerancing

objectives
After completing this chapter, you should be able to
● Describe the purpose of conventional tolerancing and its

limitations
● Use standard tables to specify an appropriate fit between

two mating parts
● Explain the advantages of using geometric dimensioning and

tolerancing (GD&T) over conventional tolerancing
● Recognize the datum reference frame on a drawing with

geometric dimensions and tolerances
● Describe the tolerance zone shape for each geometric

tolerance
● Correctly read the feature control frames on a drawing with

geometric dimensions and tolerances

16

16-1
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I n the previous chapter, you learned some of the basics for displaying dimen-
sions correctly and, to some extent, how to select appropriate dimensions to
describe the size and location of features on objects. This chapter will look at

dimensioning objects for interchangeable manufacturing. Interchangeable
manufacturing is the process by which parts are made at different locations and
brought together for assembly. For many industries, this process enables third-
party companies to produce replacement parts or custom parts.

The first topic in this chapter deals with the amount of tolerance required. In
previous chapters, the tolerance of a dimension was defined as the total amount
the tolerance could vary. Since it is impossible to make anything perfectly, design
engineers must define a range of acceptable tolerance for manufacturing. If you
specify a small value for a tolerance, such as .0001 mm, the machining cost will be
high because of the required accuracy. As the tolerance value gets larger, the cost
of fabrication usually gets smaller. If you are in the business of making children’s
toys from plastic materials, it is unlikely that you will be specifying tolerance values
such as .0001 mm. If you are designing engine parts for space missions, you may
need to require very small tolerances.

It is rare to find companies that manufacture products where all parts in the
final assembly have been produced at the same location. It is more likely that
parts for the final assembly are manufactured at different facilities around the
world. By using standard practices for tolerance dimensioning, manufacturers
can be confident that parts will fit together as intended. This is critical in the
specification of parts that might be manfuctured by subcontractors or by other
divisions of a company.

16.01
introduction

16.01.01 Relationships between Different Parts
When doing engineering design work, it is rare to design parts that do not interact
with other parts. In most cases, it is necessary to specify the intended fit between
parts. Examine the WHEEL ASSEMBLY in Figure 16.01. The intent of the design is to
have the WHEEL spin freely as it rolls against the ground. For this to happen, there
must be a clearance of material, or space, between some of the parts in the assembly. In
the case of the WHEEL ASSEMBLY, the intent is for the BUSHINGS to fit tightly into
the WHEEL, the SHAFT to fit tightly within the side supports, and the BUSHINGS to
spin freely around the SHAFT. The largest diameter of the SHAFT and the hole
through the BUSHING are both about 3/4”. To ensure that the BUSHINGS spin
about the SHAFT, the designer must specify a size range for each part. Tolerance is the
specific amount a particular dimension can vary. The SHAFT and BUSHING draw-
ings appear in Figure 16.02. The size range for the largest diameter of the SHAFT is
.7435-.7455, and the range for the hole in the BUSHING is .7500-.7535. If each part 
is machined within the stated size range, the BUSHING diameter will be larger than
the SHAFT diameter and the BUSHING will be free to spin about the SHAFT.

16.01.02 Problems with Inexperience in New Engineers
One of the main obstacles for new engineers is their lack of experience. Until they gain
some valuable experience on the job, they are likely to have a difficult time making all
of the correct design decisions. Lack of experience can be a problem in several areas.

First, not knowing the history or function of a product can put young engineers at
a disadvantage. For example, the WHEEL ASSEMBLY in Figure 16.01 has several
intended fits. It is important for an engineer to know why certain fits exist between
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parts so the assembly will function properly. It is important for the engineer to know
what materials will yield the best results within the assembly. Here are some other ques-
tions the engineer might ask:
■ How will the parts be manufactured?
■ Several parts in the WHEEL ASSEMBLY need to be cast. Does the company have a

foundry?
■ What type of machining operations can the company complete?
■ What subcontractors does the company typically use? 

All of these issues concerning product history and function tend to put young
engineers at a disadvantage.
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BUSHING

WHEEL

SHAFT

FIGURE 16.01. A WHEEL
assembly.

3.750

2.625.563

.5016

.5012Ø
.7455
.7435Ø

.125

1.000

Ø1.250

.7535

.7500Ø

1.0008
1.0000Ø

FIGURE 16.02. Detail drawings
of the SHAFT and BUSHING.
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Another area that can create problems for young engineers is applying inappropri-
ate tolerance values to dimensions. Applying too small of a tolerance value might cause
problems for a machinist. For example, if an engineer applies a toleranced dimension
of .750000-.750035 to the BUSHING in Figure 16.02, the machinist might not be able
to machine the hole with a tolerance that small. If the machinist can machine the hole
with that small of a tolerance, the cost will probably be higher than that of a larger tol-
erance value. However, if the engineer applies a tolerance value that is too loose (for
example, .700-.750), the part may not function properly.

Inexperience also can be a problem when dealing with geometric dimensions
and tolerances. As you will see later in the chapter, selecting an appropriate datum
reference frame or coordinate system for geometric tolerancing is critical. Selecting
appropriate dimensions is something that requires time and meaningful experiences
on the job.

Formats for Tolerances
Tolerance dimensions can be displayed in several common formats: unilateral, bilat-
eral, and limit dimensions. Figure 16.03 illustrates the differences between metric and
inch conventions for displaying the number of decimal places. For each of these types
of tolerance dimensions, a range is given from a specified basic size from which the lim-
its were derived. For all of the metric examples in Figure 16.03, the basic size is 35. The
basic size for the unilateral inch example is .500.

In a unilateral tolerance, all of the deviation is in one direction from the basic size.
The tolerance is either all above or all below the basic size of the dimension. For metric
dimensions, a single zero is shown without a plus or minus sign. When a designer is
dimensioning in inches, the tolerance value is expressed with the same number of deci-
mal places as the basic size and the appropriate plus or minus size is added.

Bilateral tolerances are tolerances where the deviation is divided in some way above
and below the basic size of the dimension. The tolerance can be equally or unequally
distributed about the basic size.

Limit dimensions are displayed with the high limit above the low limit. If the
dimension is displayed on a single line, the low limit appears before the high limit.
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16.02

35.05
35.00

35 +0.05
0

35+0.25
-0.10

35 ±0.05

-0.05
035UNILATERAL
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LIMIT

Unequal

Equal

METRIC INCHES

-.000
+.005.500

.750 ±.005

-.010
+.0081.000

.248

.250

.500 +.005
0not

not .75 ±.005

.25

.248
not

not -0.1
+0.2535

not
35
35.05

1.000 +.008
-.01

not 35.00 ±0.05

not

or

FIGURE 16.03. Formats for tolerance dimensioning in millimeters and inches.
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Tolerance Buildup Problems
As a designer working with tolerance dimensions, one thing you must consider is the
buildup, or accumulation, of tolerances. When you are using tolerance dimensions,
accumulation can occur in several ways.

16.03.01 Tolerance Buildup with Chain, Baseline, and
Direct Dimensioning
Tolerance buildup, or accumulation, between features can be minimized depending on
the type of dimensioning used. Chain dimensioning usually yields the largest accu-
mulation of tolerance between features. The maximum variation or distance between
features is equal to the sum of the intermediate distances. In Figure 16.04, the total tol-
erance accumulation between points X and Y is ±0.15. The distance between points X
and Y is the sum of three dimensions: 20±0.05 + 25±0.05 + 25±0.05. If all three dimen-
sions are machined to their maximum values, the result is 70.15. If they are machined
to their minimum values, the result is 69.85.

Baseline dimensioning can eliminate some of the accumulation of tolerances. In
this system, the maximum variation between two features is the sum of the tolerances
on the two dimensions from their origin to the two features. In Figure 16.05, the feature
at X is located from the baseline with a 25 ±0.05 dimension and the feature at Y is
located from the baseline with a 95 ±0.05 dimension. The tolerance buildup between the
surfaces at X and Y is ±0.1. The distance between points X and Y is the difference
between two dimensions: 95±0.05 - 25±0.05. If the 95±0.05 dimension is machined at its
maxium value and the 25±0.05 dimension is machined at its minimum value, the result
is 70.1. If the 95±0.05 dimension is machined at its minimum value and the 25±0.05
dimension is machined at its maximum value, the result is 69.9.
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16.03

25±.05 20±.05 25±.05 25±.05

X

Y

Error is ±0.15 

FIGURE 16.04. Tolerance accumulation with CHAIN
dimensioning.

25±.05

45±.05

70±.05

95±.05

Y

X

Error is ±0.10 

FIGURE 16.05. Tolerance accumulation with BASELINE
dimensioning.
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Direct dimensioning offers the best way to eliminate tolerance accumulation.
This method involves placing a single dimension between two key points to minimize
the tolerance accumulation. As shown in Figure 16.06, the total tolerance between fea-
tures X and Y is only the tolerance on the one dimension between the two features. In
this case, that tolerance is ±0.05.

16.03.02 Statistical Tolerance Control
Statistical tolerancing is a way to assign tolerances based on sound statistical prac-
tices rather than conventional tolerancing practices. It can be applied only when appro-
priate statistical process control methods are used for manufacturing. When
conventional tolerancing methods are used, often the total assembly tolerance is
divided by the number of individual parts in the assembly. A portion of this assembly
tolerance is then assigned to each component. The problem with this method is that it
usually results in tolerance values being more restrictive than necessary. When manu-
facturing processes are monitored by statistical process controls, technicians and engi-
neers are better informed about processes for which tolerance values can be increased
to reduce manufacturing costs. Figure 16.07 illustrates an example where a statistical
tolerance is given with an arithmetic tolerance. In this case, the 12 ±0.05 dimension is
appropriate when statistical process controls are in place. When those controls are not
in place, the 12 ±0.02 dimension is applied.
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25±.05

45±.05

70±.05

70±.05

X

Y

Error is ±0.05 

FIGURE 16.06. Tolerance accumulation with DIRECT dimensioning.

Ø12±0.02

Ø12±0.05 ST

FEATURES IDENTIFIED AS STATISTICALLY TOLERACED SHALL BE
PRODUCED WITH STATISTICAL PROCESS CONTROLS OR TO THE
MORE RESTRICTIVE ARITHMETIC LIMITS.

FIGURE 16.07. Tolerancing with statistical process control.
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Use of Tables for Fits
As mentioned at the beginning of the chapter, the intent of a design requires that you
accurately specify fits between mating parts. For just about every application, you will
be defining the looseness or tightness of the fit. As you design parts, you will be speci-
fying fits using standard tables and recognized types of fits.

16.04.01 Types of Fits
Fits can be classified as one of the following:
■ Clearance fit—Specifying the limits of size in such a way that a clearance or space

always exists between mating parts. Figure 16.08 shows a machined hole with a
limit dimension of 1.5000-1.5016 and a machined shaft with a limit dimension of
1.4990-1.4980. If both parts are machined within the stated limits of size, space
will always exist between the two parts.

■ Interference fit—Specifying the limits of size in such a way that an interference of
material always exists between mating parts. Figure 16.09 shows a machined hole
with a limit dimension of 1.5000-1.5006 and a machined shaft with a limit dimen-
sion of 1.5009-1.5013. If both parts are machined within the stated limits of size,
material interference will always exist between the two parts.

■ Transition fit—Specifying the limits of size in such a way that either a clearance or
interference fit will exist when mating parts are assembled. Figure 16.10 shows a
machined hole with a limit dimension of 1.5000-1.5012 and a machined shaft with a
limit dimension of 1.5008-1.5015. If the hole is machined at its upper limit (1.5012)
and the shaft is machined at its lower limit (1.5008), the result will be a clearance fit.
On the other hand, if the hole is machined at its lower limit (1.5000) and the shaft is
machined at its upper limit (1.5015), the result will be an interference fit.

You may be wondering why anyone would specify such a fit. It is almost as if the
person cannot make up his or her mind about the type of fit that is necessary.
Transition fits are typically associated with selective assembly. Selective assembly
involves measuring parts after they are machined and matching them up with appro-
priate mating parts. Manufacturing parts to tight or small tolerances is expensive. With
transition fits, tolerances can be “opened up,” or made larger, so that manufacturing
the individual parts is less expensive.
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16.04

1.5016
1.5000

Ø
1.4990
1.4980

Ø

FIGURE 16.08. Specifying a CLEARANCE FIT with
limit dimensioning.

1.5006
1.5000

Ø
1.5013
1.5009

Ø

FIGURE 16.09. Specifying an INTERFERENCE FIT
with limit dimensioning.

1.5012
1.5000

Ø
1.5015
1.5008

Ø

FIGURE 16.10. Specifying a TRANSITION FIT with
limit dimensioning.
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16.04.02 Fit Terminology
You need to be familiar with some terms as you read standard fit tables or specify fits
between parts. Figure 16.11 and Figure 16.12 illustrate some of these terms.
■ Allowance—Allowance is the difference between the maximum material limits of

mating parts. It is the minimum clearance or maximum interference between
parts. To calculate allowance, subtract the upper limit of the shaft dimension
(largest cylinder) from the lower limit of the hole dimension (smallest hole). In
Figure 16.8, the allowance is 1.5000-1.4990=.0010.

■ Tolerance—Tolerance is the total permissible variation of a size. It is the difference
between the upper limit and the lower limit.

■ Basic size—The basic size is the size from which the limit dimensions were derived.
The basic size of the parts in Figures 16.8 through 16.10 is 1.500.

■ Clearance—Clearance refers to a fit where there is space between the two mating
parts. The intent is that when assembled, the shaft will spin within the hole (see
Figure 16.11).

■ Interference—Interference is a fit where the two mating parts have intersecting
nominal volumes, requiring the deformation of the parts. For example, the diame-
ter of the shaft is larger than the diameter of the hole. When assembled, the intent
is that the shaft will not spin in the hole (see Figure 16.12).

■ Hole basis or basic hole system—In this system, the basic size is applied to the lower
limit of the hole. This system is used quite often since standard tools such as
reamers and broaches are designed to machine holes no less than a particular size.
The shaft can then be machined to create the desired type of fit (see Figure 16.13).

■ Shaft basis or basic shaft system—In this system, the basic size is applied to the upper
limit of the shaft. The hole is then machined to create the desired type of fit. This
is used when several parts with different fits are required to fit on a particular
shaft (see Figure 16.14).
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BASIC SIZE

ALLOWANCE

FUNDAMENTAL
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FUNDAMENTAL
DEVIATION

MINIMUM SIZE

SHAFT
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CLEARANCE FIT
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MAXIMUM SIZE

TOLERANCE

FIGURE 16.11. Clearance fit
terminology.
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INTERFERENCE FIT

FIGURE 16.12. Interference fit
terminology.
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16.04.03 English Fits
There are five types of fits within the English, or inch, system. These fits, for which the
clearance or interference are depicted graphically in Figures 16.15 through 16.18, are
established as a starting point for determining appropriate fits between mating parts
[ANSI B4.1 – 1967 (R1994)]:
■ RC—Running or sliding clearance fit—These fits provide a similar running perform-

ance, with suitable lubrication allowance, throughout the range of sizes. The clear-
ances for the first two classes (RC1 and RC2), used chiefly as slide fits, increase
more slowly with the diameter than the other two classes do; thus, accurate loca-
tion is maintained even at the expense of free relative motion.

■ LC—Locational clearance fit—These fits are intended for parts that are normally sta-
tionary but can be freely assembled or disassembled. They range from snug fits for
parts requiring accuracy of location to medium clearance fits for parts shuch as
spigots to looser fastener fits where freedom of assembly is of prime importance.

■ LT—Locational transition fit—These fits are intended where accuracy of location is
important but a small amount of clearance or interference is permissible. They are
a compromise between clearance and interference fits.

■ LN—Locational interference fit—These fits are intended where accuracy of location is
of prime importance and where parts require rigidity and alignment with no spe-
cial requirement for bore pressure. Such fits are not intended for parts designed to
transmit frictional loads from one part to another by virtue of the tightness of fit,
as these conditions are covered by force fits.
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1.498
1.495
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FIGURE 16.13. A basic hole system.

1.500
1.498
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FIGURE 16.14. A basic shaft system.
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FIGURE 16.15. Running and sliding fits.
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■ FN—Force or shrink fit—These types of interference fits are usually characterized by
maintenance of constant bore pressures throughout the range of sizes. Therefore,
the interference varies almost directly with diameter and the difference between its
minimum and maximum value is small to maintain the resulting pressures within
reasonable limits.
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FIGURE 16.16. Locational clearance fits.
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FIGURE 16.17. Locational transition fits.
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16.04.04 Metric Fits
There are nine types of fits within the metric system. These fits are established as a
starting point for determining appropriate fits between mating parts. Figure 16.19
shows the symbol designations for hole basis and shaft basis fits. The clearance and
interference for these fits are depicted graphically in Figures 16.15 through 16.18.
■ Loose running fit—These fits are for wide commercial tolerances or allowances on

external members.
■ Free running fit—These fits are not for use where accuracy is essential, but are good

for large temperature variations, high running speeds, and heavy journal pressures.
■ Close running fit—These fits are for running on accurate machines and for ensuring

accurate location at moderate speeds and journal pressures.
■ Sliding fit—These fits are not intended to run freely, but are intended to move and

turn freely and locate accurately.
■ Locational clearance fit—These fits provide snug fit for locating stationary parts; they

can be freely assembled and disassembled.
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FIGURE 16.18. Locational interference and force fits.
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FIGURE 16.19. Metric fit table.
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FIGURE 16.21. Metric shaft
basis fits.
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■ Locational transition fit—These fits provide for accurate location and a compromise
between clearance and interference.

■ Locational interference fit—These fits are for parts requiring rigidity and alignment
with prime accuracy of location but without special bore pressure requirements.

■ Medium drive fit—These fits are for ordinary steel parts or shrink fits on light
sections—the tightest fit usable with cast iron.

■ Force fit—These fits are suitable for parts that can be highly stressed or for shrink
fits where the heavy pressure forces required are impractical.

16.04.05 Fits Tables
Figure 16.22 shows a standard table for fits in the English system of units. When spec-
ifying an inch, or English, fit between a hole and a shaft from a standard table, use the
following guidelines:
■ Determine the type of fit appropriate for the design and locate the 

corresponding table.
■ Determine the basic size of the parts.
■ Find the size range on the table.
■ Determine the tolerances for the hole and the shaft.
■ Remember that values on the English tables are in thousandths of an inch.

Refer to the following example to practice looking up a fit in the inch system. For
this application, a close sliding fit is appropriate (RC1 fit) and the basic size for the parts
is 1.500. On the table (see Figure 16.22), the nominal size of 1.500 falls between
1.19–1.97. The limits on the hole are -0 to +0.4. The limits on the shaft are -0.4 and -0.7.
One of the most common mistakes when working with inch tables is forgetting that
these limits are in thousandths of an inch. The upper tolerance on the hole is really
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+0.0004. The values for the shaft are really -0.0004 and -0.0007. When these values from
the table are added or subtracted from the basic size, the results are the dimensions
shown in Figure 16.23.

Figure 16.24 shows a standard table for fits in the metric system of units. Specifying
fits from ISO, or metric, tables is a little easier. The tables provide the direct values, so
there is no need to add or subtract. Follow these guidelines to determine metric fits:
■ Determine the type of fit appropriate for the design and locate the 

corresponding table.
■ Determine the basic size of the parts.
■ Find the size range on the table.
■ Determine the tolerances for the hole and the shaft.

To practice looking up a metric fit, you will use a loose running fit with a basic size of
25. In Figure 16.24, find 25 on the left side of the table. Look to the right under the
Hole and Shaft columns. The result is the dimensions shown in Figure 16.25.
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FIGURE 16.23. A close sliding fit.
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FIGURE 16.25. A loose running fit.
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Conventional Tolerancing versus Geometric
Tolerancing
Before you move on to geometric dimensioning and tolerancing (GD&T), it is impor-
tant to understand some of the limitations of conventional tolerancing—the limit or
plus/minus system of tolerancing. To begin, you will look at some terminology that is
used throughout the rest of the chapter.

16.05.01 Features With and Without Size
Professionals who deal with engineering parts use a specific language, especially con-
cerning dimensioning and tolerancing. When talking about drawings and 3-D mod-
els, they must be able to identify features with size and features without size (see
Figure 16.26). A feature is a general term that applies to an actual portion of a part,
such as a surface, pin, tab, hole, or slot. A feature with size is a cylindrical or spher-
ical surface or a set of two opposed elements or opposed parallel surfaces associated
with a size dimension. The 40 mm wide slot in Figure 16.27 is a feature of size. The
feature contains two equal and opposing parallel surfaces. Notice how the normal vec-
tors from each surface point in opposite directions. The feature defined by the 30 mm
dimension is not a feature of size. Even though the normal vectors are opposing, the
surfaces are not of equal size.

A feature without size is typically a planar surface or a feature where the nor-
mal vectors point in the same direction. The feature defined by the 30 mm dimension
in Figure 16.28 is not a feature of size since the normal vectors of the two surfaces
point in the same direction.
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FIGURE 16.30. How conventional tolerancing controls surfaces.

16.05.02 Conventional Tolerancing and Form
Sometimes it is difficult to think about imperfect parts when all of the models and draw-
ings that you generate have sharp corners and flat surfaces like those in Figure 16.29.
When parts are finally produced, imperfections exist, even if you cannot see them with
the naked eye. Surfaces may be wavy or bumpy, may have dips in them, or may be angled
slightly (see Figure 16.30). If you use conventional tolerancing to control form, you

50.05
50.00

30.05
30.00

FIGURE 16.29. Conventional toler-
ance dimensioning of a block.
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must understand the extent to which this works. Where only a conventional tolerance of
size is specified, the limits of size of an individual feature prescribe the extent to which
variations in its geometric form, as well as size, are allowed (Rule 1). Figure 16.29
shows a rectangular block with two size dimensions. When you are using conventional
tolerancing, Rule 1 states that the actual size of the object must be within the bound-
aries defined by the limit dimensions at each cross section. What this means is that con-
ventional tolerancing is a 2-D system. When the rectangular block in Figure 16.30 is
inspected, it must be checked at the front, at the back, and at all cross sections. Since
the drawing does not specify where dimensions originate, two inspectors may measure
the part differently. This could lead to accepting parts that do not function or reject-
ing parts that actually work.

Examine the WEDGE BLOCK assembly in Figure 16.31. The purpose of the blocks
is to keep the cylinder centered. The blocks mate against three surfaces and have three
holes machined in them (see Figure 16.32). When the dimensions that describe the out-
side shape of the part are inspected, measurements can be taken at each cross-sectional
area moving from the front of the part to the back. A measurement taken from the
front of the part may yield a different result than one taken at the back of the part (see
the imperfect part in Figure 16.33). Like the rectangular block in Figure 16.29, an
inspector might accept parts that do not actually work in the assembly or reject parts
that would work.
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FIGURE 16.31. A WEDGE BLOCK
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FIGURE 16.32. A WEDGE BLOCK drawing with conventional tolerancing.

FIGURE 16.33. Imperfect geometry of the WEDGE BLOCK.
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16.05.03 Location of Holes and Pins with Conventional
Tolerancing 
Another potential problem occurs when holes are located using conventional tolerance
dimensions. Examine the two parts in Figure 16.34. The parts are designed so that
there will be a clearance fit between the pins and the holes. The location dimensions for
the holes (1.500 ±.006) will yield square tolerance zones for each part (see Figure 16.35).
Now you will take a closer look at some examples where the holes and pins fall at the
extreme edges of their tolerance zones.

When a pin is machined to the far right of the square zone and the hole is
machined to the far left of the square zone, the result is surface contact between the
two parts (see Figure 16.36). This is acceptable for the assembly since the parts will still
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function under these conditions. Surface contact is also the result when the two fea-
tures are located at the extreme ends of the y-axis (see Figure 16.37). Again, this is
acceptable. The parts will still work.

A problem occurs when the center of the hole and the center of the pin are located
at the extreme diagonals within the tolerance zone (see Figure 16.38). In this situation,
material interference will result, which will not work for the assembly. The parts will
not fit or function properly. You may be thinking that all that needs to be done to make
things work is to specify a larger hole size or a smaller pin size. Usually, this is not a
good idea since tolerances between holes and pins are taken from standard tables. The
only other way to correct this problem when using limit dimensions to locate the cen-
ter of holes is to reduce the size of the square tolerance zone. Any time you need to
reduce a tolerance value, it usually costs more to produce the parts. If you stay with the
same values for the diameters of the holes and pins and continue to use conventional
tolerancing to locate the centers, you must reduce the tolerances on the location
dimensions from ±.006 to ±.004. The result is that you always pass parts that will func-
tion. Unfortunately, you also reject parts that will function properly. When a hole is
drilled at position 1 in Figure 16.39 within the ±.004 square zone, the part passes
inspection and works properly. A hole drilled at position 2 falls outside the ±.004
square zone, so it fails inspection. You know from Figure 16.36 and Figure 16.37 that
the parts will function in this situation. You will come back to these parts after some
discussion about GD&T.
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Geometric Dimensioning and Tolerancing (GD&T)
Many students have trouble understanding geometric dimensioning and tolerancing
(GD&T). GD&T has even been referred to as Gloom, Doom, and Terror. If you try to
keep things simple in the beginning, you should be able to apply appropriate tolerances
to objects without confusing your boss, a machinist, or a quality control person.

Geometric dimensioning and tolerancing (GD&T) is a 3-D mathematical
system that allows a designer to describe the form, orientation, and location of features
on a part within precise tolerance zones. Because it uses symbols instead of words,
GD&T is an international language that is understood by technicians and engineers
around the world. For these reasons, there are several advantages of using GD&T
instead of conventional tolerancing:
■ The system allows the designer to clearly specify design intent. The location of datums

allows manufacturing engineers, machinists, and quality control personnel to eas-
ily recognize part functionality.

■ There is better communication throughout the design process. Manufacturing engineers
and machinists are able to make better decisions about how things are made.
Quality control personnel are able to make better choices for inspection.

■ The system is set up so that almost nothing can be interpreted in more than one way. This is
extremely valuable when hiring a subcontractor to manufacture parts. You want to
make sure everything works when the parts are assembled.

Just two items are required within this system:
■ A datum reference frame to immobilize and orient the part.
■ Specific form, orientation, and location tolerances that describe 2-D and 3-D toler-

ance zones within which all part geometry must fall.

16.06.01 The Datum Reference Frame
Usually, errors related to GD&T have something to do with how the datum reference
frame was established (or not established). The datum reference frame is a theoretical
system made up of three mutually perpendicular planes, or datums, established by real
features on the object. This concept of a 3-D system should not be new to you. From the
time you began plotting points on graph paper in mathematics, science, or graphics
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class, you were using a 3-D coordinate system. When working with GD&T, you need to
keep two things in mind:
■ The things you cannot see: The imaginary or theoretical coordinate system and perfect

part geometry that exists within the CAD software, CNC manufacturing software,
or inspection software

■ The things you can see: The real features on the finished object

Figure 16.40 shows the items that make up the theoretical datum reference frame.
As stated earlier, the key part of the system is the three mutually perpendicular planes.
The origin or datum point is defined by the intersection of the three planes. Datum
axes are defined by the intersection of two of the planes. As you begin applying geomet-
ric tolerances, the goal is to add just enough datums to immobilize the part or elimate
all degrees-of-freedom, or DOFs (translational and rotational).

Figure 16.41 illustrates some terminology related to datums. The previous para-
graph talked about the datum plane, which is a theoretical perfect plane that exists in
one’s mind and in the CAD, CNC, and inspection software. To establish these theoreti-
cal datums, datum simulators must be used. Datum simulators can be a number of
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different things. When parts are being manufactured, machine beds, lathe chucks or
collets, gage pins, and vises are used to establish datums. When parts are being
inspected, datums are established using granite tabletops, surface plates, and angle
plates. All of these datum simulators must be at least ten times better in quality than the
tolerances specified on the drawings to be considered datum simulators. Simulated
datums are derived from the datum simulators coming in contact with features on the
actual part or on the datum features. 

16.06.02 Geometry Characteristic Symbols and Feature
Control Frames
Before considering the specific tolerances, take a look at Figure 16.42. Notice how the
geometry characteristic symbols are organized. The form tolerances are for individual
features. They are not related to any datums. The profile tolerances may or may not be
related to datums. The orientation, location, and runout tolerances must be related to
datums. As you explore the individual symbols, you will see why certain tolerances
should be related to datums and why others should not.

GD&T is a technical language. Like any language, some people use it in a conversa-
tional way. Others can read it but not write it, and some designers are experts who can
read and write the language fluently.

The main focus of the language is the feature control frame. The feature control
frame contains the geometric characteristic symbol, the geometric tolerance, and the rel-
ative datums (see Figure 16.43). To understand the language, you must be able to put
the symbols in the feature control frame into a form that you can read. Figure 16.43
shows the different parts of the feature control frame. One of the fourteen geometric
characteristic symbols will appear in the first section of the frame. In the second section
of the feature, control frame is where the tolerance information is displayed. This sec-
tion will include information about the shape of the zone (such as a diameter symbol for
cylindrical zones), the size of the zone, and any material condition modifiers (such as the
maximum material condition, MMC, or the least material condition, LMC).

Now you will practice reading a couple of feature control frames before looking at
each of the fourteen geometric characteristic symbols. Figure 16.44 shows a feature
control frame with a perpendicularity tolerance of 0.05 that is related to one datum. 
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As you read the feature control frame, try to take each segment separately. You might
read the first example as follows: The feature must be perpendicular within a five-hundredths
of a millimeter tolerance zone relative to datum feature A.

The example in Figure 16.45 can be read as follows: The features must be positioned
within a five-thousandths of an inch cylindrical tolerance zone at maximum material condition
relative to primary datum feature A, secondary datum feature B, and tertiary datum feature C.

16.06.03 Order of Precedence for Datums
As you apply datums to a part, you must specify the order of precedence. Examine the
WEDGE BLOCK in Figure 16.46. Since there is a large hole passing through the part 
for the socket head screw, it is critical that the hole be perpendicular to the back surface
of the part and that the hole be located properly. Now examine the drawing for the
WEDGE BLOCK. Directly under the size tolerance for the hole (14.95-15.05) is a feature
control frame indicating that a position tolerance is used to control the orientation and
location of the axis of the hole. The precedence of the datums for this geometric toler-
ance is datum feature A, datum feature B, and datum feature C. Datum feature A is the
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FIGURE 16.46. A WEDGE BLOCK assembly and detail drawing.
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back surface (see the bottom view of the part), datum feature feature B is the bottom
surface of the part, and datum feature C is the right side surface of the part.

To establish the datum reference frame for manufacturing or inspection, a part has
to be placed in the machine or loaded in a specific order. Assume for this example that
a quality control person is inspecting the position of the large hole through the part.
The datums are listed in the order A, B, and C. The primary datum plane is established
by a minimum three-point contact with the back surface of the object (datum feature A
in Figure 16.47a). Once the primary datum plane is set, the secondary datum plane
must be perpendicular to it. Therefore, to establish the secondary datum plane, only a
two-point contact with the bottom surface (datum feature B in Figure 16.47b) is neces-
sary. Finally, the tertiary datum plane, which is mutually perpendicular to the first two
datum planes, can be established by a one-point contact with the right-hand surface
(datum feature C in Figure 16.47c).
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Once the datum reference frame is established, the inspector can check the position
of the hole. If the hole is machined at maximum material condition (14.95-the smallest
hole will generate the most material), the size of the cylindrical tolerance zone is 0.01.
The axis of the hole must fall within this cylinder, which is located from the datums by
the 20 and 40 basic dimensions. The imperfections in the geometry of the part must fall
within the theoretically perfect tolerance zones located from the established datums.

16.06.04 Position Tolerances versus Conventional
Tolerances
Section 16.05.03 looked at using conventional tolerancing to locate the centers of holes
and pins. That section discussed some problems that might result from the square tol-
erance zones established with this type of tolerance method. An alternative to using
conventional tolerancing is using the geometric tolerance of position.

Figure 16.49 shows the same part as Figure 16.34 with the four holes except that
it is dimensioned using geometric dimensions. Look at how the holes are dimen-
sioned on this part. Notice that the size of the holes are dimensioned the same as
before (.250-.255). Conventional tolerancing is still an excellent way to specify the
sizes of holes. The main difference here is that the locations of the holes are not
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dimensioned with limit dimensions, but with basic dimensions, which are some-
times called true position dimensions. Basic dimensions (those with a box around
them) are theoretically exact. They locate the perfect position of features from clearly
identified datums. For the part in Figure 16.49, three datums are used (A, B, and C).
The tolerance for the location of the holes is given in a feature control frame (see
Figure 16.50). This particular feature control frame indicates that the four holes must be
positioned within a .006 cylindrical tolerance zone at maximum material condition relative to
primary datum feature A, secondary datum feature B, and tertiary datum feature C. Instead of
a square tolerance zone, you now have a circular or cylindrical zone (see Figure 16.51).

The maximum material condition (MMC) modifier allows the size of the zone
to change if the size of the hole changes. MMC is the condition in which a feature of
size contains the maximum amount of material within the stated limits of size. The
counterpart of MMC is the least material condition (LMC), which is the condition in
which a feature of size contains the minimum amount of material within the stated
limits of size. As mentioned earlier, the size of the four holes is .250-.255. The feature
control frame states that at MMC, the size of the cylindrical zone is .006. MMC for a
hole is the smallest hole; in this case, .250. As the hole departs from MMC, you can add
bonus tolerance to .006. Figure 16.52 illustrates the potential tolerance zone sizes based
on the actual hole size after it is machined.

Now compare the differences between conventional tolerancing square zones and
the cylindrical zones of geometric dimensioning for some potential hole locations.
Figure 16.53 shows the tolerance zones discussed previously (see Figure 16.39) com-
bined in one figure. It includes the original square zone of .006 and the modified square
zone of .004. It also includes the two cylindrical zones from the geometric tolerancing:
n.006 (MMC) and n.011 (LMC). Also in the figure are four potential hole locations. If a
hole is machined at location 1, it would pass inspection under all methods of toleranc-
ing discussed since it falls within the .004 square zone. A hole machined with its center
at position 2 would pass inspection under the original drawing, which specified a square
zone of .006, or under the drawing that uses geometric tolerances. Notice, however, that
if the zone size is reduced to .004, under the conventional tolerancing method, the part
would not pass inspection. This is a problem since the part would work under the initial
design conditions. The last two potential hole positions, 3 and 4, represent locations
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that would fail inspection if the material condition was not considered. With the MMC
modifier specified in the feature control frame, these two possible hole centers would
pass inspection if the size of the hole departed enough from the MMC.

16.06.05 Form Tolerances
Form tolerances are for individual features and are not related to any datums. This
group of geometric tolerances includes straightness, flatness, circularity (roundness),
and cylindricity. They control individual features such as surface or line elements within
the surface. The shape of the tolerance zones might be two-dimensional (space between
two parallel lines or two concentric circles) or three-dimensional (space between two
parallel planes, between two concentric cylinders, or within a cylindrical zone).

Flatness-Flatness specifies a 3-D tolerance zone defined by two parallel planes. All
points on the specified surface must fall between the two imaginary planes. The tolerance
specified in the feature control frame must be less than the tolerance on the size dimen-
sion for the part. For the geometric tolerance in Figure 16.54, the feature control frame
might be read as follows: The feature must be flat within one-hundredth of a millimeter.

Figure 16.55 illustrates one method for inspecting flatness. Moving a dial indicator
over the surface is time-consuming, but this type of inspection method is fairly good.
The full indicator movement (FIM) reading must not exceed the total flatness tolerance.
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Straightness—The straightness tolerance can be applied in several different ways.
If applied as shown in Figure 16.56, the zone is defined by two parallel lines to create a 
2-D zone. The tolerance is view-specific, meaning the two parallel lines must move from
left to right, not from front to back. The feature control frame reads as follows: Each line
element on the surface must be straight within five-hundredths of a millimeter.

Inspecting straightness is done similarly to the way flatness is checked. The main
difference is that the dial indicator is passed over a surface in a straight line. After the
FIM is checked, the dial is reset and the indicator is passed over the surface again using
a different line element. This is repeated until the whole surface has been checked.

Another way to apply straightness is when you are concerned about the size of a
cylindrical feature, such as a machined shaft, but you want to allow the shaft to bend or
bow beyond the perfect form limits. Figure 16.57 shows straightness applied to an axis.
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Because the diameter symbol is specified in the feature control, you know that the tol-
erance applies to the axis of the shaft instead of to the cylindrical surface. For this
tolerance, all derived points on the axis of the shaft must fall within the cylindrical
zone. Since the straightness is applied to a feature of size, material condition modifiers
such as MMC and LMC can be applied. The feature control frame can be read as fol-
lows: The feature (axis of the shaft) must be straight within a one-hundredth of a millimeter
cylindrical tolerance zone at maximum material condition. Because a MMC modifier is
used, the size of the tolerance zone can increase proportionally as the size of the shaft
departs from the MMC.

Because this tolerance is concerned with the axis of a feature (something that cannot
be physically touched), this type of straightness is difficult to inspect. If you are inspect-
ing the straightness of an axis for a shaft, a functional gage like the one in Figure 16.58
is used. The size of the hole in the gage block is the virtual size of the shaft (MMC plus the
tolerance of 0.01). If the shaft can pass through the hole, the part is acceptable.

Circularity (Roundness)—Circularity or roundness is a 2-D control. For shafts,
all points within any plane perpendicular to the axis of the shaft must be equidistant
from that axis. Circularity specifies a tolerance zone bounded by two concentric circles.
The circularity tolerance must be less than the size tolerance. A good analogy of this
control is a stack of pennies. The circularity tolerance would control how round each
penny is but not the straightness of the whole stack. This tolerance keeps the cylinder
from barrelling, tapering, or wasting (see Figure 16.56).

Figure 16.59 illustrates the correct method for applying circularity to a cylinder.
The feature control frame reads as follows: The feature (each circular element) must be
round within one-tenth of a millimeter tolerance zone.
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Inspecting circularity for cylinders is typically done with a v-block and dial indica-
tor (see Figure 16.60) or with a v-anvil micrometer.

Cylindricity-The cylindricity tolerance controls a cylindrical surface so that all
points are equidistant from a common axis. It is the most complex form of tolerance.
Inspecting the tolerance also is very difficult. The tolerance zone is a 3-D zone defined
by two concentric cylinders. All points on the surface of the shaft must fall between the
two concentric cylinders. The feature control frame in Figure 16.61 reads as follows:
The cylindricity of the feature must be within a twenty-five hundredths of a millimeter
tolerance zone.

There are a couple of different accepted techniques for inspecting cylindricity.
Figure 16.62 shows a way to inspect cylindricity using a total runout technique. The
shaft is spun about two center points. After one complete rotation, the point of the indi-
cator is moved in a straight line parallel to the axis of the shaft. After the point of the
indicator moves over the complete surface of interest, FIM is recorded.

16.06.06 Profile Tolerances
Profile of a line—Profile of a line specifies a 2-D tolerance zone defined by two contours.
The tolerance may specify a datum reference. When a datum reference is not specified, the
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tolerance controls only the shape of the contour. When datums are specified, the toler-
ance controls the shape of the contour as well as the size and/or location of the contour.

Figure 16.63 illustrates profile of a line. The feature control frame reads as follows:
Each feature line profile must be within a five-hundredth of a millimeter tolerance zone
relative to primary datum feature A, secondary datum feature B, and tertiary datum fea-
ture C. Unless otherwise specified, the tolerance specified in the feature control frame is
equally disposed on either side of the perfect geometry (0.025 above and 0.025 below).
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Profile of a surface—Profile of a surface specifies a 3-D tolerance zone defined by
two contoured surfaces. Like profile of a line, the tolerance may specify a datum refer-
ence. When a datum reference is not specified, the tolerance controls only the shape of
the contour. When datums are specified, the tolerance controls the shape of the con-
tour as well as the size and/or location of the contour. Figure 16.64 illustrates profile of
a surface. The feature control frame reads as follows: The surface profile must be
within a five-hundredth of a millimeter tolerance zone relative to primary datum fea-
ture A, secondary datum feature B, and teriary datum feature C. Like profile of a line,
the tolerance specified in the feature control frame is equally disposed on either side 
of the perfect geometry (0.025 above and 0.025 below) unless specified otherwise.

Both profile of a line and profile of a surface can control surfaces in other ways. As
indicated earlier, profile tolerances are equally distributed about the perfect geometry of
the feature. This is referred to as a bilateral-equal distribution. Figure 16.65 illustrates
three additional ways to describe the tolerance zones for the profile of a line or the pro-
file of a surface. In Figure 16.65a, the 0.05 tolerance zone is on the outside of the perfect
geometry. This is called unilateral-outside. Figure 16.65b shows an example of unilateral-
inside since all of the tolerance zone is specified inside the perfect geometry. The last
example in Figure 16.65c can be used when an unequal distribution is desired. The pro-
file tolerance here specifies a bilateral-unequal distribution where 0.02 is indicated outside
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the perfect geometry using a basic dimension and the remaining 0.03 is inside the per-
fect geometry.

Profile of a surface also can be used to make sure two or more surfaces are copla-
nar. This can be specified for an object such as the one in Figure 16.66 when datums are
applied (see Figure 16.67) or when datums are not applied (see Figure 16.68).

Inspection of profile tolerances—Profile tolerances can be inspected in a cou-
ple of different ways. Optical comparitors along with overlay charts are frequently used
to inspect profile tolerances. These tools work best for parts such as gaskets and plates
and for other thin parts. When a datum reference frame is applied to a tolerance,
mechanical gaging can be used to inspect parts. For this method, a master part or gage is
created to guide a dial indicator as it traces over the surface of the part being inspected.

16-34 sectionfour Drawing Annotation and Design Implementation

FIGURE 16.66. Profile of a surface also can be used to make sure two or more surfaces are
coplanar.
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16.06.07 Orientation Tolerances
Parallelism—Parallelism specifies a 3-D tolerance zone that can control the orienta-
tion of a surface or axis of a hole or cylinder relative to a datum. When applied to a sur-
face, the 3-D zone is defined by the area between two parallel planes. When applied to
an axis, the 3-D zone is defined by the area within a cylinder. In either case, the toler-
ance must include a datum reference. Figure 16.69 illustrates parallelism applied to a
surface. The feature control frame reads as follows: The feature must be parallel within
five-hundredths of a millimeter tolerance zone relative to datum feature A.

When parallelism is applied to an axis (see Figure 16.70), the tolerance zone is a
cylinder. Since the tolerance is applied to a feature of size (a hole), a material condition
modifier may be used. In this case, the axis of the hole must fall within the 0.05 cylidri-
cal tolerance zone. The axis of the cylindrical tolerance zone is parallel to datum axis A.
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When parallelism for a flat surface is inspected, a surface plate is typically used
with a dial indicator (see Figure 16.71). The FIM of the dial must not exceed the toler-
ance specified on the drawing. When axis-to-axis parallelism is inspected, gage pins
must be inserted into the datum hole and the controlled hole. The datum hole is
locked into a V-BLOCK, and a dial indicator is used to check the parallelism (see
Figure 16.72).

Perpendicularity—Perpendicularity specifies a 3-D tolerance zone that can con-
trol the orientation of a surface or axis of a hole or cylinder relative to a datum. When
applied to a surface, the 3-D zone is defined by the area between two parallel planes.
When applied to an axis, the 3-D zone is defined by the area within a cylinder. In either
case, the tolerance must include a datum reference. Figure 16.73 illustrates perpendic-
ularity applied to a surface. The feature control frame reads as follows: The feature
must be perpendicular within five-hundredths of a millimeter tolerance zone relative
to datum feature A.
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FIGURE 16.71. Inspecting the parallelism of a surface. FIGURE 16.72. Inspecting the parallelism of an axis.
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When perpendicularity is applied to an axis (see Figure 16.74), the tolerance zone is
a cylinder. Since the tolerance is applied to a feature of size (a cylinder), a material con-
dition modifier may be used. In this case, the axis of the cylinder must fall within the
0.05 cylidrical tolerance zone. The axis of the cylindrical tolerance zone is perpendicu-
lar to datum axis A.

Inspecting perpendicularity can be accomplished in many ways. A common
method for inspecting perpendicularity between two surfaces is to use a right-angle
plate method (see Figure 16.75). Inspecting the perpendicularity of an axis is similar to
inspecting the parallelism of an axis. Gage pins can be inserted into holes, and a dial
caliper can be used.

Angularity—One of the disadvantages of using plus-minus dimensioning to
control angular surfaces has to do with the shape of the resultant zone. Figure 16.76
illustrates the zone that is defined by the note ALL ANGULAR DIMENSIONS +/- 1°
UNLESS OTHERWISE SPECIFIED. Notice that a wedge-shaped zone is created. This
is a problem since more tolerance is accepted to the top left of the surface than to the
bottom right.
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Angularity specifies a 3-D tolerance zone that can control the orientation of a
surface or axis of a hole or cylinder relative to a datum. When applied to a surface, the
3-D zone is defined by the area between two parallel planes. When applied to an axis,
the 3-D zone is defined by the area within a cylinder. In either case, the tolerance
must include a datum reference and a basic dimension specifying the angle from one
or more datums. The feature control frame in Figure 16.77 reads as follows: The fea-
ture must be at an angle of 45° within five-hundredths of a millimeter tolerance zone
relative to datum feature A.

Angularity also can be inspected many different ways. Figure 16.78 illustrates one
popular way. A sine bar is used in combination with precision cylinders and blocks to
orient the angled surface parallel to the tabletop. A dial indictor is then used to investi-
gate the FIM.
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FIGURE 16.78. Inspecting the angularity between two surfaces.
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FIGURE 16.79. Using the position tolerance to locate the axis of a hole.

FIGURE 16.80. Inspecting the position of a hole using a gage pin.

16.06.08 Location Tolerances
Position—The position tolerance is one of the most fequently used geometric toler-
ances. It can be used to control the orientation and location of a center, an axis, or a
center plane of a feature of size. When the location of a hole or cylindrical feature of
size needs to be controlled, position establishes a 3-D cylindrical tolerance zone within
which the axis of the feature must fall. When the location of a center plane needs to be
controlled, the position tolerance establishes a 3-D zone defined by two parallel planes.
In any case, the zones are located using basic dimensions from specified datum fea-
tures. There are other uses of the position tolerance, but the most common ones are
described above. The feature control frame in Figure 16.79 reads as follows: The feature
must be positioned within a one-thousandth of a millimeter cylindrical tolerance zone
at maximum material condition relative to primary datum feature A, secondary datum
feature B, and tertiary datum feature C.

Figure 16.80 illustrates one method for inspecting the position tolerance when it is
applied to a hole feature. In this case, an open setup technique is used with surface
plates, a gage pin, a clamp, and a dial indicator. Similar techniques are used when the
location of more than one feature is inspected.
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Concentricity—Concentricity is a geometric tolerance used to control the axis-to-
axis relationship between two features. The feature control frame in Figure 16.81 reads
as follows: The feature must be concentric within a four-tenths of a millimeter cylindri-
cal tolerance zone relative to datum feature A.

In theory, this may be easier to understand than it is to inspect. Since concentricity
requires an inspector to determine all median points along a feature, it requires some
complicated inspection techniques. Diametrically opposed indicators are required to
accurately determine concentricity (see Figure 16.82). For objects such as the one in
Figure 16.81, runout tolerances provide better inspection methods (see the section on
inspecting runout later in the chapter). For an object like the one in Figure 16.83,
runout would be a bad choice since a dial indicator would need to be used to make con-
tact with the hexagonal surfaces.

Symmetry—In some ways, symmetry and concentricity are very similar. The main
difference is that symmetry is typically concerned with the position of a center plane rel-
ative to an axis or a center plane of a datum feature. Figure 16.84 illustrates a part with
the symmetry tolerance. The feature control frame in the figure reads as follows: The
center plane of the feature must be symmetric within a five-hundredths of a millimeter
tolerance zone relative to datum feature A.
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Since it is necessary to determine the median points on the feature, symmetry is
difficult to inspect. For this reason, position and profile tolerances are frequently used
instead of symmetry.

16.06.09 Runout Tolerances
Circular runout—Circular runout is a 2-D control similar to circularity or round-
ness. The main difference is that circular runout controls a surface relative to a datum
axis. The feature control frame in Figure 16.85 reads as follows: The circular runout of
the feature must be within a two-hundredths of a millimeter tolerance zone relative to
datum feature A.
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Total runout—Total runout is a 3-D control for rotating parts relative to a datum
axis. When applied to a cylindrical surface, it controls circularity, concentricity,
straightness, taper, and surface profile (see Figure 16.86). It also can be applied to a flat
surface to control wobble, perpendicularity, and flatness (see Figure 16.87). The feature
control frame in Figure 16.86 reads as follows: The total runout of the cylindrical fea-
ture must be within a two-hundredths of a millimeter tolerance zone relative to datum
feature A.

When using a V-Block and a dial indicator to inspect runout, the FIM must be
within the specified tolerance as the part is spinning about the datum feature (see
Figure 16.88). For circular runout, the dial is reset after each revolution of the part. For
total runout, the indicator is passed over the entire surface before the FIM is examined.
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Multiple datums—Since one of the main goals of geometric tolerancing is to
apply tolerances based on how parts function, careful specification of datums is neces-
sary. Figure 16.89 illustrates how a multiple datum can be specified when the runout
tolerance is used. Since the SHAFT spins about both SUPPORTS, the datum axis is
determined by both ends of the SHAFT. Figure 16.90 illustrates an inspection tech-
nique for a multiple datum.
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FIGURE 16.88. Inspecting runout using a V-Block.
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As stated earlier in the chapter, one of the challenges for new engineers is their lack of
experience. You may make some mistakes before you fully understand how the con-
cepts of dimensioning and tolerancing relate to your engineering work. What follows
are some of the common errors that are made due to inexperience.

Tolerances Too Tight or Too Loose
Earlier, Section 16.01.02 discussed how applying inappropriate tolerances can create
problems for manufacturing. When you apply tolerances that are too small or too
tight, manufacturing becomes more difficult and expensive. Applying tolerances that
are too large or too loose may cause parts to function improperly.

Misreading Standard Tolerance Tables 
One of the most common errors made by those without much experience in assigning
tolerances is misreading the tables. Look at an example where a close sliding fit (RC1) is
being applied to a hole and shaft that have a nominal size of .500. Looking at the table
in Figure 16.91, notice that the limits on the hole are shown as +0.3 and -0. The limits
on the shaft are -0.25 and -0.45. It would not make much sense to have the dimension
on the hole read .500-.800 and the dimension on the shaft be .050-.250. These toler-
ances are much too large. The key point to remember about the tables associated with
the English system is that the values are shown in thousandths of an inch. So values of
+0.3 and -0 on the table mean +0.0003 and -0, respectively. Values of -0.25 and -0.45
mean -0.00025 and -0.00045, respectively. Figure 16.92 shows the correct way to display
the dimensions on a drawing.
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No Datums for Geometric Tolerances That Require Datums
Figure 16.93 illustrates a case where the position tolerance is specified for the location
of a hole but no datums are given in the feature control frame and none are shown on
the drawing. As you start to use geometric dimensions and tolerances, it is recom-
mended that you keep a table or chart handy that shows which geometric tolerances
need a datum reference. Figure 16.94 is a good example of this type of table.

Adding Unrequired Datums 
Adding datums when they are not required is usually the result of not taking the time
to fully understand each tolerance. This is closely related to the information discussed
in the last section. Most often datums are incorrectly applied to tolerances that do not
require datums, such as the form tolerances of straightness, flatness, circularity, and
cylindricity (see Figure 16.94). Form tolerances control the form of an individual fea-
ture, not the relationship of that feature to something else.
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Examine the drawing in Figure 16.95. Notice how the feature control frame for the
incorrect version of the tolerance includes a reference to datum feature A. This is wrong
for a couple of reasons. First, since flatness is a form tolerance, no datums can be listed
in the feature control frame. Second, the geometric tolerance is applied to what is iden-
tified as datum feature A, which is itself.

Tolerances That Cannot Be Inspected
Because you tend to learn GD&T in a classroom environment, almost everything you
know is based on theory and not on actual hands-on practice. This can lead to prob-
lems even when you correctly apply tolerances on a drawing. In addition to knowing
the correct ways to add geometric tolerances to a drawing, you must know the inspec-
tion capabilities of your company. For example, if you correctly specify a cylindricity
tolerance on a drawing (as in Figure 16.61) but your company does not have total
runout inspection equipment (see Figure 16.62) or precision spindles for checking
cylindricity, the drawing tolerances are useless. As you get settled into your first engi-
neering job, it is a good idea to get to know the quality control people as well as the
capabilities they have for inspecting geometric tolerances.

Material Condition Modifier for a Feature Not of Size
Another potential error is the result of not being able to properly recognize features
with size. Examine the drawing in Figure 16.96. Notice how a maximum material con-
dition modifier is added to the parallelism feature control frame. In this case, the paral-
lelism tolerance is applied to a planar surface, which is not a feature with size.
Therefore, a material condition modifier cannot be applied. The correct way of specify-
ing the tolerance is shown without the maximum material condition modifier.

Incorrect Application of Datum Feature Symbols 
The last error that is frequently made has to do with applying datum feature symbols.
This mistake also is related to not being able to distinguish between features with size
and features without size. Figure 16.97 and Figure 16.98 show the same object dimen-
sioned two different ways. In Figure 16.97, the datum feature symbols are used to spec-
ify the top left corner of the left view as the origin of the datum reference frame.
Datums feature B and datam feature C are used to specify the outside surfaces as
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datum features. Since these datum features are surfaces (features without size), no
material condition modifiers can be applied. When you examine the feature control
frames for the two position tolerances, notice that there are no material condition
modifiers after the B and C.

For the object in Figure 16.98, the datum feature symbols for datums B and C are
specified differently. Notice how each is aligned with the corresponding dimension.
Datum feature B is the median plane running vertically through the center of the 
part. Datum feature C is the median plane running horizontally through the center of
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the part. In this case, the origin of the datum reference frame is the center of the rectan-
gle. These datum features are now based on sizes—the two 54 dimensions. They are fea-
tures with size, so material condition modifiers can be applied. Notice the maximum
material condition modifiers after the B and C in the feature control frames.

Examples of Specifying Fits and Geometric
Tolerances
The following examples should give you a head start on applying conventional toler-
ancing and GD&T to your designs. The first example will walk you through specifying
a clearance fit between two parts in an assembly using the standard inch table for a slid-
ing fit. The second is a step-by-step example of applying geometric tolerances to a sim-
ple rectangular block with a hole in it.

16.07.01 Specifying the Fit between Two Parts
Earlier, Section 16.01.02 discussed how applying inappropriate tolerances can create
problems for manufacturing. Look at an assembly to see how to apply appropriate toler-
ances based on how the part functions. Examine the coupling assembly in Figure 16.99.

For this exercise, assume there is a clearance fit between the STUD and the
BUSHING. Use the guidelines from Section 16.04.05 for determining fits in inches:
■ Determine the type of fit appropriate for the design and locate the corresponding table. For

this exercise, you will use a sliding fit (RC2), which is intended for accurate location.
It will allow the parts to move and turn easily.

■ Determine the basic or nominal size. The nominal size of the hole in the BUSHING
and the largest diameter of the STUD is 9/16” (.5625).

■ Find the size range on the table (see Figure 16.100). This size falls within the 
0.40-0.71 category.

16-48 sectionfour Drawing Annotation and Design Implementation

.025 A B C .025 A B C

33.050
33.000

6.025
6.000

B

C 12.050
12.000

54.050
54.000

36

36

A

Datum feature symbols identify
the median surfaces as the datums.

9

9

Ø

54.050
54.000

Ø

FIGURE 16.98. Datum feature
symbols used to specify a
median plane as a datum.

16.07

42496_20_ch16_p16.1-16.60  12/13/07  8:02 AM  Page 48



■ Determine the tolerances for the hole and the shaft. The limits on the hole for the
BUSHING are -0 and +0.4. The limits on the diameter of the SHAFT are -0.55
and -0.25.

■ Remember that values are in thousandths of an inch on the English tables. Begin by calculat-
ing the size of the hole in the BUSHING. The nominal size is .5625, so you will
add the upper and lower limits to this value.

.5625 + .0004 = .56290

.5625 + 0 = .56250

Limit dimension for hole in BUSHING: .56250-.56290

Do the same for the larger diameter of the STUD.

.5625 - .00025 = .56225

.5625 - .00055 = .56195

Limit dimension for hole in STUD: .56195-.56225

Figure 16.101 shows the resulting dimension values for the STUD and the
BUSHING.
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16.07.02 Adding Geometric Dimensions
Becoming an expert in GD&T will take quite a bit of experience. There are some basic
guidelines you can keep in mind as you add geometric dimensions to a drawing to
make sure you are as thorough as possible. In this section, you will use the PLATE
ASSEMBLY as an example (see Figure 16.102). Notice how the PLATE fits against three
surfaces on the BASE and how the SCREW passes through both parts. It is critical that
logical datums be selected if the assembly is to function correctly. For this example, you
will look at how you might apply geometric dimensions to the PLATE.

Start by establishing the datum reference frame for the PLATE (see Figure 16.103).
As you identify datum features, you can use any letters. The most common ones are A, B,
and C in a three-datum feature system; however, you also can use D, E, and F or M, N, and
O. Since the large flat surface on the bottom of the PLATE has most contact with the
BASE, identify it as primary datum feature A. The back surface of the PLATE is the next
largest, so you identify it as secondary datum feature B. Finally, identify the left-hand sur-
face of the part as datum feature C. These datum features establish a datum reference
frame with the origin of the 3-D coordinate system at the back left bottom corner. All
geometric tolerances that you use will be based on this coordinate system.

Now that you have established the datum features, you must control them with
geometric tolerances. Since they are all surfaces, this will be fairly easy. Planar surfaces
used as primary datums are typically controlled with a flatness tolerance. This is what
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FIGURE 16.103. Establishing the datums on the PLATE.
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was done with datum feature A. All points on the bottom surface must fall between two
imaginary planes that are five-thousandths of an inch apart. The other two surfaces are
controlled with the perpendicularity tolerance. Datum feature B is controlled relative
to datum feature A first. Like the flatness tolerance, all points on the back surface must
fall between two imaginary planes that are five-thousandths of an inch apart. In this
case, the imaginary planes are perpendicular to datum feature A. The left side of the
object is controlled in the same manner. For this tolerance, the imaginary planes used
to establish the tolerance zone are perpendicular to datum feature A and datum feature
B (see Figure 16.104).

To control the location and orientation of the machined hole, a position tolerance
is used (see Figure 16.105). Basic dimensions are used to locate the theoretically exact
position of the center of the hole. Remember that these dimensions do not have any
tolerance. The tolerance for the axis of the hole will be taken care of in the feature con-
trol frame for the position tolerance. This example uses a tolerance of .010. Since a
diameter symbol is in front of this tolerance, the shape of the zone is a cylinder. (See
Section 16.06.03 for another example of the position tolerance.) The hole is positioned
relative to all of the datums.

The last thing you will do is control the other surfaces of the part (see Figure 16.106).
One way to control the top surface of the part is with the parallelism tolerance. If you do
this, you must use a conventional tolerance dimension to locate the top surface from the
bottom of the part. The top surface must fall between two parallel imaginary planes that
are five-thousandths of an inch apart. The orientation of the two imaginary planes is con-
trolled by the upper and lower tolerances of the limit dimension (.495-.505).

To control the front and right surfaces, a profile of a surface is used. The tolerance
zone for this tolerance is established by the two basic dimensions locating the surfaces
(1.500 and 2.500). Imaginary planes .010 apart are equally disposed about the perfect
geometry of the part. All points must fall between these imaginary planes. See Section
16.06.06 for a more detailed explanation of the profile tolerance.
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Chapter Summary
This chapter covered basic information related to conventional tolerancing and GD&T.
It began with a discussion of interchangeable manufacturing and explained why it is
important to the way modern industry functions. The chapter looked at several topics
within conventional tolerancing, such as what tolerance stack-up is, how to specify
English and metric fits, and how tolerance dimensions control form and location. With
these topics as a foundation, the chapter covered the basics of geometric dimensioning
and tolerancing. Included was a discussion of the advantages of geometric tolerancing
over conventional tolerancing, the importance of the datum reference frame to estab-
lish a coordinate system for design manufacturing and inspection, an explanation of
how to read feature control frames, and a description of each geometric tolerance with
an example of how to inspect each one.

16.08

allowance: The difference between the maximum
material limits of mating parts. It is the minimum clear-
ance or maximum interference between parts.
baseline dimensioning: A method for specifiying the
location of features on a part whereby all the locations
are relative to a common feature or edge.
basic dimension: A dimension that is theoretically
exact. It is identified by a box around the dimension. It
locates the perfect position of features from clearly
identified datums.
chain dimensioning: A method for specifiying the
location of features on a part whereby the location of
each feature is successively specified relative to the loca-
tion of the previous feature.
clearance: A type of fit where space exists between two
mating parts.
datum: A theoretical plane or axis established by real
features on an object for the purpose of defining the
datum reference frame.
datum reference frame: A system of three mutually
perpendicular planes used as the coordinate system for
geometric dimensioning.
direct dimensioning: Dimensioning between two key
points to minimize tolerance accumulation.
feature control frame: The main alphabet of the lan-
guage of geometric dimensioning and tolerancing.
These boxes contain the geometric characteristic sym-
bol, the geometric tolerances, and the relative datums.
feature with size: A cylindrical or spherical surface 
or a set of two opposed elements or opposed parallel

surfaces associated with a size dimension. Typical fea-
tures with size are holes, cylinders, spheres, and oppo-
site sides of a rectangular block.
feature without size: A planar surface or a feature
where the normal vectors point in the same direction.
functional gage: An inspection tool built uniquely for
the purpose of quickly checking a specific dimension or
geometric condition on a part to determine whether or
not it fall within tolerance limits. 
geometric dimensioning and tolerancing (GD&T):
A 3-D mathematical system that allows a designer to
describe the form, orientation, and location of features
on a part within precise tolerance zones.
interchangeable manufacturing: A process by which
parts are made at different locations and brought
together for assembly. For many industries, this process
opens the door for third-party companies to produce
replacement parts or custom parts.
interference: A fit where two mating parts have inter-
secting nominal volumes, requiring the deformation of
the parts . For example, the diameter of the shaft is
larger than the diameter of the hole. When assembled,
the intent is that the shaft will not spin in the hole.
maximum material condition: The condition in
which a feature of size contains the maximum amount
of material within the stated limits of size.
statistical tolerancing: A way to assign tolerances
based on sound statistical practices rather than conven-
tional tolerancing practices.

16.09 glossary of key terms

42496_20_ch16_p16.1-16.60  12/13/07  8:02 AM  Page 53



16-54 sectionfour Drawing Annotation and Design Implementation

1. Describe interchangeable manufacturing. List two
products that you use daily that rely on interchange-
able manufacturing.

2. Describe the difference between baseline and chain
dimensioning. Make two sketches of the object in
Figure 16.106 and dimension it using the two meth-
ods of dimensioning.

3. How can you tell if a dimension on a drawing is appro-
priate for statistical process control applications?

4. What are the differences between clearance, interfer-
ence, and transition fits? Give an example of a
design that requires a clearance fit. Give an example
of a design that requires an interference fit.

5. What is allowance as it relates to tolerance dimen-
sioning? If the diameter of a hole is dimensioned as
.500-.505 and the diameter of the mating shaft is
.495-.498, what is the allowance?

6. Define tolerance as it relates to limit dimensioning.
What is the tolerance for the hole in question 5? for
the shaft?

7. Define the following terms: feature, feature with
size, and feature without size.

8. List three advantages of GD&T over conventional
tolerancing.

9. What is the theoretical coordinate system used in
geometric dimensioning and tolerancing that con-
sists of three mutually perpendicular planes?

10. Define the following: datum plane, datum simula-
tor, and simulated datum. Give three examples of
datum simulators.

11. What are the parts of a feature control frame?

12. Describe how the maximum material condition mod-
ifier is used to allow bonus tolerance for a feature.

13. Describe the difference between a flatness tolerance
and a parallelism tolerance for a surface. Do these
tolerances control form? orientation? location?

14. Describe the difference between the tolerance zone
shape for straightness of a surface element and
straightness of an axis.

15. What are the three ways in which profile of a line
and profile of a surface can be specified relative to
the perfect geometry implied on the drawing?

16. Describe the difference between circularity and cir-
cular runout.

17. Identify the geometric tolerances that require datum
references.

16.10 questions for review

1. Using the tables in the back of the book, add the limit dimensions for the machined hole and shaft shown in
Figure P16.1 per the following specifications. If instructed, determine the allowance for each system.

a. RC1 fit with a basic size of .7500 inches

b. RC9 fit with a basic size of 1.0000 inches

c. FN3 fit with a basic size of .5000 inches

d. FN5 fit with a basic size of 2.0000 inches

e. LT1 fit with a basic size of .8750 inches

f. LT6 fit with a basic size of 3.0000 inches

g. LN1 fit with a basic size of .3750 inches

h. LN3 fit with a basic size of 4.0000 inches

i. LC1 fit with a basic size of .6250 inches

j. LC11 fit with a basic size of .5000 inches

k. Loose running fit (H11/c11) with a basic size of 5.000 millimeters

l. Close running fit (H8/f7) with a basic size of 25.000 millimeters

m. Locational transition fit (H7/n6) with a basic size of 10.000 millimeters

n. Medium drive fit (H7/s6) with a basic size of 15.000 millimeters

o. Sliding fit (G7/h6) with a basic size of 20.000 millimeters

16.11 problems
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16.11 problems (continued)

FIGURE P16.1. 
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2. Given the dimensions in the drawing shown in Figure P16.2, circle the value that represents the maximum mate-
rial condition value for each dimension.

FIGURE P16.2. 
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3. On the machined block shown in Figure P16.3, circle the dimensions that represent features with size.

16.11 problems (continued)
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4. On the drawing shown in Figure P16.4, apply datum feature symbols per the following specifications:

a. Identify the left-hand face in the left-side view as datum feature A.

b. Identify the bottom surface in the front view as datum feature B.

c. Identify the median plane of the slot in the front view as datum feature C.

d. Identify the axis of the large hole as datum feature D.
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5. Given the following sentence descriptions of the geometric tolerance information, correctly sketch the feature
control frames for each.

a. The feature must be flat within a tenth of a millimeter tolerance zone.

b. The feature must be straight within a thousandth of an inch tolerance zone.

c. The feature must be round within five-tenths of a millimeter tolerance zone.

d. The feature (planar surface) must be perpendicular within a five-thousandths of an inch tolerance zone relative
to datum feature A.

e. The feature (axis of a cylinder) must be perpendicular within a one-hundredth of a millimeter cylindrical toler-
ance zone at maximum material condition relative to datum feature D.

f. The feature (planar surface) must be parallel within a thousandth of an inch tolerance zone relative to datum
feature A.

g. The feature (axis of a cylinder) must be parallel within a three-hundredths of a millimeter cylindrical tolerance
zone at maximum material condition relative to datum feature M.

h. The total runout of the surface must be within a five-hundredths of a millimeter tolerance zone relative to
datum feature A.

i. The total surface profile of the surface must be within a two-thousandths of an inch tolerance zone relative to
datum feature A.

j. The features (axis of a hole) must be positioned within a five-thousandths of a millimeter cylindrical tolerance
zone at maximum material condition relative to primary datum feature D, secondary datum feature E, and ter-
tiary datum feature F.

6. Given the following feature control frames, write the sentence descriptions for each.

16.11 problems (continued)
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7. Place the item number of the following terms in the bold circles on the drawing in Figure P16.7 to identify 
each symbol.

a. Basic dimension

b. Feature control frame

c. Maximum material condition modifier

d. Datum feature symbol

e. Statistical tolerance symbol

16.11 problems (continued)
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8. Given the drawing in Figure P16.8 and the sentence descriptions of the geometric tolerance information below,
correctly dimension the drawing.

a. Identify the left-hand surface in the SIDE VIEW as datum feature A. Control it with a flatness tolerance of .005.

b. Identify the bottom surface in the FRONT VIEW as datum feature B. Control it with a perpendicularity toler-
ance of .005 relative to datum feature A.

c. Identify the left-hand surface in the FRONT VIEW as datum feature C. Control it with a perpendicularity toler-
ance of .005 relative to primary datum feature A and secondary datum feature B.

d. Make all dimensions basic except for the two limit dimensions.

e. Add a position tolerance for the machined hole. The hole must be positioned within a ten-thousandths of an
inch cylindrical tolerance zone at maximum material condition relative to primary datum feature A, secondary
datum feature B, and tertiary datum feature C.

f. In the FRONT VIEW, identify the top left corner as point X and the lower right corner as point Y. On either the
top surface or the right-hand surface, add a profile of a surface tolerance of .010 relative to primary datum fea-
ture A, secondary datum feature B, and tertiary datum feature C. Under the feature control frame, identify that
the tolerance applies between points X and Y.

16.11 problems (continued)
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9. Given the drawing in Figure P16.9 and the sentence descriptions of the geometric tolerance information below,
correctly dimension the drawing.

a. Identify the right-hand surface of the large cylinder in the SIDE VIEW as datum feature A. Control it with a flat-
ness tolerance of .0050.

b. Apply a perpendicularity tolerance to the axis of the .5000-.5075 cylinder in the SIDE VIEW. The feature must
be perpendicular with a .0030 cylindrical tolerance zone at maximum material condition relative to datum fea-
ture A. Identify the axis of this cylinder as datum feature B.

c. Identify the median plane of the .2925-.2995 slot in the FRONT VIEW as datum feature C. Control this with a
position tolerance of .0035 at maximum material condition relative to primary datum feature A and secondary
datum feature B at maximum material condition.

d. Make the .5500, 1.0000, and 1.5000 dimensions basic.

e. Add a position tolerance for the .2449-.2480 hole. The hole must be positioned within a .0025 of an inch cylin-
drical tolerance zone at maximum material condition relative to primary datum feature A and secondary
datum feature B at maximum material condition.

f. Add a position tolerance for the .1870-.1873 holes. The holes must be positioned within a .0001 of an inch cylin-
drical tolerance zone at maximum material condition relative to primary datum feature A, secondary datum
feature B at maximum material condition, and tertiary datum feature C at maximum material condition.

g. In the FRONT VIEW on the horizontal surface of the slot, add a profile of a surface tolerance of .0020 relative
to primary datum feature A, secondary datum feature B at maximum material condition, and tertiary datum
feature C at maximum material condition.

h. In the FRONT VIEW on the largest diameter, add a profile of a surface tolerance of .0020 relative to primary
datum feature A and secondary datum feature B at maximum material condition.
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Fasteners

objectives
After completing this chapter, you should be able to
● Explain various methods to attach parts such that the parts

can be disassembled
● Identify and specify common threaded fasteners
● Explain the processes used to manufacture threads
● Create CAD models of threaded fasteners using exact

geometry and simplified representations
● Prepare drawings for fastening devices, including correct

notes for threaded fasteners, threaded holes, and other
fasteners

● Recognize other types of non-threaded fasteners, including
pins, rivets, keys, and snap-fit systems

17

17-1
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E veryone is familiar with various methods used to join multiple sheets of
paper. If only a few sheets need to be held together temporarily, you could
use a paper clip. For more security, you might want to staple the sheets. If

there are many sheets, they could be punched and placed in a binder, bound into a
book using adhesive, or even sewn together. The method used to fasten the papers
together depends on many factors, such as how many sheets there are and
whether the fastening is to be temporary or permanent. Similarly, assemblies of
manufactured parts that need to be held together can be joined using many differ-
ent methods.

Very few products consist of a single part; most products are assemblies of
many components. As a new product is developed, determining how to fasten the
pieces of it together is a major consideration. Some products are designed to be
taken apart easily; others are designed to be assembled permanently. The product
typically must be assembled quickly and securely. A mechanical fastener is a man-
ufactured part whose primary function is to join two or more parts. Mechanical fas-
teners are often used in assemblies as they are readily available and low in cost.
Many considerations are required as to what kind, type, and material of fastener
should be used. In this chapter, you will learn about the different types of fasteners,
standards in the fastener industry, ways to model fasteners and document fasten-
ers on drawings, and considerations for the selection of fasteners for your designs.

Fastening systems play a critical role in most product design. They often do
more than position and secure components. In many cases, fastening systems have
a direct effect on the product’s durability, reliability, size, and weight. They affect
the speed with which the product may be assembled and disassembled both dur-
ing manufacturing and later in field service. Fastening systems also affect cost not
only for the fasteners but also for the machining and assembly operations they
require. Unless a designer has had a great deal of experience using different fas-
tening devices and techniques, it is often difficult to choose a fastener that com-
bines optimum function with maximum economy. A fastening system that is best
for one product may not be desirable for another. Thus, it is important for you to
know about all types of fasteners so that you will be able to select appropriate fas-
teners for your designs.

There are two major classifications of fasteners: permanent and temporary.
Permanent fasteners are used when parts will not be disassembled. Permanent
fastening methods include welding, brazing, stapling, nailing, gluing, and riveting.
Temporary fasteners are used when the parts will be disassembled at some future
time. Temporary fasteners, including screws, bolts, keys, and pins, are discussed in
this chapter. Snap fasteners, which are integrated into the design of parts, are
widely used to reduce the number of parts in an assembly and will be covered in
this chapter.

17.01
introduction

Screw Threads
There are many types and sizes of fasteners, each designed for a particular function.
Many temporary fasteners include threads in their design. Screw threads are a helix
or conical spiral formed on the external surface of a shaft or on the internal surface of
a cylindrical hole. Figure 17.01 shows a typical screw thread on a standard bolt. Screw
threads are used for a variety of purposes, including the following:
■ For fastening parts together, such as a nut and a bolt
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■ For leveling or fine adjustment between parts in relation to each other, such as the
fine adjusting screw on a surveyor’s transit

■ For fine measurement, such as a micrometer
■ For transmitting motion or power, such as an automatic screw threading attach-

ment on a lathe or a house jack

Although screw threads have many important uses, only their use as fasteners and
only the most-used kinds of fasteners are discussed in this chapter.

17.02.01 Thread Terminology
This section will describe the shape, or form, of some common threads. Figure 17.02
shows an external thread, such as what you would find on a common bolt. External
threads are located on the outside of a part. The following terms describe thread
geometry:
■ Axis—A longitudinal center line of the thread.
■ Root—The bottom of the cut on external threads.
■ Crest—The top of the external threads.
■ Major diameter—The largest diameter of a screw thread. The distance is meas-

ured from crest to crest through the axis on an external thread. 
■ Minor diameter—The smallest diameter of a screw thread. The dimension is

measured from root to root through the axis on an external thread.
■ Pitch diameter—An imaginary diameter measured from a point halfway between

the major and minor diameters through the axis to a corresponding point on the
opposite side.

■ Pitch—The distance from a point on a screw thread to a corresponding point on
the next thread as measured parallel to the axis.

■ Depth of thread—The distance between the crest and the root of a thread as
measured perpendicular to the axis.

■ Angle of thread—The included angle between the sides of the thread.
■ Body—That portion of a screw shaft that is left unthreaded.
■ Chamfer—An angular relief at the last thread to help the thread engage more easily

with a mating part. Chamfers are commonly applied to the first thread to help
start a thread in its mating part.

Figure 17.03 shows an internal thread, such as what would be found on the inside
of a hole or in a nut. Note that the major diameter is measured from root to root and
the minor diameter is measured across the crests.
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Other terminology used in the designation of screw threads is as follows:
■ Classes of threads—A designation of the amount of tolerance and allowance speci-

fied for a thread.
■ Fit—Identifies a range of thread tightness or looseness.
■ Thread series—Groups of common major diameter and pitch characteristics

determined by the number of threads per inch.
■ Lead—The distance a screw thread advances axially in one full turn.

17.02.02 Single and Multiple Threads
Most threads are single threads. A single thread is composed of one continuous
ridge. The lead of a single thread is equal to the pitch. Multiple threads are made up
of two or more continuous ridges following side by side. The lead of a double thread is
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equal to twice the pitch. The lead of a triple thread is equal to three times the pitch, as
shown in Figure 17.04. Multiple threads are used when the installation speed or travel
distance is an important design factor. A good example of a double or triple thread is
found in an inexpensive ballpoint pen. Take a ballpoint pen apart and study the end of
the external threads. You will probably see two or three ridges starting at the end of the
threads. Notice how fast the parts screw together. The speed of assembly, not power, is
the characteristic of multiple threads.

17.02.03 Right-Hand and Left-Hand Threads
Threads can be either right-handed or left-handed. A right-handed thread engages with
a mating thread by rotating clockwise, or with a turn to the right when viewed toward
the mating thread. Using the right-hand rule, if you curl the fingers of your right hand
in the direction of rotation, your thumb will point in the direction of axial travel. A left-
handed thread engages with a mating thread by rotating it counterclockwise, or with a
turn to the left when viewed toward the mating thread. To distinguish between a right-
hand and a left-hand thread, you can use the simple trick illustrated in Figure 17.05. A
right-hand thread winding tends to lean toward the left. If the thread leans toward the
left, the right-hand thumb points in the same direction. If the thread leans to the right,
the left-hand thumb leans in that direction, indicating that it is a left-hand thread.
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17.02.04 Thread Standards
In earlier days, nuts and bolts from one company would not fit nuts and bolts from
another company. In 1841, Sir Joseph Whitworth worked toward some kind of stan-
dardization throughout England. His efforts were finally accepted, and England came
up with a standard thread form called Whitworth threads. The shape of the Whitworth
thread will be shown in the next section along with other standard thread shapes.

In 1864, the United States tried to develop its own thread standard; but because
these threads were not compatible with English Whitworth threads, the proposed stan-
dard was not adopted. It was not until 1935 that the United States adopted the
American Standard thread, which was a 60° V-thread form originally proposed in
1864. The lack of standardization between countries caused many problems, but noth-
ing was done until World War II forced the issue of interchangeability on the Western
Allies. As a result of problems experienced by the Allies, in 1948, the United States,
Canada, and Great Britain developed the Unified Screw thread, which was a compro-
mise between the American Standard thread and the Whitworth threads.

With the recent standardization about the metric system, the International
Organization for Standardization (ISO) has developed a single international system
using metric screw threads. This new ISO standard will be united with the American
National Standards Institute (ANSI) standards. The present is a time of transition,
with a combination of both systems still being used.

17.02.05 Thread Forms
The form of a screw thread is its profile shape. There are many kinds of screw thread
forms. Several thread forms commonly used in fasteners and adjustments are shown
for comparison in Figure 17.06. Unified threads are the most common threads used on
threaded fasteners. American National threads are similar to the Unified thread, but
have a flat root. The American National thread has been the standard thread used in
the United States, Canada, and the United Kingdom since 1948. The sharp-V thread,
although not commonly used, is a thread that fits and seals tightly. It is difficult to
manufacture since the sharp crests and roots of the threads are easily damaged. The
sharp-V thread was the original U.S. standard thread form. The ISO metric thread form
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is the new standard to be used throughout the world. Its form or profile is very similar
to that of the Unified National thread except that the thread depth is slightly less. The
Whitworth thread forms, sometimes referred to as parallel screw threads, are being
used primarily for replacement parts.

Transmitting power through screw threads requires different thread forms. Some
typical thread forms used for power transmission are shown in Figure 17.07. The square
thread profile is exactly as its name implies, that is, square. The faces of the teeth are at
right angles to the axis; and theoretically, this is the best thread for transmitting power.
Square thread forms have a longer pitch than Unified threads. Because the square
thread is difficult to manufacture, it has been replaced by the Acme thread. The Acme
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thread is easier to manufacture and is stronger than the square thread. Acme thread
forms are commonly used when rapid traverse movement is a design requirement. Acme
threads are popular on designs such as screw jacks, vice screws, and other equipment
and machinery that require rapid screw action or the transmittal of power. Buttress
threads are designed for applications where high stress occurs in one direction along 
the thread axis. The thread flank or side that distributes the thrust or force is within 7°
of perpendicular to the axis. This small angle helps reduce the radial reaction force to
the thrust. Examples of applications for buttress threads are in the breech assemblies of
large guns, airplane propeller hubs, and columns for hydraulic presses.

Rolled thread forms, sometimes called knuckle threads, are usually rolled from
sheet metal and are used in light bulbs, light sockets, and sometimes bottle tops. The
knuckle thread is also sometimes cast. An example is shown Figure 17.08.

Thread Cutting
Various methods are used to produce inside and outside threads. The simplest method
uses thread-cutting tools called taps and dies. A tap cuts internal threads; a die cuts
external threads.

In making an internal threaded hole, the hole must be drilled first. This hole is
approximately the same diameter as the minor diameter of the threads. There are two
major kinds of interior holes: through holes and blind holes. A through hole, as its
name implies, goes completely through an object. A blind hole is a hole that does not
go completely through an object. When an internal screw thread does not go through
the part, it is a common practice to drill deeper than the depth of the required thread.
This process saves time and reduces the chance of breaking a tap when it hits the bot-
tom of the hole. The thread may extend to the bottom of a hole, but producing such a
thread requires an extra process using a special shaped “bottom” tap.

A tap set is made up of a taper tap, a plug tap, and a bottom tap, as shown in
Figure 17.09. The taper tap is generally used to start a thread. The threads are tapered
to within ten threads from the end. The tap is tapered so the tool more evenly distrib-
utes the cutting edges through the depth of the hole. The plug tap has the threads
tapered to within five threads from the end. The plug tap can be used to thread com-
pletely through material or to thread a blind hole if full threads are not required all
the way to the bottom. The bottom tap is used when threads are needed at the bottom
of a blind hole.

Thread cutting dies, as shown in Figure 17.10, are available for most standard
thread sizes. External and internal threads also may be cut on a lathe. Figure 17.11
shows how a cutting tool can make an external thread.
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FIGURE 17.10. A die for
cutting external threads.
Provided courtesy of
Kennametal Inc. FIGURE 17.11. Thread cutting on a lathe.

Modeling Screw Threads
CAD models and drawings should conform to proper ANSI standards for representing
screw threads. For most purposes, it is not necessary to model the complex helical
thread form. Because thread forms have been standardized, it is necessary only to indi-
cate the shape of the thread with a note, instead of modeling the exact shape. These
thread notes will be explained in the next section of this chapter. In this section, you
will learn about simplified threads and exact geometric representations.

17.04.01 Thread Representations for Drawings
Drawing a thread exactly as it looks is unnecessary. Engineers have developed two systems
for representing screw threads. These representations are illustrated in Figure 17.12. The
classic schematic representation shows the threads as a series of lines that are perpendicu-
lar to the thread axis. The crest of the thread is shown as a line across the full diameter of
the shaft or hole and the root as a slightly shorter line that does not reach the full diame-
ter. The simplified system of representing threads is quicker and in greater use today. 
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This representation shows the major diameter of the shaft or hole and the threads as a
dashed, or hidden, line parallel to the thread axis. In Figure 17.12, note how section views
are illustrated using schematic and simplified systems.

To illustrate a blind hole, the drafter illustrates the pilot hole and the threaded
portion as shown in Figure 17.13. The hidden lines representing the major and minor
thread diameters are spaced far enough apart to be clearly separate. The spacing is
important because on threads, the difference between the major and minor diameters
is often very small; and if drawn to actual size, the lines would run together. The hidden
line dashes are usually drawn staggered for clarity.
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Figure 17.14 shows a bolt fastener as it would appear drawn in a sectioned assem-
bly drawing of two mating parts using simplified thread representation. If the cutting
plane passes through the axis of any fastener, the fastener is not sectioned. The illustra-
tion at the left is drawn correctly. The figure at the right is drawn incorrectly.

17.04.02 Thread Representation in Solid Models
Many CAD models of threaded fasteners show only the cylindrical shaft (or hole) and
then represent the threads by using a simplified display and/or a note on the model.
These simplified representations are sometimes called cosmetic features. In the case of
a thread, the cylindrical outline of the thread’s major and minor diameters may be
superposed on the shaft of the bolt (or inside the hole), as shown in Figure 17.15.

When necessary, it is usually simple to create an accurate representation of screw
threads using solid models. Most solid modeling software includes a helical sweep fea-
ture. The profile of the thread is specified as are the axis of rotation, the pitch, and the
length of the threaded feature. The sweep can be either a protrusion or a cut. Figure 17.16
shows a bolt with a thread feature. Note the highlighted profile (thread form) and axis.
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Helical sweep thread features are quite accurate visually; but to render or display
on the computer screen, they require larger computational resources than simplified
representations. It usually is not necessary to display the precise geometry of the screw
threads except in situations that require a pictorial display of threads (such as in a sales
catalog or a display drawing). It also may be necessary to create an accurate model of a
screw or bolt when you are designing the fastener itself and want to study its strength
or tolerances.

Thread Notes
Simplified, schematic, and detailed thread representations clearly show where threads
are located on a part or assembly drawing or in a CAD model. However, the representa-
tions alone do not give the full information about the thread. The entities are not
meant to be exact, but they are meant to describe the location of the thread. The infor-
mation that clearly and completely identifies the thread is the thread note.

17.05.01 Metric Threads
The following metric thread notes are the recommended standard as specified by the
ISO. The thread note components are as follows:

M A x B – C D  E
■ M is the symbol for ISO metric threads.
■ A is the nominal major diameter in millimeters, followed by the symbol x.
■ B is the thread pitch in millimeters, followed by a dash (–).
■ C is a number that identifies the grade of tolerance, from fine to coarse, on the

diameter. The number may be 3, 4, 5, 6, 7, 8, or 9. The larger the number, the
larger the tolerance. Grades 3 through 5 are fine, and 7 through 9 are coarse.
Grade 6 is the most commonly used and is the medium tolerance metric thread.

■ D is a letter placed after the number that gives the tolerance class of the pitch of
the thread. The term allowance refers to the tightness of fit between the mating
parts. Internal threads are designated by uppercase letters such as E (good), G (bet-
ter), or H (best); external threads are defined with lowercase letters such as e, g, or h.

■ A blank space after the tolerance class denotes a right-hand thread, a thread that
engages when turned to the right. A right-hand thread is assumed unless an LH is
written in this space. LH, which indicates a left-hand thread, must be specified for
a thread that engages when rotated to the left.

■ Provided at the end of the note, E is the depth of internal threads or the length of
external threads in millimeters. When the thread goes through the part, this space
is left blank, although some companies prefer to add the description THRU.

An example of a metric thread specification is M 10 x 1.5 – 6g. This note would
appear on an external metric thread with a major diameter of 10 mm and a pitch of
1.5 mm. A medium tolerance is specified by the designation 6g. An example of a left-
hand metric thread is M 12 x 1.25 – 4H – LH 15. This note would appear on a hole
with a major diameter of 12 mm and a pitch of 1.25 mm. This is a fine thread with no
allowance (4H). The thread depth is 15 mm. More detailed information on tolerance
classes for fasteners may be found in the ISO standards or Machinery Handbook.
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17.05.02 Unified National Threads
Unified threads also may be specified using standard notation, as prescribed by ANSI
standards. The thread note is always written in the order shown. The components of
the note are described as follows:

A – B C – D E
■ A is the major diameter of the thread in inches followed by a dash (–). The major

diameter is generally given as a fractional value, although some smaller diameters
are denoted with a number designation.

■ B is the number of threads per inch.
■ C is the series of threads, such as coarse or fine threads. UNC means Unified

National Coarse. Other series are UNF for Unified National Fine, UNEF for
Unified National Extra Fine, and UNS for Unified National Special.

■ D, class of fit, indicates the amount of tolerance. 1 means a large tolerance, 2 is a
general purpose moderate tolerance, and 3 is for applications requiring a close
tolerance.

■ E designates internal or external threads. The letter A means an external thread,
while B means an internal thread. The A or B may be omitted if the thread is
clearly external or internal, as shown on the drawing.

■ Additional information may be appended to the end of the note in the following
order. Unless otherwise specified, a right-hand thread with a single lead is
assumed. LH identifies a left-hand thread. If a double or triple lead is required, the
word DOUBLE or TRIPLE must be inserted here. Finally, the internal thread
depth or external thread length in inches may be added. When the drawing clearly
shows that the thread goes through, this space is left blank. If clarification is
needed, the word THRU may be inserted here.

An example of a unified thread note is 3/8 – 16 UNC – 2A LH. This is an exter-
nal thread with a major diameter of 3/8 inch and 16 threads per inch. The thread
form is Unified National Coarse, with a general purpose tolerance (2). It is a left-
hand thread. For sizes less than 1/4 inch, the major diameter is indicated by a num-
ber. For example, 8 – 36 UNF – 2B .5 indicates a No. 8 thread with a major diameter
of 0.164 inches, 36 threads per inch. (UNF series are fine threads.) The threads are cut
to a depth of 0.5 inches in the hole. (An internal thread is indicated by the letter B.)

17.05.03 Other Thread Forms
Other thread forms, such as Acme, are noted on a drawing using the same format. For
example, 5.8 – 8 ACME – 2G describes an Acme thread with a 5.8-inch major diameter,
8 threads per inch, and a general purpose (G) class 2 thread fit. More complete analysis
of threads and thread forms can be found in a machinery or machinists’ handbook.

17.05.04 Thread Notes on a Drawing
The thread note is usually applied to a drawing with a leader in the view where the
thread appears as a circle for internal threads, as shown in Figure 17.17. The leader
points to the circle; and the note describes the hole diameter, pitch, thread series, and
depth of threads. External threads may be labeled with a leader, as shown in 17.18,
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with the thread length given as a dimension or at the end of the note. The leader
points to the threaded portion of the shaft in the profile view.

Many companies require only the thread note and depth. The complete drilling
and tapping process is determined in manufacturing. However, some companies may
require the designer to indicate the complete process needed to machine a threaded
hole, including noting the tap drill (used to create the pilot hole) size, tap drill depth
if it is not through, thread note, and thread depth if it is not through (as shown in
Figure 17.19). In this example, the diameter of the tap hole is 0.4219 inches, with a
depth of 1.5 inches. The thread has a major diameter of 1/2 inch with a coarse thread
and a pitch of 13 threads per inch. The threads are cut to a depth of 1.328 inches.
Notice that the tap drill is smaller than the major diameter of the threads and the tap
drill depth is deeper than the thread cut depth.
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Threaded Fasteners
There are many different types of threaded fasteners, as shown in Figure 17.20. The
type of fasteners used in an assembly must accommodate the available tools, space lim-
itations, required joint strength, and other considerations. In this section, you will
learn how to identify the most common types of threaded fasteners.

17.06.01 Bolts and Nuts
A bolt is a threaded fastener that passes completely through the parts and uses a nut
to tighten or hold the parts together. Bolts can be tightened or released by torque
applied to the head or to the nut. Bolts are identified by a thread note, length, and head
type; for example, 5/8 – 11 UNC – 2 × 1-1/2 LONG HEXAGON HEAD BOLT. This is a
5/8 inch diameter bolt with 11 threads per inch (coarse pitch), class 2 (general purpose)
with a length of 1-1/2 inches and a hexagonal head. The length of the bolt is measured
from the bottom of the head and does not include the thickness of the head. The
thread lengths are standardized and are somewhat shorter than the overall length but
are sufficient for engagement with the mating nut over a useful working range for
assembly. Figure 17.21 shows various types of bolt heads.

Nuts are used in combination with bolts to hold two or more pieces of material
together. The nut thread must match the bolt thread. For clearance and ease of assem-
bly, the hole in the parts is usually drilled slightly larger than the bolt. Figure 17.22
shows common types of nuts. Nuts are available in hexagonal or square shapes and
may be slotted to allow them to be secured with a pin or key. Acorn nuts are capped for
appearance. Self-locking nuts are available with neoprene gaskets that help keep the
nut tight when movement or vibration is a problem. Nuts are classified by thread spec-
ifications and type and are available with a flat base or a washer face.

17.06.02 Machine Screws and Cap Screws
Machine screws are threaded fasteners used for general assembly of machine parts
and are specified by thread, length, and head type. Machine screws are commonly avail-
able in coarse (UNC) and fine (UNF) threads and in sizes that range from 0.060 to 0.50
inches in diameter and lengths of 1/8 to 3 inches. Several types of heads are available, as
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illustrated in Figure 17.23. Heads may be selected for recess in countersunk or counter-
bored holes and/or for features such as tool sockets to facilitate assembly. Most
machine screws are threaded within a thread or two to the head.

A cap screw is fine-finished machine screw that is typically used without a nut
(i.e., it passes through a clearance hole in one part and screws into a threaded hole in
the mating part). Cap screws have a variety of head types and range in diameter from
0.060 inches and up, with a large range of lengths. A chamfer to the depth of the first
thread is present to facilitate installation. Various standard head forms are shown in
Figure 17.24. Detailed dimensions of standard machine screws and cap screws are given
in the Appendix.

17.06.03 Studs
A stud is a fastener with different threads at each end. It is screwed into a threaded hole
and holds other parts with a nut on its free end. A stud typically has fine threads at one
end and coarse threads at the other end or Class 3-fit threads at one end and Class 2-fit
threads at the other end. Fit classes are explained later in this chapter. Some typical
stud fasteners are shown in Figure 17.25.
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FIGURE 17.25. Stud fasteners.
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17.06.04 Design Considerations for Threaded Fasteners
Several design guidelines should be considered when choosing fasteners for assemblies.
The function of the joint and the available assembly methods must be considered.
Forces may be present that tend to pull the joint apart; therefore, it is important to
select fasteners that have sufficient strength so that the threads will not fail. More duc-
tile materials require more thread engagement. Typically, the minimum full thread
length for a screw or stud is at least the bolt diameter in steel; at least 1.5 times the
diameter in cast iron, brass, or bronze; and at least 2 times the diameter in aluminum,
zinc, or plastic. In addition, there must be a slight allowance for incomplete threads
due to tool runout. Tool runout is the distance a tool may go beyond the required full
thread length, as shown in Figure 17.26. Standard thread forming tools generally have
lead-in chamfers that produce two or more incomplete threads on the leading edge of
the tool, as shown in Figure 17.09. Generally, an allowance of three pitch lengths mini-
mum should be used to accommodate tool runout.

Where mating parts must be held tightly against a supporting shoulder on a threaded
fastener, the last one or two threads must be removed, or relieved. When a threaded joint
with a shoulder is designed, a counterbore is provided on the internal thread feature (hole)
or a relief is provided on the external threaded feature (bolt or screw). The relief is done no
deeper than to the root of the threads, as shown in Figure 17.27, so the fastener in not
weakened.

Holes threaded to receive a fastener are produced as either a through hole or a
blind hole. Through holes are preferred over blind holes from a manufacturing stand-
point. This eliminates consideration of incomplete threads, facilitates chip disposal,
and allows use of the most effective production methods. Unless the thickness of the
material to be threaded is considerably greater than the required thread length, the tap
drill for the thread should be drilled through the part.
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FIGURE 17.26. Tool runout is the incomplete threads that
a tool may go beyond the required full thread length.

(a) (b)

FIGURE 17.27. When designing a threaded joint
with a shoulder, provide (a) a counterbore on the
internal threaded feature (hole) or (b) a relief on 
the external threaded feature (bolt).
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17.06.05 Set Screws
A set screw is used to prevent motion between mating parts, such as the hub of a pul-
ley on a shaft. The set screw is screwed into and through one part so that it applies a
force against another part. Set screws are usually made of steel and are hardened to
make them stronger than the average fastener. Set screws have various kinds of heads
and points, as shown in Figure 17.28. Set screws are ordered by specifying the thread and
length, type of head, and type of point. Headless set screws are available with slotted or
hex sockets. Detailed sizes and lengths can be found in the Appendix.

17.06.06 Self-Tapping Screws 
The mating threads for self-tapping screws are created by the fasteners themselves.
These screws are used to hold two or more mating parts when one of the parts becomes
a fastening device. A clearance hole is required through the first part(s) while the last
part receives a pilot hole similar to a tap drill for unified threads. The self-tapping
screw then forms its own threads by cutting or displacing material as it enters the pilot
hole. There are several different types of self-tapping screws, with head variations simi-
lar to cap screws. The specific function of the screw is important as these screws may be
designed for applications ranging from sheet metal to hard metal fastening.
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FIGURE 17.28. Set screws.
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Rivets
Rivets are permanent fasteners that take the form of cylindrical pins with various
shaped heads, as shown in Figure 17.29. Most rivets are made of wrought iron or soft
steel for general applications (such as pressure vessels, structures, and machine mem-
bers) and copper, aluminum, alloy, or other exotic metals for special applications (such
as in aerospace). During installation, holes are punched or drilled in the parts to be fas-
tened, the rivet is inserted through the holes, and the end of the rivet opposite its head
is deformed using a special hammer or press. Shop rivets are installed in the factory,
whereas field rivets are installed on the job at a construction site.

17.07.01 Kinds of Rivets
There are five major kinds of rivets: truss head, button head, pan head, countersunk
head, and flat head. Small solid rivets are shown in their approximate standard propor-
tions in Figure 17.30.

The two kinds of basic rivet joints are the lap joint and the butt joint, shown in
Figure 17.31. In the lap joint, the parts overlap each other and are held together by one
or more rows of rivets. In the butt joint, the parts are butted and are held together by a
cover plate or butt strap that is riveted to both parts.

Some factors considered in the design of riveted joints are the type of joint, type and
diameter of rivet, rivet material, distance between rivets (pitch), and size of clearance
holes. Rivet holes can be punched, punched and reamed, or drilled. As a general rule,
holes are usually made slightly larger in diameter than the nominal rivet shank diameter
to facilitate assembly. The countersunk-head rivet is not as strong as the other kinds of
rivets; therefore, more countersunk-head rivets must be used to produce the same joint.

Rivets are represented on drawings according to a standard convention using sym-
bols such as those illustrated in Figure 17.32. The assembly drawing must identify what
size and kind of rivet to use, to which side of the joint the rivet is applied, and whether
the rivet is to be countersunk.
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FIGURE 17.29. Rivet head styles.
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Washers
A washer is a flat disk with a center hole to allow a fastener to pass through it, as shown
in Figure 17.33. Washers are typically used under nuts or bolt heads or at machinery wear
points to serve as cushions or bearing surfaces, to prevent leakage, or to relieve friction.

Pins
Pins are cylindrical (or slightly tapered) fasteners that are typically used to maintain
some desired position or orientation between parts. A pin may be used as an axis, allow-
ing the two mating parts to rotate about the joint. Pins are often used to accurately
align two parts relative to each other.

Dowel pins are used to keep parts in a fixed position. Dowel pins must generally be
pressed into a hole with an interference tolerance of between 0.0002 to 0.001 inches
(.005 to .025 mm) depending on the material and the function of the parts. Figure 17.34
shows a cross section of two parts held with a dowel pin. Figure 17.35 shows a table of
some standard dowel pins from a catalog.

For applications that require more precise alignment of accurately constructed
parts, tapered dowel pins may be better than straight dowel pins. Taper pins also are
used for parts that must be disassembled frequently or for cases where removal of
straight dowel pins may cause excess hole wear. Figure 17.36 shows an example of a
taper pin assembly. Taper pins sizes, shown in Figure 17.37, range in diameter, D, from
0.0625 inches to 0.875 inches; lengths, L, vary from 0.375 inches to 8 inches.

Grooved fasteners are used to solve metal-to-metal pinning needs with shear applica-
tion, as shown in Figure 17.38. Grooved fasteners have great holding power and are resist-
ant to shock, vibration, and fatigue. They are available in a wide range of types, sizes, and
materials. A grooved fastener often has a better appearance than most other methods of
fastening. This can be important to the overall design when the fastener is visible.
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FIGURE 17.33. Types of washers.
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FIGURE 17.34. A sectional view of a dowel pin in place.
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FIGURE 17.35. A standard dowel pin chart. Courtesy of Nordex, Inc.
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FIGURE 17.36. A taper pin in assembly section view.
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FIGURE 17.37. A taper pin. FIGURE 17.38. A grooved fastener.
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Grooved fasteners have three equally spaced parallel grooves pressed longitudinally
on their exterior surface. The grooves are made by a special tool that displaces the pin
material to one side. A raised portion, or flute, extends along each side of the groove, as
shown in Figure 17.39a. The grooved fastener is installed by forcing it into a hole that is
slightly larger than the undeformed diameter of the pin, as shown in Figure 17.39b. 
The installation cost of grooved pins is usually less than that of other pins because of the
larger allowable hole tolerances.

Another type of fastener is the spring pin, shown in Figure 17.40. Spring pins are
manufactured by cold-forming strip metal in a progressive roll-forming operation. 
After forming, the pins are broken off, deburred, and heat-treated to produce the desired
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FIGURE 17.40. A spring pin.
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hardness. Before installation, the pins are slightly larger in diameter than the hole into
which they are to be inserted. The pins are radially compressed as they are driven into the
hole. Spring pins are typically made from high-carbon steel, stainless steel, brass, or beryl-
lium copper. Some sizing guidelines for spring pins are shown in Figure 17.41.

Retaining Rings
Retaining rings provide removable shoulders for positioning or limiting the move-
ment of parts in an assembly, as shown in Figure 17.42. Typical ring applications are
shown in Figure 17.43 and Figure 17.44.

Retaining rings are made of materials that have good spring properties. This
permits the rings to be deformed substantially, and then spring back to their origi-
nal shape during assembly and disassembly. Most retaining rings are intended for
installation in grooves; however, they are sometimes placed on parts in their
deformed condition so they grip the parts by friction.

Internal axial rings are compressed for insertion or removal into a bore, using special
pliers that grasp the rings securely, as shown in Figure 17.45. External axial rings are
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FIGURE 17.42. Retaining rings.
Courtesy of Koh-I-Noor Rapidograph

FIGURE 17.43. An external retaining ring
used in a precision differential gearset.
Courtesy of Koh-I-Noor Rapidograph

FIGURE 17.44. An internal retaining ring
used in an electromagnetic clutch brake.
Courtesy of Koh-I-Noor Rapidograph

FIGURE 17.46. Internal ring pliers; when the
pliers are squeezed, the lugs are spread apart.
Courtesy of Koh-I-Noor Rapidograph

FIGURE 17.47. Special fixture and tool 
used to dispense and assemble external
retaining rings.
Courtesy of Koh-I-Noor Rapidograph

FIGURE 17.45. Internal ring pliers; when the
pliers are squeezed, the lugs are compressed
toward each other.
Courtesy of Koh-I-Noor Rapidograph
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expanded with special pliers, as shown in Figure 17.46, so the rings can be slipped over the
end of a shaft, stud, or similar part. Radial external rings have a large gap and, through 
the use of a special tool, are pushed into the shaft directly in the plane of the groove, as
shown in Figure 17.47. In addition to the tools shown here, retaining rings can be
installed with equipment designed specifically for high-speed automatic assembly lines.

Retaining ring grooves serve to assure precise seating of the ring in the assembly
and to permit the ring to withstand heavy thrust loads. The grooves must be located
accurately and are precut in the housing or shaft before the rings are installed. Self-
locking rings are held in place by friction and do not require grooves. They are used
mainly as positioning or locking devices where the ring will be subjected only to mod-
erate or light loads.

Keys
A key is a removable part that provides a means of transferring torque and preventing
slippage between rotating parts where they are joined along a shaft. Figure 17.48 shows
a typical application where a gear is mounted to a shaft. A keyseat is a rectangular
groove machined into the shaft, and a keyway is a rectangular groove machined into
the hub to receive the key. 

The five major kinds of keys used in industry today are illustrated in Figure 17.49:
square key, flat key, gib head key, Pratt & Whitney key, and Woodruff key. For transmis-
sion of large torques, double keys and keyseat can be used.

There are three classifications of fit for keys:
■ CLASS 1—A clearance fit obtained by using bar stock key and keyseat tolerances.

This is a relatively free fit.
■ CLASS 2—A possible interference or clearance fit obtained by using bar stock key

and keyseat tolerances. This is a relatively tight fit.
■ CLASS 3—An interference fit obtained by interference fit tolerances. This is a very

tight fit and has not been generally standardized.

As a general rule, the key width is about one-fourth the nominal diameter of the
shaft. More detail on recommended key sizes can be found in a machinery handbook.

Guidelines for dimensioning keyways and keyseats for a standard key are shown in
Figure 17.50, with more detail provided in the Appendix. For a Woodruff keyseat, the
key number must be included in a note, as shown in Figure 17.51. Guidelines for
dimensioning a Pratt & Whitney keyseat are shown in Figure 17.52.
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FIGURE 17.52. Pratt & Whitney keyseat dimensions.
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Snap-Fit Fasteners
Snap-fit attachments are a system of features on mating parts that consist of compati-
ble locators and locking geometries that form a mechanical attachment between the
two components. The use of snap-fit methods can reduce the number of parts in an
assembly. Snap-fits are commonly used on plastic parts; but they also may be used with
parts made of other materials, such as sheet metal. Compared to conventional fasten-
ers, snap-fits are quick and easy to assemble and thus reduce assembly costs as well as
inventory costs. Snap-fit assembly is easily automated, and snap-fit joints can be
designed to be easily disassembled or to be permanent. However, snap-fits generally
increase the complexity of the individual parts. Also, because snap-fit features protrude
from the part, they are subject to damage during handling. Nonetheless, snap-fits are
widely used by designers because of their many advantages.

Snap-fit joints generally fall into two categories: cantilever (snap legs) and cylindri-
cal joints. Cantilever designs are commonly used on plastic housings for consumer
products and latches for cabinets. Cylindrical snap-fit joints are found on childproof
medicine bottles, for example. A cantilever snap-fit joint, as shown in Figure 17.53, con-
sists of a protruding beam or leg on one part and a ledge on the mating part. The beam
must be flexible enough to deflect or bend as it passes over the ledge during assembly.
The design should allow the leg to return nearly to its original shape in the assembled
position so that the beam experiences little bending force after it is assembled. Other
features of the snap leg, as shown in Figure 17.54, include the foot, which engages the
ledge, and a fillet, which reduces stresses at the base. The lead angle, �, and return
angle, �, also are important features of the design.
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Other configurations of the basic snap beam include the snap loop, the L-shaped
leg, and the U-shaped leg, which are shown in Figure 17.55. Another configuration is
the use of a slot in the mating part instead of the ledge. In this case, the foot of the
beam is retained in the slot when the joint is assembled. These variations are used on
designs that have space limitations or that require special retention characteristics to
reduce the risk of unintentional disassembly.

Cylindrical or annular snap joints consist of a part with an external lip and a mat-
ing part with an internal lip or groove, as shown in Figure 17.56. Usually the outer part
expands or stretches to fit over the inner part, then returns to its original shape after
assembly. The diameters of the lip and groove, assembly and disassembly angles, and
material properties determine the assembly and disassembly forces.

The details of snap-fit design are complicated due to the large deflections, nonlin-
ear materials properties, and frictional effects. Further information can usually be
found in design guides from plastics manufacturers.

Chapter Summary
Fasteners are used in many applications to attach parts in an assembly, which may be
disassembled later or may be permanent. Many common fasteners feature screw
threads. Standardization of screw threads has led to the development of the commonly
used Unified National, ISO metric, and Acme screw thread forms, as well as others. In
CAD models, it usually is not necessary to model the exact thread geometry; standard
fasteners can be modeled using simplified representations. Threads can be shown on
drawings using schematic or simplified representations. For a more accurate representa-
tion, threads are modeled using a helical sweep feature. When specifying a threaded fas-
tener or threaded hole feature in a drawing, it is important to include in the thread
note all of the information about the threads. Standardized notation makes it easy to
understand the thread notes and to avoid confusion regarding the exact specification

17-30 sectionfour Drawing Annotation and Design Implementation

U-Shaped Cantilever

L-Shaped Cantilever

FIGURE 17.55. Other cantilever snap-fit
designs.

FIGURE 17.56. A cylindrical
snap-fit.

17.13 

42496_21_ch17_p17.1-17.36  12/13/07  8:02 AM  Page 30



of the fastener and mating hole. Non-threaded fasteners, including various types of riv-
ets, pins, retaining rings, keys, and integrated snap-fit fasteners, also may be used in
certain applications.
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angle of thread: The angle between the side of a
thread and a line perpendicular to the axis of the thread.
axis: The longitudinal centerline that passes through 
a screw.
blind hole: A hole that does not pass completely
through a part.
bolt: A threaded fastener that passes completely
through parts and holds them together using a nut.
butt joint: A joint between two parts wherein the parts
are butted, or placed next to each other.
cap screw: A small threaded fastener that mates with a
threaded hole.
crest: The top surface or point joining the sides of 
a thread.
depth of thread: The distance between the crest and
the root of a thread, measured normal to the axis.
die: A machine tool used for cutting external threads.
external thread: Threads that are formed on the out-
side of a cylindrical feature, such as on a bolt or stud.
fastener: A manufactured part whose primary func-
tion is to join two or more parts.
form: The shape of the thread cross section when cut
through the axis of the thread cylinder.
internal thread: Threads that are formed on the inside
of a hole.
key: A small removable part similar to a wedge that pro-
vides a positive means of transferring torque between a
shaft and a hub.
keyseat: A rectangular groove cut in a shaft to position
a key.
keyway: A rectangular groove cut in a hub to position 
a key.
lap joint: A joint between two parts wherein the parts
are overlapped.
lead: The distance a screw thread advances axially in
one full turn.
machine screw: A threaded fastener wherein the
threads are cut along the entire length of the cylindrical
shaft. Machine screws can mate with a threaded hole 
or nut.
major diameter: The largest diameter on an internal
or external thread.

minor diameter: The smallest diameter on an internal
or external thread.
multiple thread: A thread made up of two or more
continuous ridges side by side.
nut: The threaded mate to a bolt used to hold two or
more pieces of material together.
pin: A cylindrical (or slightly tapered) fastener typically
used to maintain a desired position or orientation
between parts.
pitch: The distance from one point on a thread to the
corresponding point on the adjacent thread as meas-
ured parallel to its axis.
pitch diameter: The diameter of an imaginary cylinder
that is halfway between the major and minor diameters
of the screw thread.
retaining rings: Precision-engineered fasteners that
provide removable shoulders for positioning or limiting
movement in an assembly.
rivet: A cylindrical pin with heads at both ends, one
head being formed during the assembly process, form-
ing a permanent fastener often used to hold sheet metal
together.
root: The bottom surface or point of a screw thread.
screw thread: A helix or conical spiral formed on the
external surface of a shaft or on the internal surface of a
cylindrical hole.
self-tapping screw: A fastener that creates its own
mating thread.
set screw: A small screw used to prevent parts from
moving due to vibration or rotation, such as to hold a
hub on a shaft.
single thread: A thread that is formed as one continu-
ous ridge.
spring pin: A hollow pin that is manufactured by cold-
forming strip metal in a progressive roll-forming opera-
tion. Spring pins are slightly larger in diameter than the
hole into which they are inserted and must be radially
compressed for assembly.
stud: A fastener that is a steel rod with threads at 
both ends.
tap: The machine tool used to form an interior thread.
Tapping is the process of making an internal thread.

17.14 glossary of key terms
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tap drill: A drill used to make a hole in material before
the internal threads are cut.
thread note: Information on a drawing that clearly
and completely identifies a thread.
thread series: The number of threads per inch on a
standard thread.

through hole: A hole that passes completely through 
a part.
tool runout: The distance a tool may go beyond the
required full thread length.
washer: A flat disk with a center hole to allow a fas-
tener to pass through it.

17.14 glossary of key terms (continued)

1. What types of fasteners can be used to join parts that
will permit disassembly later?

2. What information is included in a standard metric
thread note? in what order?

3. What information is included in a standard U.S.
thread note? In what order?

4. What tools and methods are used to manufacture
external threads?

5. Describe the process and tools used to manufacture
internal threads.

6. Describe how schematic and simplified thread rep-
resentations appear on a drawing.

7. What type of solid modeling feature is used to create
an exact representation of a screw thread?

8. When would you use an exact model of a threaded
feature as opposed to a simplified model?

9. What are other uses for threads besides fastening
things together?

10. If you have a 1/4 – 20 UNC threaded screw and rotate
it ten full turns, what will be the axial travel of 
the screw?

11. What is the purpose of using a retaining ring? What
applications use a key and keyseat?

12. What are some advantages and disadvantages of
snap-fit systems?

17.15 questions for review

1. Create a proper thread note that can be used on a
drawing for the following thread specifications.

a. ISO Basic Metric thread, 12 mm major diameter,
moderate tolerances on diameter and pitch, exter-
nal thread, right-handed

b. Unified National Coarse thread, 1/4 in. major
diameter, moderate tolerances, internal thread,
right-handed

c. Unified National Fine thread, 5/16 in. major diam-
eter, fine tolerances, external thread, right-handed

d. Unified National Extra Fine thread, 5/8 in. major
diameter, fine tolerances, internal thread, 
right-handed

e. ISO Basic Metric thread, 10 mm major diameter,
coarse tolerances on diameter and pitch, internal
thread, right-handed

f. Unified National Coarse thread, 3/4 in. major
diameter, moderate tolerances, internal thread,
right-handed

g. Unified National Fine thread, 0.190 in. major diam-
eter, fine tolerances, external thread, right-handed

h. Unified National Coarse thread, 3/4 in. major
diameter, moderate tolerances, external thread,
left-handed

i. ISO Basic Metric thread, 6 mm major diameter,
fine tolerances on diameter and pitch, external
thread, right-handed

j. ISO Basic Metric thread, 20 mm major diameter,
moderate tolerances on diameter and pitch, exter-
nal thread, right-handed

k. Unified National Coarse thread, 0.125 in. major
diameter, fine tolerances, internal thread, 
right-handed

l. Unified National Fine thread, 1.375 in. major diam-
eter, fine tolerances, external thread, left-handed

17.16 problems
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2. For the following thread notes, describe in detail the specification of the desired thread.

a. M12 X 1.75 – 6g

b. 10-24 UNC – 3A

c. 5/8-24 UNEF – 3B LH

d. M16 x 2 – 3H

e. 1/4-28 UNF – 2B

f. M24 x 3 – 8e LH

g. 10-32 UNF – 1A RH

h. M6 x 1 – 6G

i. 8-36 UNF – 2A

j. 13⁄4-5 UNC – 1B RH

3. For the object shown in Figure P17.3, create a fully dimensioned multiview drawing in which the two 0.50 in. diam-
eter holes are replaced with holes that are tapped with a right-handed Unified Coarse thread, 1/2 in. major
diameter, with moderate tolerances.

17.16 problems (continued)

FIGURE P17.3.
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17.16 problems (continued)

.50

.50

.25

.50

Ø1.5 (TYP.)

Ø2.0

FRONT VIEW

3.75
.75

1.5

.75

Ø.38  T .88
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FIGURE P17.5. 

FIGURE P17.4. 

4. For the object shown in Figure P17.4, create a fully dimensioned multiview drawing in which the two 0.56 in. diam-
eter holes are replaced with holes that are tapped with a right-handed Unified Fine thread, 5/16 in. major diameter,
with fine tolerances.

5. For the object shown in Figure P17.5, create a fully dimensioned multiview drawing in which the slotted part of
the 1.5 in. diameter shaft is replaced with a right-handed Unified Fine thread, 1 in. major diameter, with fine tol-
erances. A relief of 0.25 in. is required at the base of the thread.
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17.16 problems (continued)
6. For the object shown in Figure P17.6, create a fully dimensioned multiview drawing in which the 12 mm diameter

slotted shaft is replaced with a right-handed Basic Metric thread, 12 mm major diameter, with fine tolerances. A
relief of 5 mm is required at the base of the thread.

7. For the object shown in Figure P17.7, create a fully dimensioned multiview drawing in which the six 0.28 in. diam-
eter holes are replaced with holes that are tapped with a right-handed Unified Coarse thread, 1/4 in. major
diameter, with coarse tolerances.
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17.16 problems (continued)
8. For the object shown in Figure P17.8, create a fully dimensioned multiview drawing in which the three 0.50 in.

diameter holes are replaced with holes that are tapped with a right-handed Unified Extra Fine thread, 1/2 in.
major diameter, with fine tolerances. Include a half-section view that shows one of the threaded holes in cross
section.

9. For the object shown in Figure P17.9, create a fully dimensioned multiview drawing in which the eight 
5 mm diameter holes are replaced with holes that are tapped with a right-handed Basic Metric thread, 6 mm major
diameter, with fine tolerances. The pilot hole is to be 10 mm deep, and there must be at least five full threads in the
hole. Include a half-section view that shows one of the threaded holes in cross section.

FIGURE P17.8. 
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Working Drawings

objectives
After completing this chapter, you should be able to
● Specify the contents, formatting, and organization of 

engineering drawings
● Correctly prepare and interpret formal, professional 

engineering drawings
● Discuss the primary differences between drawings 

used in manufacturing projects and those used in 
construction projects

● Effectively use scales to measure the length of lines 
on a drawing

18

18-1
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I n this chapter, you will learn about conventions and practices used in real-
world engineering drawings. You will learn about two primary types of draw-
ings—manufacturing and construction. Manufacturing drawings are used by

engineers other than just mechanical engineers, and construction drawings are
used by engineers other than just civil engineers; however, for the sake of simplicity
in terminology, this chapter will sometimes refer to working drawings as “mechani-
cal engineering drawings” or as “civil engineering drawings” since those two disci-
plines are concerned primarily with manufacturing and construction drawings,
respectively. As a further simplification, the term object or part will refer to the
mechanical parts that have been designed as well as a civil infrastructure project.
Manufacturing drawings are used for products such as bicycles and toasters.
Construction drawings are used for roads and bridges. Mechanical drawings depict
products that are mass-produced; civil drawings represent unique projects that are
known as one-offs. (A one-off is a system for which only one such system is con-
structed.) Although there are similarities between manufacturing and construction
drawings, there are also significant differences. In the following sections, you will
learn about manufacturing working drawings and construction working drawings.
In particular, in the discussion of construction drawings, you will learn about the
characteristics that set them apart from typical manufacturing drawings.

When parts and assemblies are ready for fabrication or when structures are
ready for construction, the drawings must be presented in a format that is consid-
ered formal and professional. There are several reasons for this formality. First
and foremost, the drawings must be able to stand on their own without any
vagueness or ambiguity. They must be interpreted the same way when viewed by
different people. In fact, for complex projects (in particular, for construction proj-
ects), many people will view the drawings. Also, the engineer responsible for the
design may not be available to answer questions that arise during manufacturing
or construction. Formal drawings need to be formatted in such a way that relevant
information concerning the specifications, records, and identification of the part is
easy to locate and is included with the drawing.

Next, an engineering drawing is considered a legal document and, as such,
must contain a certain amount of information concerning the history of and
responsibilities for the design. In the case of a set of construction drawings, the
seal and signature of a registered professional engineer (PE) is typically a
requirement. Finally, since engineering drawings are usually presented to third par-
ties for cost estimation or fabrication, the presentation of the drawing is a reflec-
tion of the quality of the originator. Drawings that are presented well reflect
favorably on the person or company that made the drawings.

When fabricated parts and assemblies are later used in the field or when infra-
structure projects are constructed in the field, additional people may need to see
the design drawings. These people sometimes include technicians and assemblers
who install the parts in the final working environment; salespeople who ensure
that the parts are compatible with other products produced by different compa-
nies; subcontractors who construct specific systems in the project, such as the
wiring or plumbing; maintenance people who repair or replace the parts in the
field; government inspectors who monitor the progress of a civil works project;
and for certain types of systems, engineers or technicians who are responsible for
the removal, recycling, or disposal of the parts at their end of life.

18.01
introduction
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Making It Formal
If you have decided that you would like someone else to make your parts or device for
you, you must produce a set of formal documents known as working drawings to
send to the fabricator. In civil engineering projects, contractors bid on projects based
on the working drawings and specifications. Working drawings show each part or
structure in all of the views necessary to fully define their features, their sizes and toler-
ances, and the way they are to be assembled into the completed product. Consequently,
much of what you have learned in the previous chapters concerning orthogonal projec-
tion, pictorial views, dimensioning, and tolerancing is used extensively in working
drawings. In the ideal case, once you have produced a set of working drawings and they
are delivered to the fabricator or contractor, your systems should be able to be fabri-
cated correctly without any further intervention from you. No one should need to call
you with questions concerning any feature of the part or the way the part is to be made.
In large construction projects, this is rarely the case and the engineer who designed the
structure is often extensively involved in overseeing final construction of the project.

Once a drawing leaves your hands as the responsible engineer, it is likely to be
reproduced many times and viewed many times by different people. You must have
confidence that the information contained on the drawing will be interpreted correctly
by every person who views it. In a complex manufacturing project, for example, the first
person who will likely see the drawing is a buyer who must evaluate the operations
required to fabricate the system and the degree of difficulty of fabrication. Thus, a fab-
ricator with the capability to produce the part will be selected. For construction proj-
ects, the first people to see the drawings are usually the contractors who bid on the
project. Contractors estimate project costs based on the drawings and specifications;
the person with the lowest estimate, or bid, is typically awarded the project. The
selected fabricator or contractor must then produce the part or assembly as specified
on the drawings. Inspectors measure and test the part or materials to ensure that they
meet the criteria defined in the drawings and specifications. The engineers and techni-
cians who are responsible for installing the part in the final product must know the
sizes of the part’s features and their allowable variation so that any special tooling
required for the installation can be built. The subcontractors who install various sys-
tems on a construction project must know how their portion fits in with the overall
structure. This process of design and specification, fabrication, inspection, and instal-
lation is shown in Figure 18.01 for the prototype production of a computer disk drive
spindle, a typical manufacturing project. Not shown is the special tooling required to
ensure the proper alignment of the parts when they are assembled.

When you finish making a working drawing, you have created part of a legal doc-
ument. Engineering drawings are, in fact, legally binding documents. Once an agree-
ment between you and the fabricator or contractor has been reached for the
manufacture or construction of a part or system, the engineering drawing becomes
the focal point of the agreement. A working drawing is part of a contract in which a
fabricator or contractor agrees to make the specified part in accordance with all of the
requirements indicated on the drawing in exchange for an agreed amount of money,
products, or services. For manufactured products, an additional agreement usually
outlines what information, if any, can be shared with others besides the fabricator. If
any information required to make the part is missing on the working drawing, the
contract may not be able to be completed. In the worst-case scenario, if any informa-
tion on the working drawing can be easily misinterpreted, an error in the part may
result. In either case, as the originator of the drawing, the fault would lie with you and
you may be required to compensate the fabricator or contractor for whatever time 
and effort was expended in the attempt to make the part.

Manufactured parts that meet all of the requirements specified on the drawing
must be purchased for the agreed-upon volume, delivery schedule, and price.

chapter 18 Working Drawings 18-3

18.02
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Contractors must be paid the agreed-upon amount when the structure is completed.
On the other hand, for manufactured products, you can reject delivered parts that fail
to meet any specification of the drawing. For construction projects, contractors must
typically redo the portion of the structure that is not in keeping with the drawings and
specifications—eating into their profit margin for the project. If there is an error on the
drawing, the buyer must still purchase the manufactured parts if they have been made
according to the drawing given to the fabricator. For construction engineering projects,
the design firm may have to pay for cost overruns due to incorrect design information
on the drawings. Information that is missing on a drawing (and then misinterpreted by
the fabricator) is most often considered the fault of the designer. For example, if the
numerical dimensions for a part to be manufactured are meant to be in centimeters,
this information is missing on the drawing, and the numerical dimensions are inter-
preted as inches, the error is considered the buyer’s fault. Still, these parts must be pur-
chased. Since construction projects are one-off designs, missing dimensions or missing
information is a relatively frequent occurrence. Contractors and engineers typically
remain in close contact during the construction phase so that these issues can be easily
resolved in the field.

Working drawings can usually be distinguished from less formal drawings by their
formatting. Just as courts require all submitted legal documents to adhere to a required
format and colleges and universities require graduate theses to have a uniform appear-
ance, engineering working drawings also have a prescribed presentation form. Informal
drawings, such as those shown in Figure 18.02, have no required formatting and can
appear on any size paper; multiview presentations are not required, and dimensions

18-4 sectionfour Drawing Annotation and Design Implementation

Design Fabrication

InspectionAssembly

FIGURE 18.01. Some steps in the product development cycle that require the use of working
drawings.
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frequently appear on pictorials. Informal drawings can be sketches, can be made with
mechanical instruments or CAD, and can include many parts on a single page. Working
drawings, on the other hand, are to be of specific sizes and include borders and headers
containing specific information. Specific views and presentation techniques are expected.
Most of all, working drawings must be complete in providing the information required to
make the parts they describe. This is not to say, however, that only working drawings can
be legal documents. In civil engineering practice, written specifications usually accom-
pany the drawings and are considered part of the project’s legal documentation.

Under certain conditions, informal drawings (even sketches) can be considered
legal documents. If, for example, you or your buyer gives an informal drawing to a fab-
ricator with instructions to make the part, even the informal drawing becomes part of
the legal contract. The drawing just will not look very nice—or professional. Another
example involves patent disputes. The courts may consider the notes and sketches you
make in your engineering notebook to be legal documents for establishing the date of
conception of an idea. For this purpose, you should have a witness sign and date any
notes, sketches, or drawings that you produce that may lead to a patent.

In the engineering and business worlds, appearances are important. The progres-
sion from informal drawings to formal drawings, as shown in Figure 18.03, is in many
ways a transition in appearance and presentation. Many people consider a formal engi-
neering drawing to be not only a means of information transfer but also a work of art.
The presentation of this document can reflect well or poorly on its originator. For that
reason, the formal drawings you submit should be well organized, neat, and polished—
a part of engineering professionalism.

chapter 18 Working Drawings 18-5
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FIGURE 18.02. Sketches, pictorials, and layouts are helpful for visualization and initial siz-
ing but are usually not considered complete, formal drawings.
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Sheet Sizes
The first step in making a formal working drawing is to choose an appropriate sheet
size. This statement might sound strange today, when computers can generate a draw-
ing of almost any size with the part views shown in any scale. However, most working
drawings need to be printed for easy viewing, perhaps by a machinist trying to make the
parts in a shop, a contractor examining the drawing in the preparation of a bid, or a
group of engineers sitting around a conference table reviewing the design. When a work-
ing drawing is printed to its intended size, it must be readable.

Most of the world, with the exception of the United States, uses international
sheet sizes. The most common international sizes are A4, A3, A2, A1, and A0. Size A4
is 297 mm × 210 mm. (For anyone not well-versed in metric sizes, this is approximately
the size of the paper used in a computer printer.) If the horizontal dimension size is
larger than the vertical size, the paper orientation is known as landscape; otherwise,
the orientation is called portrait. Landscape paper orientation is used almost exclu-
sively in engineering working drawings. The next largest paper size, A3, is generated by
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attaching two A4 “sheets” along their lengths, producing a sheet that is twice the area
of an A4 sheet, or 420 mm × 297 mm. The A2 sheet (594 mm × 420 mm) is similarly
produced by putting together two A3 sheets. The A1 (840 mm × 594 mm) and A0
(1188 mm × 840 mm) sizes are generated similarly. The A0 size is generally accepted as
the largest size that will fit, without rolling or folding, inside available cabinets made
for drawing storage.

US sheet sizes, which are designated A, B, C, D, and E, are close to the interna-
tional sheet sizes. Size A paper is 11" × 8.5" and is commonly called letter size. As with
the international paper sizes, each increasing US sheet size is generated by attaching its
two smaller sizes along their lengths. Thus, a B size sheet is 17" × 11", a C size sheet is
22" × 17", etc. An E size sheet, which is 44" × 34", is the largest drawing size that will fit
easily inside a common filing cabinet for drawings. Civil engineering drawings are usu-
ally drawn on E size paper unless a bound book of B size drawings is created for a proj-
ect. The common International and US sheet sizes are shown in Figure 18.04.

Some caution is necessary when you are printing a drawing less than its full size,
which provides convenience in printing, copying, and handling. In large construction
projects, printing a drawing to less than full size is a necessity. The font size used for the
dimensions and notes on a working drawing is usually 3 mm to 6 mm in height and is
independent of the size of the drawing; that is, the font size on an A4 drawing is the
same as that on an A0 drawing. If you want to see the notes and dimensions printed to
their full size, the drawing needs to be printed to its full size. If, for example, an A1 or
A0 size drawing is reduced to an A4 size, the notes and dimensions may be reduced to
the point where they are no longer legible. This effect is demonstrated in Figure 18.05
as larger drawings are reduced to a smaller sheet size. Fortunately, a larger printer, such
as the one shown in Figure 18.06, is fairly easy to find, and drawings can be easily
printed to a size that is legible and convenient for handling.

The previous discussion covered working drawings in a generic way. The similari-
ties and some differences between manufacturing and construction drawings were dis-
cussed. In the following sections, the discussion of manufacturing and construction
drawings will diverge. You will first learn about manufacturing drawings and then
about construction drawings. 
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FIGURE 18.05. Geometry and
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larger drawings are printed to
smaller sheets.

FIGURE 18.06. An ink-jet
printer capable of creating a 
full size International A0 or 
US size E drawing.

The Formal Drawing Header in 
Manufacturing Drawings
In addition to the information about the geometries of the parts or assemblies, work-
ing drawings need to contain other information. There must be information, for exam-
ple, on how each part can be uniquely identified; otherwise, it may be difficult to locate
specific parts and drawings among the vast numbers of parts being manufactured or
assembled at any given time. Also, there must be some information about the history of
a part or an assembly; otherwise, it may be difficult to distinguish modified new parts
from original old parts as the design progresses. If the design for a part does change
with time, there must be a way of recording those changes so that everyone working
with the part knows what it looks like, how it fits into other parts, and how it performs
in the completed device. Is it a new style part or an old style part? If it is an old style
part, how old is it? How many changes has it undergone? Can the old style be used
instead of the new style?

18.04
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There also must be a sense of accountability for the design of a part. Who made the
drawing? Which engineer was responsible for the part’s proper function? Who
approved the release of the drawing outside the company? When were those things
done? Is the information contained on a drawing considered confidential to the origi-
nator? Most of those questions can be answered by examining the drawing header,
which is described next.

A header is a printed frame or outline on which a drawing is created. Drawing
headers are usually unique to the company that produces the drawing, but they follow
a similar format and contain the same type of information. A typical header for a man-
ufacturing drawing is shown in Figure 18.07. A heavy line border defines the limit of
the formal drawing area. Any added markings that are to be a part of the drawing must
be inside this border. On some headers, evenly spaced location grid marks appear in
the horizontal and vertical directions outside the border. The location grid on a draw-
ing, similar to the location grid on a street map, helps readers of the drawing locate
areas on the sheet where specific features can be found. For large drawings with many
features, the location grid is particularly useful. If, for example, you were told to look
for a specific feature at location C5 on the drawing, you would immediately begin look-
ing at the double highlighted area shown in Figure 18.07. A major part of the header is
the main title block. The main title block contains most of the information required
to identify the part on the drawing as well as to track its progress in the design cycle.
The main title block provides space for specifying the material and the material pro-
cessing required to fabricate the part. Some companies provide a secondary title
block for additional information a company would like to see included on its manu-
facturing drawings.

The main title block contains information on how to interpret what is seen on the
drawing, as highlighted in the magnified portion shown in Figure 18.08. The defini-
tion of the units for the dimensions is specified there. Usually the units are specified as
MM (millimeters), CM (centimeters), M (meters), IN (inches), or FT (feet). In addition,
words and/or graphics specify whether the orthogonal views on the drawing are pro-
duced using first-angle projection, which is popular internationally, or using third-
angle projection, which is used in the United States. The scale of the drawing is defined
as “the ratio of the size of the actual part to the size of the image of the part shown on
the drawing when the drawing is printed to its full sheet size.”
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The main title block also contains information about who owns the drawing and
the information it contains, as indicated in Figure 18.09. A manufacturing drawing
and any of its copies are usually considered the property of the company for which the
part is made. Usually the name, initial, or logo of the company (in this case, DKL
Corporation) is displayed and some sort of message expresses how the information
contained in the drawing can be used and distributed. If this information is considered
confidential, or proprietary, it is clearly marked as such. The purpose of these state-
ments is to ensure that the information contained in the drawings is not freely distrib-
uted, especially to the company’s competitors.

The main means of identification of a part is through its part number, as high-
lighted in Figure 18.10. Every individual part that is fabricated according to the same
drawing (or a copy of it) carries the same part number. Ideally, all parts with the same part
number should be interchangeable. When it is important to identify each part fabricated
from the same drawing, those parts can be assigned unique serial numbers. Since assem-
blies and subassemblies are often handled and transported as complete units, they also
are assigned part numbers. Every company has its own method of assigning part num-
bers. Some are alphanumeric strings, some include information on the date the number
was assigned, and some include coded information on the project type or the location of
the engineering facility. Whether an individual part, a subassembly, or a full assembly is
defined, part numbers must be unique within a company. A firm usually has an internal
accounting system for assigning and tracking part numbers to ensure that no two unique
parts are given the same number. In addition to the part number, a part, subassembly, or
full assembly is usually given a part name. A part name is given for convenience and is
usually based on a part’s function or appearance, such as L-bracket, or Base Plate, or
Pillow Block A. Part names do not have to be unique since they are meant to provide tem-
porary convenience for identifying parts while they are in fabrication or use. A company
could have several L-brackets defined for use in various assemblies; however, each unique
L-bracket is defined by a unique number.

If a part is modified during its life, the drawing is given an EC Level number. EC is
an acronym for Engineering Change; it also may be called Revision Level or something
similar depending on the terminology a company uses. The existence of an EC Level
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FIGURE 18.08. Inside the main
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the dimensions that are shown
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number is an indication that the original design has been updated in some way (e.g.,
changes in the material or in one or more dimensions or tolerances). In Figure 18.10,
the EC Level appears on the secondary title block. Different parts and assemblies can
have the same EC Level number if they are from the same product and were updated at
the same time. As with part numbers, EC Level numbers can be an alphanumeric string
and cannot be reused on the same part or assembly after they have been assigned. If the
design of a part has changed significantly to the point where it is no longer inter-
changeable with the older versions of the part, that part should be assigned a new part
number rather than a new EC Level number.

Drawings with large numbers of detail views and notes may require more than one
sheet. In this case, each sheet must have a page number and specify the total pages in
the entire drawing. Some companies require that each part specifies its next assembly,
which is the part number of the assembly or subassembly into which the part is to be
immediately installed. If the next assembly requires more than one of a particular part,
that quantity is specified as the quantity per machine (Q/M).

A chain of responsibility is required for all manufacturing drawings. The people
responsible for the creation of a drawing must be identifiable should any questions arise
about the drawing’s contents. Every formal drawing has areas for approval signatures
in the main title block, as shown in Figure 18.11, where the appropriate people can initial
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FIGURE 18.10. The part name,
part number, and revision (or
EC) number uniquely distin-
guishes this part from different
parts or earlier versions of the
same part.
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of development and leave a trail
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and date the drawing. (However, with most CAD drawings, the initials are no longer
handwritten; rather, they are inserted as a drawing note.) The required signatures usually
include those of the drafter who made the drawing (drawn by . . .), the person who
reviewed the drawing to make sure it was free from errors (checked by . . .), the designer or
engineer who checked to make sure the fabricated part would fit and function in its
intended manner (approved by . . .), and a manager who checked that the formal drawing
would meet all accounting and security requirements when delivered to a fabricator out-
side the company (released by . . .). In smaller companies, it is common to see two or more
of these functions performed by the same person.

The main title block usually includes spaces where additional information
required for the fabrication of the part is contained, as shown in Figure 18.12. The rea-
son for these spaces is to prompt the entry of additional information; usually the infor-
mation required for the fabrication of the parts is included on the drawing. Typical
additional information might include the material from which the part is made and
any special heat treatment or surface treatments that are required. Other important
information includes the default tolerances, which are the dimensional tolerances
that may be assumed when no tolerance appears with the dimension. Using default tol-
erance in this manner saves effort in assigning a tolerance to every dimension when the
tolerances are the same and generally gives the drawing a neater appearance. Default
tolerances can be specified to be different according to the number of decimal places
shown on the dimension. Dimensions that have one, two, or three decimal places can
be assigned different default tolerances, usually with stricter tolerances used as the
number of decimal places increases.

If the drawing extends to multiple pages, the header blocks on the subsequent
pages can be simplified, as shown in Figure 18.13. These simplified blocks are called
continuation blocks and usually contain information that identifies the sheets as
being part of a larger drawing. This information includes the part number, EC number,
and sheet number of the drawing. The size of the sheet is also included in case the
sheets of the drawing are of different sizes.

If the company has no preferred standard title blocks for its drawings, ANSI has
recommended the use of some generic title blocks, which are shown in Figure 18.14.
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FIGURE 18.12. Areas for entry
of information about material,
hardening, surface treatment,
and tolerances ensure that this
information is not neglected.
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The information contained in the generic ANSI title blocks is representative of
that expected to be contained in most formal drawing title blocks. This information is
entered in the proper areas of the ANSI title block as indicated in Figure 18.14 and as
listed here:

A. A statement of origin or ownership of the drawing

B. The title of the part or drawing

C. The size of the sheet when the drawing is printed to its full size
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D. The Federal Supply Code for Manufacturers (FSCM) number if the work is being
done for the federal government

E. The drawing number or part number

F. The revision, or EC, number

G. The ratio of the item size shown on the drawing versus that of the actual item

H. The approximate weight of the item if it is heavy

I. The page number (for drawings with multiple pages)

J. Names of the drafter and checker, with dates

K. Names of any additional people needed to approve the drawing, with dates

The Drawing Area for Manufactured Parts
The drawing area is defined as the area inside the border of the drawing. It is informally
subdivided in an area reserved for showing geometry and an area for the notes, as
shown in Figure 18.15. Notes are usually listed in one corner of the drawing, and the
rest of the drawing area is dedicated to showing the views of the part.

18.05.01 Geometry Presentation
The size of the sheet and the scale of the object should be selected so that the area
reserved for showing the object’s geometry is uncluttered, even after the dimensions are
added. These choices are rather subjective, and looking at how other (good) formal
drawings have been prepared gives you some clues about how to make these choices.
Simple objects with few geometric features and dimensions generally require smaller
sheets. Complicated objects with many features and dimensions require larger sheets or
perhaps multiple sheets. Some consideration, however, should be given toward han-
dling convenience. Smaller sheets are easier to store and carry, whereas larger sheets are
more difficult to store but are better for showing to a group of people.
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18.05.02 Object Views
Whether the object is a part or an assembly, its geometry must be presented using the
rule of orthogonal projection and multiview representation. Further, unless there is a
good reason not to do so, the views to be shown are those of the preferred configura-
tion (i.e., the front, top, and right-side views, as shown in Figure 18.16). Cases where
more or fewer than three orthographic views should be used are shown in the chapter
on orthogonal projection and multiview drawings. A more complex part requiring
more views is shown in Figure 18.17. For this part, a left-side view has been added to
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FIGURE 18.16. A formal
drawing of a tooling block
presented in the preferred
multiview configuration show-
ing all hidden lines. All of its
features can be shown using the
top, front, and right-side views.

123456

123456

A

B

C

D

A

B

C

D

PART NO.

PART NAME:

DRAWN BY:

CHECKED BY:

APPROVED BY:

RELEASED BY:

DATE:

DATE:

DATE:

DATE:

THIS DOCUMENT IS THE PROPERTY OF DKL CORPORATION.  ITS USE IS 
AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR QUOTATION
OR FOR THE PERFORMANCE OF WORK FOR DKL.  ALL QUESTIONS MUST 
BE REFERRED TO THE DKL PURCHASING DEPARTMENT.

UNITS: SCALE:

THIRD ANGLE PROJECTION

PAGE NO. TOTAL PAGES:

TOLERANCES, UNLESS NOTED

LINEAR 
�

�

ANGLES

RADII

OUTSIDE MAX

INSIDE MAX

MATERIAL:

HARDNESS:

CASE DEPTH:

SURFACE TREATMENT:

MATERIAL ALTERNATE:

PART NO.

NEXT ASM: Q/M:

PART NO.

EC LEVEL MODIFIED BY DATE

STEEL ANSI 1050

STEEL ANSI 1040 

NONE

0.1

0.5

0.2

0.2

0.2

HB 150

THRU

MM NONE

TOOLING BLOCK B

1 1

BJU

DKL

SAS

HKA

10 MAR 00

05 APR 00

24 APR 00

22 MAY 00

22V6486

22V6486

22V6486

22V6300 1

15D4693 DKL 05 FEB 01

20

15

80

10

50

50

(2X) 65˚

35

7.5

100

R10

80 85

50

15

55

10

Ø5.0 20 MAX
(3X) M6 X 1 - 6G 10 

(3X) M4 X 0.7 - 6G

NOTES:

1.  BREAK ALL SHARP CORNERS AND EDGES
     FOR HANDLING SAFETY.

2.  COAT PART WITH LIGHT MACHINE OIL FOR
     CORROSION RESISTANCE.

3.   REMOVE ALL BURRS.

25

35
20

PICTORIAL FOR CLARITY PICTORIAL FOR CLARITY

Ø5.0 20 MAX
(2X) M6 X 1 - 6G 10 

�0.025

EDGE/CORNER BREAKS

�

RADII, UNLESS NOTED: 2

�0.025

�0.025

FIGURE 18.17. This modified
tooling block requires an addi-
tional left-side view in order to
show the features on that side.

42496_22_ch18_p18.1-18.90  12/13/07  12:41 PM  Page 15



show a cutout and threaded holes on that side of the object. Using the preferred config-
uration and hidden lines alone to show those features would have required that dimen-
sions be applied to the hidden lines, which produces views that are more complex and
difficult to interpret.

The orientation of the object must be such that these three views show as many vis-
ible edges in their true length as possible. The guidelines for adding additional drawing
details and additional views are as follows:

1. Start by showing the object in the preferred configuration (i.e., the top, front, and
right-side views). Orient the object such that as many edges as possible are shown
in their true length in these views. If a view adds no additional information to the
presentation, it may be removed.

2. Add more of the standard orthogonal views (e.g., left-side, bottom, and/or back
view) as necessary so that dimensioning can be applied to visible edges or
features only.

3. Add all hidden lines from the exterior edges and interior detail that are not visible.

4. If there are too many hidden lines and the views are confusing, remove the hidden
lines that are not necessary for fully defining the geometry or features of the object.

5. If there are still too many hidden lines and the views are still confusing, add more
of the standard orthogonal views as necessary to reduce the number of hidden
lines and to maintain full definition of the object’s geometry.

6. Use shorthand notation to define screw threads and the size and depth of coun-
terbored and countersunk holes and slots. Otherwise, add section views to clarify
the interior details.

7. If the hidden lines from different interior details cross or overlap, add section
views to clarify the interior details.

8. If any edges cannot be seen in their true lengths in the standard orthogonal views,
add auxiliary views so these true lengths can be seen.

9. If features cannot be seen clearly and cannot be defined because they are small,
add detail views with a magnified scale.

10. Add the appropriate dimensions and tolerance specifications for the object. If the
drawing starts to look crowded, transfer everything to a larger-sized sheet.

For people with a great deal of drawing experience, most of those steps can be done
mentally. Then the general rule for presenting the object becomes simply, “Start with
the preferred configuration; then add or subtract whatever views are necessary to best
show all of the geometry.”

18.05.03 Notes
The notes on a formal drawing refer to special processing, handling, or assembly proce-
dures that are required on a part or an assembly that cannot be specified by the dimen-
sions and tolerances on the part or by the materials specifications in the title block. The
notes are usually numbered according to each specific requirement and listed together
in the same area of the drawing. Notes on a drawing might include “This surface to be
free of plating” or “Part to be cleaned and degreased when completed” or “All internal
edges to be free of burrs.” Generally speaking, a note is added whenever you want some-
thing done to a part and you do not know how else to specify it.

Parts, Subassemblies, and Assemblies
An engineered device is composed of one or more pieces, and one of the purposes of
manufacturing drawings is to document how those pieces should be made and how the
pieces should be put together to make the device. A set of drawings must contain
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enough information so that any manufacturer with the proper fabrication tools and
skills can make all of the pieces and put them together properly. This fabrication must
be possible from the information available on the drawings, without consultation with
the engineers, designers, or drafters who made the drawings. A set of manufacturing
drawings is structured like the roots of a tree, as shown in Figure 18.18.

At the very top of the root structure is the main assembly for the device.
Assembly drawings are required to show how to put the main assembly together and
how all of the pieces look and fit when this is done. The main assembly is composed of
smaller individual parts that can be made especially for the device or purchased as com-
mercially available parts. Examples of common commercial parts include screws, bolts,
washers, nuts, and rivets.

Assembly drawings contain information that identifies the parts or subassem-
blies in the assembly. This is done with balloons and arrows pointing to each part.
Balloons are closed geometric shapes, not necessarily circular, that contain a number.
Depending on individual company practices, the number inside the balloon can be
the part number or an item number that is referenced to the part number and listed
with the drawing’s notes. Some companies like to include the quantity of each part
inside the balloon along with the item or part number.
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The main assembly also can be composed of smaller subassemblies, which are
collections of custom-made and/or commercially available parts that have already been
put together and installed in the main assembly as a single piece. A large project may
have several levels of subassemblies in the main assembly. Each subassembly needs its
own layout drawing and assembly drawing for the various sub-subassemblies, or parts,
that go into it. Finally, each custom-made part requires a detail drawing that shows
the geometry, dimensions, tolerances, materials, and all other information needed to
fabricate the part.

At this time, a more precise definition of a part is needed. The most common inter-
pretation of a part is that it is a single object made from a single, contiguous material.
Most metal, plastic, or wooden objects, for example, fall under this definition. Up until
the twentieth century, this definition was correct. Since that time, products have
become increasingly complex in their construction and use of different materials. Is an
electric motor a single part; or is it a collection of parts, otherwise known as an assem-
bly? What about the headlight module on a car? Imagine an electric circuit board with
various electronic components installed on it. If you were the user of the board, you
would probably consider it to be a single part. However, if you were its manufacturer,
you would probably consider it to be an assembly. Therefore, the definition of a part
depends on how you expect to receive it from the manufacturer making it for you. You
can generally refer to an object as a single part, even though it may be composed of
many different pieces and be made of many different materials, when you expect the
fabricator to deliver it to you as a single unit with only its external dimensions and
functional requirements specified.

Consider the drawings that would be necessary for the product shown in Figure 18.19,
which shows a vise clamp used for holding work pieces during machining operations. All
of the drawings necessary to fabricate this device will be discussed, with more detail on the
type and method of presentation of information for each type of drawing.

18-18 sectionfour Drawing Annotation and Design Implementation
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18.06.01 Exploded Assembly Drawings
Exploded assembly drawings show how various parts and pieces that compose an
assembly or subassembly are put together. Rather than showing everything in their
final position, as with a layout drawing, an assembly drawing shows the parts of a
device in a disassembled state. The assembly drawing for the vise clamp is shown in
Figure 18.20. The various parts are shown in their final resting orientation, but not
necessarily in their final location. Instead, the parts are located such that they are
removed from their final location in the opposite direction of manufacturing inser-
tion. The path of insertion for each part is then shown using a dashed path called a
trail. Therefore, the trail of each part shows the fabricator how that part is to be placed
in the device to create the final configuration.

Since assembly drawings are used to show a process rather than precise geometry,
using a pictorial presentation is preferred to using a multiview presentation. Neither
part nor assembly dimensions are shown, except for occasional reference dimensions
for convenience only. As with a layout drawing, assembly drawings use numbered bal-
loons and arrows pointing to each piece to identify their parts or subassemblies. The
item number in each balloon must correspond to the same item number in the layout
drawing and is then listed with its corresponding part number and part name in the
assembly drawing’s notes.

18.06.02 Outline Assembly Drawings
Outline assembly drawings, sometimes called layout drawings, are used to show
the fit and function of all of the various pieces that go into a completed assembly or sub-
assembly. The main outline assembly drawing for the vise clamp is shown in Figure 18.21.
An outline assembly drawing shows the final product in its final configuration using the
multiview format required for all working drawings. Sometimes isometric or other picto-
rial views are included for additional clarity. Section views are added to reveal parts that
cannot be seen externally, and magnified detail views are used to show parts that are too
small to recognize. Note that the dimensions for the individual parts are not shown in
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any assembly drawing. That information is contained in the detail drawings. Information
pertaining to tolerances and materials on the drawing header are left blank since that
information is contained in the detail drawing for the individual part and does not need
to be repeated for the assembled device. 

If any assembly dimensions are required, they must be shown with their toler-
ances on the layout drawing. Assembly dimensions show where parts must be placed
relative to other parts when the device is being put together (e.g., when a special align-
ment between parts is required and no features on the individual parts provide for this
alignment). An example of when assembly dimensions are required is when a smaller
block is to be welded or bonded to a larger plate. Unless there are features on the plate
for locating the block, assembly dimensions must be supplied. If the parts are to be
welded together, specification for the welds must be placed on the layout drawing.

Reference dimensions, if used at all, should be used sparingly and must be
clearly identified and placed inside parentheses. These dimensions already exist on or
can be extracted from other drawings. They are shown mostly for the convenience of
the reader and are usually used to show gross sizes, such as the overall width, height,
and length of a device. The reason reference dimensions are used sparingly is because
errors sometimes occur when the dimension on a part changes and the change is for-
gotten on the reference dimension.

The notes on a layout drawing are used to specify any special procedures or
processes needed to put the device together and any tests that are necessary to ensure
that the device will work in its intended manner. The notes also list the definitions of
the item numbers referenced in the multiview presentation.
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18.06.03 Sectioned Assembly Drawings
A sectioned assembly drawing is a pictorial or orthogonal view(s) that shows all
of the various pieces of an assembly or a subassembly in their final resting position.
For purposes of revealing otherwise hidden parts, some parts have been cut away. The
cut surfaces are indicated by the use of section lines. A section line pattern is usually
used for each part to aid in its distinction. The various pieces within the assembly are
identified using numbered balloons with the same item numbers used in the other
assembly drawings. A sectioned assembly drawing for the vise clamp is shown in
Figure 18.22. Although sectioned assembly drawings are difficult to create, especially
without the use of 3-D modeling, such drawings offer unparalleled clarity for showing
how various parts fit together to make a complete device. Whenever possible, a sec-
tioned assembly drawing should be included in a drawing set.

18.06.04 The Bill of Materials
The bill of materials (BOM) for a device is not an actual drawing, but rather a text
list of its parts, subassemblies, and subassembly parts. The BOM, which can appear on
any one of the assembly drawings or as a separate drawing or document, is used mainly
by a fabricator to check that all of the drawings and materials needed to make the
device are available. Commercial parts are also included on this list. Although not a
drawing, a BOM is usually printed as a table on an assembly drawing to emphasize that
this list is considered a member of the set of drawings for the device. The BOM is often
included as part of the layout or assembly drawing.
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The typical information included on a BOM of an assembly includes the item num-
ber (if the bill is included as part of the layout or assembly drawing), the corresponding
part number, its part name, the material from which the part is made, and the number
of times the part is used in the assembly. Subassemblies have their own BOMs. When the
main assembly contains subassemblies, the part numbers and names for those sub-
assemblies are listed on the main BOM. The various parts and sub-subassemblies are
listed on the BOM for each respective subassembly. If commercial parts are used, their
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descriptions must be included on the BOM. These descriptions must contain enough
information for the parts to be acquired without subsequent explanation.

18.06.05 Manufacturing Detail Drawings
A detail drawing shows all of the geometry, dimensions, tolerances, material, and
processes needed to fabricate a single part. Each custom-made part must have its own
detail drawing. Some companies even require that commercially available parts have
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FIGURE 18.23. (CONTINUED) Detail drawings for the machine vise.
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FIGURE 18.23. (CONTINUED) Detail drawings for the machine vise.

their own detail drawings placed on that company’s header to ensure that these parts
will fit and function properly with the custom-made parts. The detail drawings for the
parts of the vise clamp are shown in Figure 18.23. The drawings shown in Figure 18.16
and Figure 18.17 are also classified as detail drawings.

The detail drawing for each part shows it using the multiview format required for
all manufacturing drawings. Sometimes isometric or other pictorial views are included
for additional clarity. Section views are added as necessary to reveal interior features.
Magnified detail views are added as necessary to show features that would otherwise be
too small to dimension. All of the dimensions for each part must be shown.
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Information pertaining to tolerances and materials on the drawing header is also
included.

The notes on a detail drawing are used to specify any special procedures or
processes needed to fabricate or finish the part that are not evident from the dimen-
sions and tolerances and any tests that are necessary to ensure that the part works in its
intended manner. Putting a closed geometric shape, usually a box, around the note
number highlights a note that refers to a particular feature on the part. A leader arrow
then points to that feature and is annotated “See note X,” which tells the reader of the
drawing that a special instruction in the notes is associated with that feature.
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FIGURE 18.23. (CONTINUED) Detail drawings for the machine vise.
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FIGURE 18.25. Working drawings for the disposable flashlight.

18.06.06 More Examples of Manufacturing Drawings
The 3-D model of a small, inexpensive flashlight is shown in a complete state and in a
sectioned state in Figure 18.24. The working drawings for this product are shown in
Figure 18.25. The assembly drawings show how the individual pieces fit together, and
the detail drawings show the required sizes of the custom parts. The complete assembly
drawing is three pages long and includes exploded, outline, and sectioned views as well

FIGURE 18.24. Three-
dimensional computer-
generated models of a
disposable one-cell flashlight.
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FIGURE 18.25. (CONTINUED) Working drawings for the disposable flashlight.

as a BOM. For this intended low-cost, high-volume product (more than 100,000 per
month), many of the pieces will be molded from plastic. The product has been designed
such that stringent tolerances on the dimensions are not required for the parts to fit
together and function. Two of the parts, the battery and the light bulb, are commer-
cially available; thus, detail drawings are not needed for them. The assembly drawings,
however, show all of the parts, including the battery and bulb. The BOM, located on
the first page of the assembly drawing, specifies enough information about these two
parts so that they may be purchased.
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FIGURE 18.25. (CONTINUED) Working drawings for the disposable flashlight.
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FIGURE 18.25. (CONTINUED) Working drawings for the disposable flashlight.
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FIGURE 18.25. (CONTINUED) Working drawings for the disposable flashlight.

The 3-D model of a computer disk drive spindle is shown in Figure 18.26. The
working drawings for this spindle are shown in Figure 18.27. The anticipated produc-
tion volume of this product (more than 250,000 per month) is very high; however, per-
formance requirements for its application demand very strict tolerance control on
many of its part dimensions. Close attention needs to be paid to fabrication techniques
to ensure that the required tolerances can be met with a minimum of manufacturing
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FIGURE 18.27. Working drawings for the computer disk drive spindle.

FIGURE 18.26. A 3-D computer-
generated model of a computer
disk drive spindle.

cost. The computer spindle uses two commercially available ball bearings; detail draw-
ings are not necessary, but they are shown and specified in the assembly drawing and
BOM. Note also that one of the parts, the stator, in the main assembly is actually a sub-
assembly. The stator is composed of custom laminations that are stacked, insulated,
wound, and insert-molded with connector pins. The part is then delivered as a single
piece, ready to be installed into the spindle main assembly.
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FIGURE 18.27. (CONTINUED) Working drawings for the computer disk drive spindle.
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FIGURE 18.27. (CONTINUED) Working drawings for the computer disk drive spindle.
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FIGURE 18.27. (CONTINUED) Working drawings for the computer disk drive spindle.
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FIGURE 18.27. (CONTINUED) Working drawings for the computer disk drive spindle.
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FIGURE 18.27. (CONTINUED) Working drawings for the computer disk drive spindle.

Construction Drawings
In the previous sections, you learned about working drawings in general and about
manufacturing drawings specifically. In the following sections, you will learn about a
different type of drawings—those used primarily in the construction of large civil engi-
neering structures. In these sections, the term structure refers to any type of large infra-
structure project, such as roads, bridges, buildings, and dams.

18.07
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18.07.01 Why Construction Drawings Are Different
from Manufacturing Drawings
Earlier in this chapter you learned that one of the primary differences between manu-
facturing and construction engineering projects is that mechanical designs are devel-
oped for mass production, whereas civil designs represent a single, one-off system.
Another significant difference between the two types of engineering projects is that
construction projects are typically site-specific and manufacturing projects typically
are not. Bridges are constructed at specific locations. Water treatment facilities are
located on specific property. Mechanical products are manufactured and shipped to
various locations throughout the world—it does not matter where they are manufac-
tured or where they are used.

Another difference between construction and manufacturing projects is their rela-
tive size. Construction projects are typically large-scale. Bridges can be several miles in
length; buildings can be several stories high; dams can be massively large; sewage treat-
ment plants can cover several acres. Manufactured products are typically shipped from
one location to another for eventual use, and their size is relatively small when com-
pared to construction projects.

Yet another difference between construction and manufacturing projects is that in
the United States, construction projects are often designed in the English system of
units. Although the government has encouraged the construction industry to adopt
the metric system of measurement (and in some cases has required that civil designs
include metric dimensions), the metric system is generally not used for this type of
project. In fact, in many cases where engineers working on infrastructure projects were
required to include metric dimensions, they merely converted the dimensions from
English to metric and did not actually design the system in metric. Thus, a dimension
might be given on a construction drawing as 25.4 cm, having been converted from
something originally designed to be 10 inches. In contrast, manufacturing projects are
often designed from the start in the metric system; so dimensions will appear as whole
numbers such as 25 cm or 30 cm.

Infrastructure projects are often designed and constructed for the members of
society. In fact, the name civil engineering comes from the profession’s origins in France
where citizens demanded roads, water, and sanitary systems for the civilians—these facil-
ities were already in place for the armed forces. Because construction projects are
designed for use by the general public, they are usually required to be approved by a reg-
istered PE. A PE must pass two tests that assess his or her level of proficiency in solving
engineering problems. In addition, an engineer must work for several years under the
supervision of a PE before being eligible to attempt the second day-long test. After
passing the exam, the new PE is legally and ethically responsible for the integrity of the
designs developed under his or her supervision and can be sued if a structure fails. In
contrast, manufacturing projects rarely have PEs working on them, although the senior
engineer on a project usually has several years of experience and would not have been
trusted to verify the integrity of the design without the demonstrated ability to per-
form this function.

Although 3-D computer modeling predominates in manufactured systems, its
use in civil engineering design practice is still fairly limited; this trend will likely con-
tinue for the foreseeable future. In some of the larger civil engineering firms, 3-D
models of projects are created, but these computer models are typically specialized for
civil applications and cannot be used to generate 2-D drawings directly from the mod-
els. The 2-D drawings are still created independently from the 3-D models. For manu-
factured products, drawings are becoming less important, especially as modern
software enhances the ability to send 3-D computer models electronically to CNC
lathes for production. This is not the case for civil and architectural applications. In
civil engineering practice, design and construction are still accomplished primarily
through drawings. Construction projects are not built in climate-controlled, clean
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environments. Projects are constructed outside with exposure to the elements, often
far away from electric power sources or network connections. Physical drawings are
still far more practical in this environment than are 3-D computer models.

Finally, construction projects are like large-scale assembly projects that are always
built from the ground up. With a construction project, the contractor performs the site
excavation first; then the foundation is poured. The first floor of a structure must be built
before the second floor can be built, and the second floor must be constructed before the
third floor can be constructed. All of the floors must be complete before the roof can be
added. Also, wiring, plumbing, and ductwork must be in place before the walls and ceilings
can be completed. Further, each subsystem on the project, like the wiring and plumbing, 
is typically put in place by a subcontractor who is hired by the general contractor on the
project. Thus, there is a specific order and timing in which the various parts of the project
are completed; and significant communication and coordination are required between the
client, engineer, contractor, and subcontractors. Scheduling is a significant part of a con-
struction project. Manufacturing projects typically do not require this complex level of
communication, scheduling, or coordination and do not typically have a rigid order for
assembly. (Although, of course, some subassemblies must be put together before other
subassemblies.)

18.07.02 How Construction Drawings Are Different
from Manufacturing Drawings
Due to the some of the differences between construction and manufacturing practices
described in the previous paragraphs, several differences in the development of work-
ing drawings have evolved over time. In the following paragraphs, these differences will
be described and illustrated.

Terminology
Drawings used in the design and construction of civil or architectural projects are fre-
quently referred to as blueprints. The name blueprint is derived from an earlier era
when construction drawings were reproduced by a method that resulted in a blue back-
ground with white lines. The original drawings were made using ink on large sheets of
paper; but there was no such thing as copiers or printers, especially of this size. Special
blueprint machines were developed so that multiple copies of the handmade ink draw-
ings could be produced. Although modern-day computer hardware with large printers
has enabled the creation of construction drawings with black lines on a white back-
ground, they are still often referred to as blueprints. Figure 18.28 shows a blueprint of
a hand-drawn sketch of a mixer plate design. Note that the title block shows the date
that this blueprint was drawn.

In construction applications, plan views are views made from a vantage point
above the “object.” Thus, plan views can be thought of as top views. You are probably
familiar with the term floor plan; in fact, you may have seen a floor plan in a newspa-
per or magazine. A floor plan is a drawing made from a vantage point above a building
that shows the layout of all of the rooms on a particular floor. Similarly, a foundation
plan shows the building foundation from above, the electrical plan shows the wiring
diagram from above, and the heating and ventilation plan shows the location of
ducts and equipment from above. Profile views show the building or project from the
front or the side. In other words, they are views where the top of the structure is seen as
an edge. Elevation views are drawings that show differences in elevations on a struc-
ture. Since changes in elevation can be seen in any view where the top is an edge, eleva-
tion views are essentially the same as profile views.

In the design and construction of large infrastructure projects, several drawings are
necessary to describe the facility completely so that it can be built. The entire set of draw-
ings is called the set of construction plans, or “the plans,” even though not all of the
drawings represent plan (top) views of the structure. The specifications, or specs,
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consist of written instructions regarding the construction of the facility. Together the
plans and specs make up the entire construction documentation. In this text, you will
focus on understanding the drawings—specifications are beyond its scope.

Size Considerations
Construction drawings are almost always created or printed on E size sheets. Recall
that E size sheets are 34" × 44"; however, smaller sheets may be used for drawings that
are brought into the field. Large sheets are used for construction drawings due to the
relative large size of the projects. For a bridge that is three miles long, it would be diffi-
cult to show the entire structure on an 11" × 17" sheet of paper (B size) or to show it in
sufficient detail for understanding. Construction drawings are always made to scale,
with 1 inch sometimes equaling hundreds of feet. It would be impossible (and imprac-
tical) to draw a large structure true size—imagine the size of the sheet of paper that
would be required.
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FIGURE 18.28. Hand-drawn blueprint of a mixer plate.
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The relative large size of construction projects also makes strict tolerancing rela-
tively meaningless. When a slab of concrete is specified as 10'-6" × 40'-9", no one
expects the slab to be exactly that size; plus or minus a few tenths of an inch is probably
acceptable. For concrete slabs, making sure that the surface is level is far more impor-
tant than its overall surface area. Smaller tolerances may be needed when bolt holes are
located on a steel structural member; however, once again, the tolerances are nowhere
near the precision found in manufacturing projects where tolerances as small as 0.001"
are acceptable and routine. A contractor would likely laugh out loud if a tolerance of
0.001" were ever specified on the design drawings for an infrastructure project.

Another difference in the working drawings that results due to the large size of
construction projects is that views typically do not project orthogonally from one view
to the next. Often the plan view (or top view) is on one sheet with the elevation view (or
front view) located several sheets away. Sometimes even the scale used to draw the plan
view differs from the scale used to draw the elevation view, meaning you could not sep-
arate the sheets and try to line them up if you wanted to see how features projected
from one view to the next. In this respect, the need for well-developed 3-D spatial skills
may be even more important for engineers working on construction projects. You often
must remember what the plan view looks like as you search for the elevation view on a
separate sheet.

Site-Specific Considerations
In the construction industry, the orientation and location of a project with respect to
its surroundings are extremely important. Imagine the problems that would develop if
a building were constructed on someone else’s property. Several methods used on
drawings help the contractor locate the structure properly. Bearings of lines may be
shown on a drawing. The bearing of a line is the angle that the line makes with a North-
South line, as illustrated in Figure 18.29. Bearings of lines are seen only in plan views
(i.e., from above). On the construction site, bearings of lines can be obtained by any of
several surveying techniques and the building can then be accurately located on the
property. Alternatively, a North line may be placed on the drawing to show the relative
orientation of the structure.

Control points are often provided on construction drawings to help locate fea-
tures of the project accurately. With this method, an “origin” for the construction site
is designated and all points are referenced north, south, east, or west from it. Thus, a
point on a drawing might have coordinates N13750 and E7895, for example. Similar to
bearings, the coordinates of the control points are seen only in plan views. The origin
for the coordinate system is usually referred to as a benchmark. Benchmarks have
been established across the United States by the U.S. Geological Survey (USGS) and
typically consist of a concrete cylinder with a brass, circular medal on top imbedded in
the earth. The location of each benchmark was determined with a high degree of accu-
racy. Many times job benchmarks are established on construction sites when a USGS
benchmark is not located within the vicinity of the project.

Benchmarks are also used to determine the elevation of points on a construction
site. Elevations are used to establish vertical distances between points on a building. For
example, the top of a floor slab might be specified as having an elevation of 556 feet.
Elevations are seen only in profile views (or elevation views) and are usually referenced to
true elevations (i.e., the height of the point above sea level) or to job elevations. With
job elevations, a benchmark is established and given an arbitrary elevation of, for
example, 100 feet. All other elevations for the project are then specified relative to that
point. A benchmark elevation of 0 is usually not specified to ensure that job elevations
are never negative.

One of the first steps in the design of a structure is to send a crew out to do a site
survey. Usually there are existing structures or features that must be noted on the
plans before the design can proceed. Modern survey equipment is computerized such
that the survey data is automatically stored and later easily converted to a drawing.

18-40 sectionfour Drawing Annotation and Design Implementation

42496_22_ch18_p18.1-18.90  12/13/07  12:42 PM  Page 40



Figure 18.30 shows the survey data for a site taken in the field; Figure 18.31 shows the
survey data after it has been converted to a site plan drawing.

One-of-a-Kind Considerations
In manufacturing projects, prototypes of products are created and tested for their
integrity and functionality. The prototypes can be virtual or actual physical models.
Construction projects are too large and expensive to warrant the building of proto-
types; however, sometimes small-scale models are developed to allow clients and others
to visualize what a structure will look like when completed. The models built in con-
struction practice have little value in analyzing the structure—they are merely used for
display purposes, especially when dealing with a client who may not be able to visualize
a project based on the plans. Virtual computer models may also be available for analy-
sis, especially in larger engineering firms. Because large structures are one-offs, unfore-
seen problems are likely to occur during construction. Ductwork may interfere with
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plumbing pipes and need to be rerouted. Dimensions may have inadvertently been left
off the drawing. The engineer may discover that walls or doorways need to be moved.
Because changes to the original design may need to be made during construction, the
contractor keeps track of them on a set of as-built plans. As-built drawings graphi-
cally show any changes from the original design and are important for future mainte-
nance and operation of the facility.

Construction Plans
A set of construction plans usually consists of a large number of drawings. The draw-
ings in the plans usually include the cover sheet, site plan, elevation views, foundation
plan, floor plans, electrical plans, roofing plans, sections, detail drawings, and any
other drawings needed to describe the project completely. The drawings are included
in the set of plans in the order in which they are needed for the construction of the
project. This means that the foundation plan appears before the first-floor plan, the
floor plans appear before the roofing plan, etc. 

For a complete set of plans, several sheets are often required for each type of draw-
ing. In addition to the drawings, schedules of materials, which list, for example, the
types of doors and windows to be used in the construction of the facility, are included
on the drawings. In this case, a schedule of materials is much like a BOM for manufac-
turing projects. Most public projects require the seal and signature of a PE, which often
appears on the cover sheet of the drawing set. The PE is legally responsible for the
design and construction of the facility even if he or she did not complete all of the
analysis for the project. A PE will usually meticulously check the calculations and
analysis before signing off on the plans. The name of the PE appears in the title block
of each drawing in the set of plans. The title block also typically includes the name of
the drafter who made the drawings and others involved with the design; however, title
blocks on construction drawings do not typically contain all of the information found
on the title block for manufacturing drawings.
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FIGURE 18.31. Survey data
converted to site drawing.
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18.08.01 Cover Sheet
The cover sheet for the plans typically contains a map of the area surrounding the
project site. The map is not overly detailed, but shows the general location of the project.
Since the set of drawings for a project usually consists of several sheets, an index of all
drawings in the set is included on the cover sheet or on the first page following the cover.
Figure 18.32 shows the cover sheet from a set of plans drawn for an expansion project
for a water treatment plant in the village of Baraga in the state of Michigan. Note the
map showing part of the state with the portion of the state near the project site enlarged
to show the area in greater detail. Also note the index listing all of the drawings in the set
of plans and the area reserved on the cover sheet for the seal of the PE.
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FIGURE 18.32. Cover sheet and index for the Baraga water treatment plant expansion project.
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18.08.02 Site Plan
One of the first drawings in the set of construction plans is a site map or a site plan.
Figure 18.33 shows the proposed site plan for the Baraga water treatment facility. Note
that this plan shows the highway as well as an arrow indicating north. Since this proj-
ect constitutes an addition to an existing structure, the outline of that building is
shown on the site plan as well. The scale for the drawing is shown in the upper-left
corner both graphically and numerically (1 inch = 20 feet). Contour lines showing
changes in existing ground elevation are also shown. You will learn more about con-
tour lines and topographic maps in a later chapter.
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FIGURE 18.33. Site plan for Baraga water treatment facility showing existing structure as well as nearby highway.
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18.08.03 Elevation Views
As stated previously, elevation views show the structure from a vantage point where
changes in elevation are visible. Elevation views can be thought of as front or side views;
but for a large structure, the terms front and side are fairly meaningless. Elevation views
are defined by their orientation with respect to the compass points of North, South, East,
and West. A North Elevation shows what the structure would like if you stood to the
north of it and looked back, a South Elevation shows what it would look like from 
the south, etc. Although elevation views do not contain a great deal of detail or many
dimensions about the actual construction of the facility, they do help contractors and
owners visualize the resulting project. Figure 18.34 shows the South Elevation view for
the overflow and drain portion of the lagoon for the Baraga water treatment facility.
Note that there are no dimensions on this drawing, but elevations of some features are
included—the existing ground profile has an elevation specified of 811.5' ±, and the pro-
posed ground profile shows an elevation of 814'. The symbol for elevation on the draw-
ing is a circle with a cross through it with the horizontal “crosshair” on the surface
whose elevation is being specified.

18.08.04 Foundation and Floor Plans
Because a building is constructed from the foundation up, the foundation plans are
among the first drawings in the set of plans. A building foundation is usually con-
structed out of concrete that has been reinforced with steel bars, or rebars (reinforcing
bars). Concrete footings support the walls and columns in a building, and the founda-
tion walls are often made of reinforced concrete. Details about the size of the footings
and the size and location of rebars are usually included in a wall section drawing.
Sometimes a reinforced concrete slab is constructed for the building and included as
part of the foundation plan or in a wall section view. Concrete slabs typically contain
reinforcing bars or a steel mesh for controlling the thermal expansion and contraction
of the slab.

chapter 18 Working Drawings 18-45

FIGURE 18.34. Elevation view for overflow and drain portion of lagoon.
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Figure 18.35 shows the foundation plan for a portion of the Baraga water treat-
ment facility. In this drawing, the right portion of the foundation includes a 12" slab
and the left portion includes a 6" slab. The reinforcing for the 6" slab is specified on
the foundation plan as 6X6 W4XW4 W.W.F. This specification means that the spacing
of the bars is 6" × 6" and that the diameter of the steel wire is a gage of 4 (approxi-
mately two-tenths of an inch). The WWF in this specification refers to welded wire fab-
ric. The dashed lines around both sides of the outer walls of the structure define the
footings. Since this project is an addition to an existing structure, the existing footing
sizes are given—3'-0" along one wall and 2'-0" along another wall. The new footings to
be constructed are 4'-0" and 3'-0" on each of the remaining two walls, respectively.
Note the specification of the elevation of the T.O.F. (top of footing) in various loca-
tions on the plan. Also notice the various cutting plane lines for sectional views
through the walls. The sectional views will be found on various sheets that are labeled
in this view. For example, for the wall located nearest the top of the page, two section
lines are shown and both section views will be located on S2 (section sheet 2); they will
be drawing 2 and drawing 3, respectively.
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FIGURE 18.35. Foundation
plan for portion of the Baraga
water treatment facility.

42496_22_ch18_p18.1-18.90  12/13/07  12:42 PM  Page 46



chapter 18 Working Drawings 18-47

FIGURE 18.36. First floor plan
for the Baraga water treatment
facility.

The type of construction drawing with which you are probably most familiar is the
floor plan. A floor plan shows the layout of the rooms in a building. Doors between
rooms are shown, as is the location of windows, closets, plumbing fixtures, and any
other pertinent information about the drawings. The dimensions of the rooms as well as
the thickness of walls are usually shown on the floor plans. Figure 18.36 shows the first-
floor plan for the Baraga water treatment facility. Notice how the new construction fits
within the existing structures on two sides. For this floor, the new walls will be con-
structed from concrete. (Dotted cross-hatching is used to show this graphically.) A con-
crete landing also surrounds the new construction, connecting to the existing generator;
and spaces for planting in the landing are included to avoid the “concrete jungle” look.
Two doors will be installed in the new construction. (Several are shown on the existing
structure.) One of the doors leads to the stairway; the other door leads directly into the
pipe gallery. Notice that the way the doors swing is also shown on the plan.

Figure 18.37 shows a different type of floor plan for the first floor—the electrical
plan. According to the legend provided with this electrical plan, seven types of electri-
cal devices are to be installed on this floor—duplex convenience receptacles, ground
fault interrupt duplex convenience receptacles, single pole wall switches, three-way
wall switches, electric control valves, motors, and disconnect switches. Notice that the
exact locations of these devices are not shown—just approximations. Their locations
are not critical to the integrity of the building, so the electrical subcontractor is free to
put them wherever it makes the most sense in the field.

18.08.05 Sections
Sections in construction drawings can be organized into two types: general sections,
which show room or floor layouts for buildings, or detail sections, which show cross
sections with enough detail for construction purposes. In fact, a floor plan also can be
thought of as a horizontal section through a building. Figure 18.38 shows a vertical
section through a house. Note that with this type of general section, not enough detail
is included for construction purposes; but the detail that is given is helpful because it
provides a general idea about the layout of the rooms and the floors within the house.
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FIGURE 18.37. Electrical plan
for the first floor of the Baraga
water treatment facility.
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FIGURE 18.38. General section
through a house showing room
layouts.
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FIGURE 18.39. General section for Baraga water treatment facility.

Figure 18.39 shows a general section for the Baraga water treatment facility
upgrade. This section shows the general building layout, clearly indicating where the
pipe gallery is in relation to the hall above it. Notice that not much detail and very few
dimensions are provided in this section; however, the drawing is helpful in understand-
ing the overall design of the facility.

Detail sections provide a great deal of information. They show how the different
components in a building system fit together, and they provide information that cannot
be shown in large-scale drawings, such as floor plans or elevation views. Wall sections
are among the most prevalent type of detail sectional drawing in a set of construction
plans, although roof framing and foundation sections are also common. Refer to the
foundation plan shown for the Baraga project in Figure 18.35. On the wall of the foun-
dation plan toward the top of the drawing, a cutting plane line is shown with an arrow
pointing toward the right side of the page. The label for this section line is given as 2/S2.
This means that the cross section indicated by the cutting plane line is drawing number 2
found on section sheet 2. Figure 18.40 shows the wall section that corresponds to that cut-
ting plane line. You should note that unlike manufacturing section views, this section did
not project orthographically (it was even on another sheet); further, the section view is not
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FIGURE 18.40. Detailed wall
section for Baraga water
treatment facility.

drawn to the same scale as the top view from which it is projecting. The plan view is
drawn at a scale of 1⁄4"=1'-0"; the wall section is drawn at a scale of 1⁄2"=1'-0".

The wall section shown in Figure 18.40 includes details about the reinforcing
(welded wire fabric, dowels, stainless steel expansion anchors, and #6 bars); it includes
information about elevations of various portions of the wall (the top of the foundation
slab is at 608.0', the top of the slab for the first floor is at 620.66', and the bottom of the
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existing precast concrete cap is at 628.0'); it also shows the various components that
extend out from the walls (the slabs, the double tee, the existing structure, and the roof).

18.08.06 Detail Construction Drawings
Detail drawings are made to show one or two particular features on the constructed
facility so that it can be built. Because constructed facilities are typically large, some of
the finer details of the construction cannot be shown adequately on other types of draw-
ings. Thus, detail views show one specific area on a drawing that has been enlarged.
Detail views are referenced from existing drawings, and all detail drawings may be
shown on one sheet. Figure 18.41 shows the door frame detail for the Baraga project. In
the upper-right corner of the detail drawing for the door frame, two new details are ref-
erenced—3/S4 and 4/S4, which are also shown in the figure. Detail 3/S4 shows how the
cap plate will be bolted to the crossbeam from a profile viewpoint, and Detail 4/S4
shows the connection from a plan viewpoint. You should note that the plan and profile
views of the detail do not project orthographically on the sheet. You must mentally line
these drawings up in order to understand how the door frame is to be constructed.

18.08.07 Plan and Profile Drawings
Another common type of construction drawing is a plan and profile drawing.
Recall that plan views show a structure from above and that profile views show the
structure from the side or front. In other words, plan views show changes in bearings of
lines and profile views show changes in elevations of features. Figure 18.42 shows a
plan and profile drawing for a street and a corresponding sewage pipe for a wastewater
system in Baraga. Note that in this drawing, things do project orthographically
between the plan and the profile views; however, the drawing scales are different
between views. For the plan view, the entire view is drawn at a scale of 1"=30'. For the
profile view, the scale is 1"=30' on the horizontal dimension and 1"=10' on the vertical
dimension. The reason for this change in scale is to show the changes in elevation in
greater detail.

FIGURE 18.41. Detail drawings showing how a door will be installed in the Baraga water treatment facility.
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Engineering Scales
As you learned previously, virtually all engineering drawings are made to scale. This is
especially true with construction drawings that represent large projects that do not fit
on a single sheet of paper. In this age of CAD, engineering designs can be printed to any
scale desired. Further, if you decide that you need the drawing at a scale that differs
from the one you first chose, you merely adjust the font sizes and reprint the drawing
at the new scale. Previously, if you needed the drawing at a new scale, you were required
to re-create the entire drawing from the beginning—a tedious task.

It is important to understand that when an object is drawn to scale, its actual size
does not change—just its appearance on the paper. Figure 18.43 illustrates the concept
of drawing something to scale. Here the objects are the same size; the one on the right
just appears to be twice as large as the one on the left. The notation of a 2:1 scale means
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18.09 

1.5

3.0

Original Object Object after Scaling

FIGURE 18.43. Scaled drawing
of object.

FIGURE 18.42. Plan and profile
drawing showing the street and
corresponding sewage pipe for
wastewater system in Baraga.
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that 2 inches on paper equals 1 inch on the object. Therefore, the drawing looks larger
than the actual object. Conversely, a 1:2 scale would mean that 1 inch on paper repre-
sents 2 inches on the physical object; hence, the drawing would look smaller than the
actual object.

Another way to think of drawing objects to scale is that the scale indicates how
close you are to the object. If you are a substantial distance from the object, it appears
very small; whereas if you are very close to the object, it appears large. However, the true
object size does not change. Similarly, from an airplane, a house on the ground looks
tiny; but if you are standing a few inches from the same house, it appears enormous. It
is your perception of the house that changes, not the size of the house.

Scales for drawings are usually reported as ratios. In denoting scales, the first num-
ber in the ratio corresponds to the drawing and the second number corresponds to the
physical object. However, sometimes drawing scales are denoted with an equal sign
rather than a ratio. This is particularly true when scales are given in the English system
of units. Thus, a scale may be reported as 1"=50' or 1⁄4"=1'-0". The first scale (1"=50')
means that 1 inch on the drawing corresponds to 50 feet on the actual object. These
drawing scales can also relate back to their ratio equivalents, i.e., 1"=50' corresponds to
a scale of 1:600 (there are 12 inches in a foot, so 50 feet = 600 inches, resulting in a 1:600
ratio), and a scale of 1⁄4"=1'-0" corresponds to 1:48.

A scale is a device that was developed over the years to aid in making a drawing to
scale; it is usually a triangular prism with six to twelve different drawing scales depicted
on one piece of equipment. Figure 18.44 shows three common scales used by engi-
neers—an Engineer’s scale, an Architect’s scale, and a Metric scale. With modern-day
mechanical CAD systems, you typically create a 3-D object in true size and print it out
to the scale you need. In civil engineering applications, you create your drawings full-
size and print them out to scale. In either case, you must ensure that the text on the
drawings is legible when printed to the desired scale.

Due to advances in computer software, physical scales such as those shown in
Figure 18.44 are, for the most part, a relic of the past. However, in a few instances,
knowledge of scales is helpful—and possibly necessary. Because construction projects

FIGURE 18.44. Three common scales used in creating or measuring dimension on engineer-
ing drawings.
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are built as one-of-a-kind structures, there may be times when dimensions are inadver-
tently left off drawings; and despite the diligence of the engineers who check the
designs, the lack of a dimension is not known until the project is under construction.
In this case, scales can be used in the field to quickly determine the dimension and con-
struction can continue. Since tolerances in civil engineering projects are typically large
(or nonexistent), reading a dimension using a scale is often “close enough.” Further, in
civil engineering projects, scales can be used in the field to measure a dimension on a
given sheet rather than looking through a large set of drawings to find the specific
sheet where the dimension is “officially” located. In manufacturing applications, scales
can be used to quickly estimate dimensions as needed.

In determining a dimension from a drawing that has been drawn to scale, many
novices use a calculator. For example, if a drawing has been made at a scale of 1"=40'
and you measured a line that is 5⁄8" long, you could calculate that the line represents
25'on the actual object (5⁄8 of 40 is 25). Using a calculator to figure out dimension is
extremely tedious and would likely result in error. Fortunately, this tedium can be
avoided with the use of an appropriate scale. In the following sections, you will learn
about the three primary types of scales used in engineering.

18.09.01 Engineer’s Scale
An Engineer’s scale (sometimes called a Civil Engineer’s scale) usually consists of 10,
20, 30, 40, 50, and 60 scales. These scales are based on the English system of units, with
the inch as the basis for measurement. The divisions on the scales are in increments of
tenths of an inch, not eighths of an inch as on ordinary rulers. Engineer’s scales can be
used to measure a line in any multiple of ten of the basic unit. For example, the 30 scale
can be used for reading the following scales from drawings: 1"=3', 1"=300', or 1"=30 mi.
Similarly, the 50 scale can be used for drawings with scales of 1"=50', 1"=5 yds, or 1"=
500 mi.

Figure 18.45 shows a line being measured with a 20 scale. The actual length of the
line on paper is 3.5"; but since it is drawn at a scale of 1"=200', this line represents a
length of 700' on the actual object. By reading the scale in this figure, what is the length
of the actual line to point A? (The actual line to point A is 580' long.)

Figure 18.46 shows lines drawn at a scale of 1"=40' and a corresponding 
40 Engineer’s scale. What is the length of each line segment (OA, OB, OC)? These values
can be read directly from the scale, making proper adjustments for decimal places. The
line is drawn at a scale of 1"=40'; therefore, the first 2 on the scale represents 20', the 4
represents 40', the 6 represents 60', etc. The unlabeled long tic marks represent 10', 30',
50', etc. The intermediate-length tic marks occur at 5' intervals, and the smaller tic
marks represent 1' intervals. Therefore, the length of line OA on this scale can be read as
67'. The line OB is read as 103'. Many times novice scale readers will incorrectly inter-
pret the length of OB as 130'. When the scale is read, care should be taken to put the

18-54 sectionfour Drawing Annotation and Design Implementation

FIGURE 18.45. Line to be measured at a scale of 1"=200' and a 20 Engineer’s scale.
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FIGURE 18.46. Lines drawn at a
scale of 1"=40' and a 40
Engineer’s scale.
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Lines drawn at 1” � 40’ scale

Engineer’s 40 scale

decimal in the correct place. The distance OB is read directly as 10.3; but since the scale
is 1"=40', the decimal is moved to the right one unit and the correct scale reading
becomes 103'. The length of the line OC can be read from the scale as 132'.

In Figure 18.46, what are the lengths of the lines if they are drawn at a scale of
1"=4000'? Note that you still use the same Engineer’s scale (the 40 scale) to make this
reading but you add more zeros to the number that you read on the scale. Thus, the line
OA has a length of 6700', OB has a length of 10,300', and OC has a length of 13,400' at a
scale of 1"=4000'. What if the lines are drawn at a scale of 1"=4 yds? At that scale, the line
OA has a length of 6.7 yds, OB has a length of 10.3 yds, and OC has a length of 13.4 yds.

18.09.02 Metric Scale
Metric scales are similar to Engineer’s scales except that they are based on the metric
system of units. Because metric units are based on decimals, unlike the English system
of units (12" per foot, 3' per yard, 1,760 yds per mile, etc.), Metric scales are reported as
ratios. Thus, typical Metric scales are reported as 1:1, 1:2, 1:5, and 1:10, for example. The
same principal used to measure distances with an Engineer’s scale is used for Metric
scales. Like an Engineer’s scale, the Metric scales can be used for multiples of ten of the
basic unit. Thus, a 1:5 scale can also be used to measure 1:50, 1:500, and 1:5000 scales.
Figure 18.47 shows a line drawn at a 1:2000 scale and a 1:20 Metric scale. On a Metric
scale, the numbers (0.5, 1.0, 1.5, etc.) generally represent meters; and you adjust the dec-
imal according to the specific scale at which you are measuring. If you read the scale
directly, the length of the line is 1.84 m. But since the scale depicts a drawing scale of
1:20 and the line was drawn at a scale of 1:2000, you must move the decimal two units to
the right to account for the difference. Thus, the length of the line is equal to 184 m.
Similarly, if the line was drawn at a 1:200 scale, the length of the line would be 18.4 m.

Figure 18.48 shows a Metric scale of 1:100 and a set of lines drawn at a 1:1 scale.
What are the lengths of each line? If you read the length of OA directly from the scale,
you see that it is 7.7 m. Since the scale is 1:100 and the line is drawn at 1:1, you move the
decimal place two units to the left; therefore, the length of the line is 0.077 m.
Alternatively, you could report the length of the line as 7.7 cm or 77 mm. What is the
length of OB? The value read from the scale is 10.7 m. If you move the decimal place
two units to the left, the length is determined as 0.107 m (or 10.7 cm or 107 mm).
Similarly, the length of line OC is 0.124 m (12.4 cm).

FIGURE 18.47. Line drawn at 
a scale of 1:2000 and a 1:20
Metric scale.
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18.09.03 Architect’s Scale
An Architect’s scale is similar to an Engineer’s scale in that it is based on the English
system of units. One of the differences between the two scales is that the Architect’s scale
is based on fractions of an inch. (Recall that the Engineer’s scale is based on tenths.)
Another significant difference is that with an Architect’s scale, drawing scales are always
reported as something=1'-0". Thus, a scale might be reported as 1⁄4"=1'-0" or as 3⁄8"=1'-0".
Some of the more common scales depicted on an Architect’s scale are as follows:

12"=1'0" (full size) 6"=1'-0" (half size) 3"=1'-0" (quarter size)
11⁄2"=1'-0" (1⁄8 size) 1"=1'-0" (1⁄12 size) 3⁄4"=1'-0" (1⁄16 size)
1⁄2"=1'-0" (1⁄24 size) 3⁄8"=1'-0" (1⁄32 size) 1⁄4"=1'-0" (1⁄48 size)
3⁄16"=1'-0" (1⁄64 size) 1⁄8"=1'-0" (1⁄96 size) 3⁄32"=1'-0" (1⁄128 size)

Architect’s scales usually look significantly different than Engineer’s or Metric
scales. The biggest difference is that each edge of the Architect’s scale typically depicts
two scales—one reading from left to right and the other reading from right to left.
Thus, twice as many scales (twelve versus six) are depicted on an Architect’s scale when
compared to an Engineer’s or Metric scale. The other difference is that fractional
gradations are shown only at the ends of the scale. Thus, when you are measuring a
distance with an Architect’s scale, you must place one end of the line at the nearest
whole number foot on the scale and read the fractional foot at the end with the grada-
tion. Figure 18.49 shows an Architect’s 1⁄4 scale (this means the 1⁄4"=1'-0") and line to be
measured with this scale. In this figure, the 1⁄4 scale is read from right to left on the
scale and the 1⁄8 scale is read from left to right. To read the length of this line, you place
one end of the line on the nearest even foot mark of the scale. In this case, it is 11'.
(Remember that you are reading from right to left for the 1⁄4 scale.) Notice that the clos-
est foot mark is not labeled for you. For the 1⁄4 scale, the even foot markers are labeled
but the odd ones are not. The smaller tic marks for this scale represent one-half foot
divisions. Be careful not to line up the end of the line with the half-foot marks instead
of the foot markers. The fractional feet are shown in the last foot of the scale (past the
0). This last foot is divided into twelve gradations, so each tic mark on the scale repre-
sents 1" because there are 12 inches in a foot. Thus, the length of this line is 11'-7".
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FIGURE 18.49. Line drawn at a scale of 1⁄4"=1'-0" and a 1⁄4" Architect’s scale.
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FIGURE 18.48. Lines drawn at 1:1 scale and a 1:100 Metric scale.
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What happens if you read the length of this line using the 1⁄8 scale? Figure 18.50
shows the same line being measured with the 1⁄8 scale. The same procedure is followed to
read the length of the line at this scale. In this case, the nearest even foot mark is 23'.
Notice that on this scale, only every fourth (4, 8, 12, etc.) foot marker is labeled and that
the long tic marks from left to right represent the odd foot marks. The short tic marks
from left to right represent the intermediate even foot markers. The final foot of this
scale is divided into six increments compared to twelve for the 1⁄4 scale. Thus, each divi-
sion in the final foot represents 2". As shown in this figure, the length of the line at a 
1⁄8 scale is 23'-2". (Note that this makes sense because 2 × 11'-7" = 22'-14", or 23'-2"). The
Architect’s scale usually requires a great deal of practice on your part to be able to read it
with confidence.

As you may have realized from the previous discussion of drawing scales
(Engineer’s, Architect’s, and Metric), these devices are time-saving and relatively easy to
use. Unfortunately, many students have a tendency to use calculators when working
with scaled drawings for the first time. It is important that you learn to use a scale for
working with engineering drawings.

The guidelines for creating working drawings are structured to minimize the number of
errors and amount of missing information. New engineers who are not familiar with
these guidelines (or choose to ignore them) sometimes create errors. Errors in working
drawings are likely to cause mild embarrassment for the originator at best. When errors
are more serious, they can slow the process of the drawing being interpreted or cause
confusion in the cataloging or organizing of the part. The following sections are a com-
pilation of the most common beginner errors and ways to avoid them.

No Drawing Border
The absence of a border on a formal drawing is usually the result of an inexperienced
attempt to create a custom drawing header. A well-defined border defines the limits of
a drawing. Without a border, as shown in Figure 18.51, it is sometime unclear, espe-
cially when copying the drawing and especially when the drawing’s full size is
unknown, to know what should be included. When additional views, details, com-
ments, or corrections are added, this information may become lost. Including a border
clearly shows what is part of the drawing and what is not.

No Title Block or Poor Title Block
A poor or missing title block, as shown in Figure 18.52, is also a sign of an inexperi-
enced attempt to create a formal drawing header. Although drawing headers vary
between organizations, title blocks are always expected along with a minimum amount
of information. When creating a custom title block, a good place to start is with the
ANSI blocks shown in Figure 18.14. Spaces can then be added for the information
required for the specific needs of your company. For example, products that carry high
financial or safety risks may consistently require additional levels of engineering or
management approval for the release of a drawing to fabricators. Some companies
require that their material specialists approve all drawings to ensure that hazardous
materials are not used and that all parts are recyclable at their end of life.
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FIGURE 18.50. Line drawn at a scale of 1⁄8"=1'-0" and a 1⁄8" Architect’s scale.
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FIGURE 18.52. A common error. A poor header makes it too easy to omit important 
information.

NO!

NOTES:

1    20 DEG CHAMFER FROM THIS SURFACE, BOTH SIDES.

2    CENTER FOR 20 DEG CHAMFER ON BOTH SIDES AT R16.

3    CENTER FOR R16.2 CUT.

4    HARDEN LATCH ARM TO RC 45,  FACE PLATE TO BE ANNEALED.

5.    COAT FINSIHED PART IN LIGHT MACHINE OIL.

6.    EACH PART TO BE BAGGED INDIVIDUALY

PICTORIAL FOR CLARITY

PART NO.

PART NAME:

DRAWN BY:

CHECKED BY:

APPROVED BY:

RELEASED BY:

DATE:

DATE:

DATE:

DATE:

THIS DOCUMENT IS THE PROPERTY OF DKL CORPORATION.  ITS USE IS 
AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR QUOTATION
OR FOR THE PERFORMANCE OF WORK FOR DKL.  ALL QUESTIONS MUST 
BE REFERRED TO THE DKL PURCHASING DEPARTMENT.

UNITS: SCALE:

THIRD ANGLE PROJECTION

PAGE NO. TOTAL PAGES:

TOLERANCES, UNLESS NOTED

LINEAR
�

�

ANGLES

RADII

OUTSIDE MAX 

INSIDE MAX 

MATERIAL:

HARDNESS:

CASE DEPTH:

SURFACE TREATMENT:

MATERIAL ALTERNATE:

PART NO.

NEXT ASM: Q/M:

EC LEVEL MODIFIED BY DATE

STEEL ANSI 1020

STEEL ANSI 1040

NONE

0.05

0.5

0.2

0.2
0.2

SEE #4

THRU

MM NONE

LATCH 2, LEFT SIDE

1 1

DKL

HKA

HFS

DFM

1/8/02

21/8/02

3/9/02

18/9/02

073002-18

073002-0 1

SPN001 DKL 8/12/02

073002-18

EDGE/CORNER BREAKS

RADII, UNLESS NOTED: 1

�
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No Multiview Presentation
The use of multiple orthogonal views to present an object, showing as many of its edges
in true length or true shapes as possible, is considered the standard for manufacturing
drawings; however, recall that doing so usually is not standard practice in the construc-
tion industry. The use of pictorials for manufacturing drawings is to provide addi-
tional clarity only; pictorial drawings are rarely included with construction plans due
to the complexity of the designed systems. Showing dimensions on a pictorial, as in
Figure 18.53, may seem reasonable but is generally not accepted as being correct
because true shapes on the object are distorted and some features may be partially or
completely hidden.

Poor Multiview Presentation
When a multiview presentation is used for manufacturing drawings, the object should
be oriented to show as many of its edges as visible, rather than hidden, edges for defin-
ing dimensions. In the example shown in Figure 18.54, the object is oriented such that
its edges can be seen in their true shape in at least one view. However, hidden lines
define the edges of the bore and groove. It would be much better to turn the object so
that the opening of the bore faces the right side; that view would show the edges as vis-
ible. An alternative solution would be to add a left side view to the object and show the
dimension of the bore in that view.
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FIGURE 18.54. A common
error. Poor orientation of the
object in a multiview presenta-
tion produces hidden lines
instead of solid edges on the
face containing the bore open-
ing and four tapped holes. The
opening of the bore should have
been placed facing the reader in
the front view.

NOTES:
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5.    COAT FINSIHED PART IN LIGHT MACHINE OIL.

6.    EACH PART TO BE BAGGED INDIVIDUALY
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FIGURE 18.55. A common
error. Poorly placed and/or
crowded dimensions make the
drawing difficult and time-
consuming to read.

Crowding or Poor Dimension Placement
The dimensions on a drawing should be placed so that they are easy to see and inter-
pret. When the dimensions are crowded, placed inside the object, or placed such that
many dimension lines and extension lines cross, as in Figure 18.55, the presentation
appears unorganized and is confusing.
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Content That Is Outside the Border
Everything that is of importance to a drawing must be contained entirely within its
border. In Figure 18.56, some dimension text and notes overspill the border. This is
considered sloppy work and should be avoided. When there is not enough room on the
sheet to contain all of the information within the border, a larger sheet must be used.

Bad Choice for Sheet Size
Objects that are of a simple geometry, with few features that need to be defined and
dimensioned, can be drawn on smaller sheets. Objects with more complicated geome-
tries that have many features must be drawn on larger sheets. The choice of a proper
sheet size is subjective, but the cases in Figure 18.57 show sheet size that is either too
small or too large. Too small a sheet results in crowding of information on the drawing.
Too large a sheet is a waste of paper and results in a drawing that is more difficult to
handle than is necessary.
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FIGURE 18.56. A common error. Information that overspills the border must be contained
within the border to be a part of the drawing.

42496_22_ch18_p18.1-18.90  12/13/07  12:42 PM  Page 61



18-62 sectionfour Drawing Annotation and Design Implementation

PICTORIAL FOR 
CLARITY

PART NO.

NEXT ASM: Q/M:

EC LEVEL MODIFIED BY DATE

PART NO.

PART NAME:

DRAWN BY:

CHECKED BY:

APPROVED BY:

RELEASED BY:

DATE:

DATE:

DATE:

DATE:

THIS DOCUMENT IS THE PROPERTY OF DKL CORPORATION.  ITS USE IS 
AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR QUOTATION
OR FOR THE PERFORMANCE OF WORK FOR DKL.  ALL QUESTIONS MUST 
BE REFERRED TO THE DKL PURCHASING DEPARTMENT.

UNITS: SCALE:

THIRD ANGLE PROJECTION

PAGE NO. TOTAL PAGES:

TOLERANCES, UNLESS NOTED

LINEAR 
�

�

ANGLES

RADII

OUTSIDE MAX

INSIDE MAX

�
MATERIAL:

HARDNESS:

CASE DEPTH:

SURFACE TREATMENT:

MATERIAL ALTERNATE:

PART NO.

PART NAME:

DRAWN BY:

CHECKED BY:

APPROVED BY:

RELEASED BY:

DATE:

DATE:

DATE:

DATE:

THIS DOCUMENT IS THE PROPERTY OF DKL CORPORATION.  ITS USE IS 
AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR QUOTATION
OR FOR THE PERFORMANCE OF WORK FOR DKL.  ALL QUESTIONS MUST 
BE REFERRED TO THE DKL PURCHASING DEPARTMENT.

UNITS: SCALE:

THIRD ANGLE PROJECTION

PAGE NO. TOTAL PAGES:

TOLERANCES, UNLESS NOTED

LINEAR 
�

�

ANGLES

RADII

OUTSIDE MAX

INSIDE MAX

�

MATERIAL:

HARDNESS:

CASE DEPTH:

SURFACE TREATMENT:

MATERIAL ALTERNATE:

PART NO.

PART NO.

NEXT ASM: Q/M:

EC LEVEL MODIFIED BY DATE

C

D

E

F

A

B

G

H

C

D

E

F

A

B

G

H

345678 12

345678 12

PICTORIAL FOR CLARITY

CHAMBER BLOCK

1 1

DKL

HKA

HFS

DFM

7/8/02

28/8/02

12/09/02
28/9/02

073002-06

073002-0 1

SPN001

SPN002

DKL

DKL

8/12/02
12/3/03

MM NONE

0.1

0.5

0.2

0.2

0.2

073002-06ALUMINUM 6061-T6

NONE

N/A

N/A

ANODIZE, BLACK

MM NONE

BLOCK, CHAMBER

1 1

DKL

HKA

HFS
DFM

7/8/02

28/8/02

12/9/02

28/9/02

0.1

0.5

0.2

0.2

0.2

ALUMINUM 6061-T6

NONE

N/A

N/A

ANODIZE, BLACK

073002-06

073002-0 1

SPN001

SPN002

DKL

DKL

8/12/02

12/3/03

073002-06

073002-06

NO!

NO!

EDGE/CORNER BREAKS

RADII, UNLESS NOTED: 5

EDGE/CORNER BREAKS

RADII, UNLESS NOTED: 5

FIGURE 18.57. A common error. Poor choice of sheet size: too small (above) and too 
large (below).

Bad Choice for Drawing Scale
Objects that are of a simple geometry, with few large features that need to be defined
and dimensioned, can be drawn to a smaller scale. Objects with more complicated
geometries that have many features must be drawn to a larger scale so that the geome-
tries can be seen and defined. As with the selection of sheet size, the choice of a proper
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drawing scale is subjective; but the cases in Figure 18.58 provide examples of drawing
scales that are too small and too big. Too small a scale results in crowding 
of information and indiscernible object features on the drawing. Too large a scale
results in an unnecessarily large sheet size and text that is unnecessarily small when the
entire object is presented.
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FIGURE 18.58. A common error. Poor choice of drawing scale: too small (above) and too
large (below).
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No Part Number 
Every piece in a device or manufactured system must have its own unique part number
within the company that designed it. Part numbers are often neglected for assemblies
and subassemblies, as shown in Figure 18.59. One reason for this common error is the
misconception that part numbers are for parts only. Part numbers are required to iden-
tify assemblies and subassemblies as well.

Same Part Number for Different Parts
Occasionally, due to carelessness or poor record keeping, different parts within the
same company or organization end up having the same part number, as shown in
Figure 18.60. This error will undoubtedly cause much confusion when the time comes
to fabricate the correct part.
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FIGURE 18.59. A common error. Omitted part numbers. As with individual parts, a unique
part number is required for each subassembly and assembly.
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FIGURE 18.60. A common error. These two drawings claim to have the same part number.
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Missing Information in the Title Block
One purpose of using a drawing header with a comprehensive title block is to prompt
the creator of the drawing to include information that may otherwise be neglected. If
such information is not included, as shown in Figure 18.61, there is little point in using
the drawing header. All of the information requested in the title block should be sup-
plied. If the information has no relevance for a particular drawing (for example, the
default tolerances on an assembly drawing with no assembly dimensions), that space
should be marked with N/A or a similar notation.

Portrait Instead of Landscape Orientation
Although portrait orientation, shown in Figure 18.62, is permitted in formal engineer-
ing drawings, landscape orientation is preferred. New engineers unfamiliar with formal
drawing sometimes use portrait orientation (especially for size A or A4 drawings)
because it is the same orientation used to create text documents, with which they are
familiar from school. Although some companies use portrait orientation for drawings,
the majority of drawings are done in landscape orientation.

Nonstandard Sheet Size
In the strictest sense, it is not incorrect to create a drawing in portrait orientation,
where the height of the sheet is larger than the width (shown in Figure 18.63). However,
engineering drawings are almost exclusively created using landscape orientation, where
the width is larger than the height. To maintain a more professional appearance, land-
scape orientation should be used for drawings.
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FIGURE 18.61. A common error. Important information is missing from the header.
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FIGURE 18.62. A common
error. A portrait sheet orienta-
tion is not preferred in engi-
neering drawings; landscape
orientation is.
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Poor or Inconsistent Fonts 
The lettering size for the text and numbers on a drawing should be in the range of 3–6
mm in height when the drawing is printed to its specified sheet size. Of course, when
the drawing is reduced in size (for example, for the convenience of printing on a letter-
sized sheet from a desktop printer), the fonts will appear smaller. Lettering that is too
large, too small, or inconsistent in size on a drawing implies that not enough thought
was given to a professional appearance. Incorrect font sizes are shown in Figure 18.64.
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error. Detail drawings showing
multiple parts. Each drawing
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FIGURE 18.66. Drawing show-
ing multiple details from a set
of construction plans.

Multiple Parts on a Single Detail Drawing
It is sometimes tempting to save time, effort, and paper by putting more than one part
on a single detail drawing, as shown in Figure 18.65. Each part must have its own
detail drawing. The practice of putting multiple parts on a single drawing is consid-
ered incorrect for manufacturing drawings; however, construction drawings often
show several details or sections on a single sheet, as shown in Figure 18.66. In the case
of construction drawings, one drawing per sheet is considered poor practice. The rea-
son for this difference between manufacturing and construction drawings is that in
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manufacturing, it is common to have different parts made by different fabricators.
For construction projects, the same contractor is working on the entire project and
needs to be able to see all of the details and the way they fit in the overall project.
Further, the set of construction drawings is typically so large—as is the sheet size
(size E)—that having one detail per sheet would make a thick set of plans even
thicker. Having multiple manufactured parts on the same sheet creates confusion
about which part is to be made and which drawing details belong to which part. The
exception in manufacturing drawings is in the case of a family of parts with 
the same general appearance and function that differ in a few dimensions only.
Such parts are generally intended to be made at the same fabricator.

Detail Dimensions on an Assembly Drawing
Putting part dimensions on an assembly drawing for a manufactured system, as shown
in Figure 18.67, is incorrect. Part dimensions belong on the detail drawing for that
part. It is quite common for dimensions and tolerances to be modified on a part. If
these dimensions or tolerances change, it is easier and less confusing when the changes
are made to the detail drawing only. Adding part dimensions to assembly drawings is
redundant information, which should be unnecessary for assembly drawings.

Handwritten Notes on an Electronic Drawing
When an electronic (CAD) drawing is modified, its data file must be changed.
Although it seems easy to modify the drawing by hand, as shown in Figure 18.68, hand-
written notes are not reflected in the drawing’s electronic file. When a manufacturing
drawing is submitted for approval or is provided to a fabricator, it should contain no
handwriting. If errors or corrections are noted on a submitted drawing, these errors
must be corrected in the original electronic file and a new drawing issued. The excep-
tion to this general rule is in construction projects where a contractor applies hand-
written notes to a drawing in the creation of the as-built drawings. These notes should
be transferred to the electronic files at a later date.
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FIGURE 18.67. A common
error. Dimensions for individ-
ual parts shown on assembly
drawings. The dimensions
belong on the detail drawings.
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Considerations for 3-D Modeling
The development of 3-D computer modeling has greatly reduced the time and effort
required to produce a manufacturing drawing; however, as stated previously, 3-D mod-
eling is not predominant in the construction industry and is not likely to be so for sev-
eral years. In the following paragraphs, the considerations for 3-D modeling are given
for projects in the realm of manufacturing.

There are provisions on most 3-D modeling software to easily generate different
views of an object or assembly, including multiviews, section and detail views, auxiliary
views, and pictorials. Dimensions can also be made to appear on any of the views.
Because of the ease with which these graphics are generated, there is no excuse not to
include as many different views as needed to communicate the geometry of the part or
device. Formal drawing headers also are easily created, usually recalled from a library of
premade headers with different complexities as demanded by the application of the
device to be made.

Three-dimensional modeling software, however, cannot fully interpret the func-
tional requirements of the device that is to be built. That knowledge resides with the
designer or engineer. For example, depending on the functional requirements of a part,
only the engineer or designer can know what dimension tolerances are acceptable for
the part to work properly. Since most numerically controlled machine tools (described
in the chapter on fabrication processes) can easily hold tolerances to within 25 microns
for most small parts, it is sometimes tempting to use this number as a default tolerance
for every dimension. However, if tighter tolerances are required by the engineer, special
manufacturing processes may be required. An example is in the computer disk drive
spindle detailed in Figure 18.27; it shows that tolerances in the range of 5 microns are
required for some dimensions. Only the engineer or designer can know those require-
ments. The software can present only what the engineer or designer wants.
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FIGURE 18.68. A common error. Amending or editing by hand an electronically generated
drawing. Doing so does not alter the original data file; it needs to be updated.

18.10
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Chapter Summary
With any type of engineering drawing, the key word is communication. The drawing
must be able to communicate to the reader the desires of the engineer or designer for a
part or assembly. When working drawings are created, this communication must occur
even in the absence of the drawing’s originator. Use of the formal drawing format—
with proper views, sheet sizes, headers, and drawing organization—serves to maximize
the probability that the device will be built correctly. Almost as important is the fact
that the quality of a working drawing is a reflection of the person, company, or organi-
zation that produced it. A high-quality and professional presentation must be main-
tained.

A formal working drawing succeeds not because it looks good, but because it
clearly and unambiguously tells a fabricator or contractor how to produce a desired
product. What you have designed may well be beautiful once it is produced, but that is
irrelevant initially. The only goal at the start is to produce a working drawing that
allows your conception to be made into reality.
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18.11

approval signatures: The dated signatures or initials
of the people responsible for certain aspects of a formal
drawing, such as the people who did the drafting or the
engineer responsible for the function of the part.
Architect’s scale: A device used to measure or draw
lines in the English system of units with a base unit of
inches and fractions of an inch.
as-built plans: Drawings that show exactly how build-
ings were constructed, especially when variations exist
between the final building and the plans created during
the design phase.
assembly: A collection of parts and/or subassemblies
that have been put together to make a device or struc-
ture that performs a specific function.
assembly dimensions: Dimensions that show where
parts must be placed relative to other parts when the
device is being put together.
balloons: Closed geometric shapes, usually circles,
containing identification numbers and placed beside
parts on a layout or assembly drawing to help identify
those parts.
bearing: The angle that a line makes with a North-
South line as seen in a plan view.
benchmarks: Points established by the U.S. Geological
Survey that can be used to accurately locate control
points on a construction site.
bill of materials (BOM): A drawing or table in a
drawing that lists all of the parts needed to build a
device by (at least) the part number, part name, type of
material used, and number of times the part is used in
the device.

blueprints: The name sometimes given to construction
drawings based on historical blue-on-white drawings
that were produced from ink drawings.
border: A thick line that defines the perimeter of a
drawing.
construction drawings: Working drawings, often cre-
ated by civil engineers, that are used to build large-scale,
one-of-a-kind structures.
continuation blocks: Header blocks used on the sec-
ond and subsequent pages of multipage drawings.
control points: Points at a construction site that are
referenced to an origin by north, south, east, or west
coordinates.
cover sheet: The first page in a set of construction
drawings showing a map of the location of the project
and possibly an index.
default tolerances: Usually appearing in the drawing
header, the tolerances to be assumed for any dimension
show on a part when that dimension does not specify
any tolerances.
detail drawing: A formal drawing that shows the
geometry, dimensions, tolerances, materials, and any
processes needed to fabricate a part.
detail sections: Drawings included in a set of con-
struction plans that show how the various components
are assembled.
EC Level: A number included in the title block of a
drawing indicating that the part has undergone a
revision.
electrical plan: A plan view showing the layout of elec-
trical devices on a floor in a building.

18.12 glossary of key terms

42496_22_ch18_p18.1-18.90  12/13/07  12:42 PM  Page 72



chapter 18 Working Drawings 18-73

elevation views: Views of a structure that show
changes in elevation (side or front views).
Engineer’s scale: A device used to measure or draw
lines in the English system of units with a base unit of
inches and tenths of an inch.
engineering change (EC) number: A dated number
that defines the degree to which the specifications of a
part have been updated.
exploded assembly drawing: A formal drawing, usu-
ally in pictorial form, that shows the orientation and
sequence in which parts are put together to make a device.
floor plan: A plan view of a single floor in a building
that shows the layout of the rooms.
foundation plan: A plan view of the foundation of a
building showing footings and other support structures.
general sections: Sections through entire structures
that show the layout of rooms but provide little detail.
header: A premade outline on which working drawings
are created to ensure that all information required for
fabrication and record keeping is entered.
heating and ventilation plan: A plan view of the ven-
tilation systems on a specific floor of a building, includ-
ing ductwork and devices such as air conditioning units.
index: A list of all sheets of drawings contained in a set
of construction plans.
item number: A number used to identify a part on a
layout or assembly drawing.
international sheet sizes: The internationally
accepted paper dimensions used when drawings are cre-
ated or printed to their full intended size.
landscape: The drawing orientation in which the hori-
zontal size is larger than the vertical size.
layout drawing: A formal drawing that shows a device
in its assembled state with all of its parts identified.
location grid: An imaginary alphanumeric grid, simi-
lar to that of a street map, on a drawing that is used to
specify area locations on the drawing.
main assembly: A completed device usually composed
of multiple smaller parts and/or subassemblies.
main title block: A bordered area of a drawing (and
part of the drawing header) that contains important
information about the identification, fabrication, his-
tory, and ownership of the item shown on the drawing.
manufacturing drawings: Working drawings, often
created by mechanical engineers, that are used to mass-
produce products for consumers.
Metric scale: A device used to measure or draw lines in
the metric system of units with drawings scales reported
as ratios.

notes: Additional information or instructions placed
on a drawing that are not contained on the dimensions,
tolerances, or header.
one-off: A one-of-a-kind engineering project for which
no physical prototypes are created.
outline assembly drawing: See layout drawing.
part: An object expected to be delivered from a fabrica-
tor as a single unit with only its external dimensions
and functional requirements specified.
part name: A very short descriptive title given to a
part, subassembly, or device.
part number: Within a company, a string of alphanu-
meric characters used to identify a part, a subassembly,
an assembly, or a device.
parts list: See bill of materials.
plan and profile drawings: Construction drawings
typically used for roads or other linear entities that
show the road from above as well as from the side, with
the profile view usually drawn with an exaggerated
vertical scale.
plan views: Drawings created from a viewpoint above
the structure (top view).
portrait: The drawing orientation in which the vertical
size is larger than the horizontal size.
professional engineer (PE): An individual who has
received an engineering degree, who has worked under
the supervision of a PE for a number of years, and who
has passed two examinations certifying knowledge of
engineering practice.
profile views: Views of a structure that show horizon-
tal surfaces in edge view (side or front views).
quantity per machine (Q/M): The number of times a
part is required to build its next highest assembly.
rebars: Steel bars added to concrete for reinforcement
or for temperature control.
reference dimensions: Unneeded dimensions shown
for the convenience of the reader used to show overall
dimensions that could be extracted from other dimen-
sions on the part or from other drawings.
schedule of materials: A list of the materials, such as
doors and windows, necessary for a construction project.
secondary title block: An additional bordered area of
a drawing (and part of the drawing header) that contains
important information about the identification, fabrica-
tion, and history of the item shown on the drawing.
sectioned assembly drawing: A formal drawing, usu-
ally in pictorial form, that shows the device in its assem-
bled form but with sections removed from obscuring
parts to reveal formerly hidden parts.

18.12 glossary of key terms (continued)
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set of construction plans: A collection of drawings,
not necessarily all of them plan views, needed to con-
struct a building or infrastructure project.
site plan: A plan view showing the construction site for
an infrastructure project.
site survey: Data regarding the existing topography
and structures gathered during the preliminary design
stages by trained surveying crews.
specifications (specs): The written instructions that
accompany a set of construction plans used to build an
infrastructure project.
subassemblies: Collections of parts that have been put
together for the purpose of installing the collections as
single units into larger assemblies.

title block: Usually the main title block, which is a bor-
dered area of the drawing (and part of the drawing
header) that contains important information about the
identification, fabrication, history, and ownership of
the item shown on the drawing.
trail: Dashed lines on an assembly drawing that show
how various parts or subassemblies are inserted to cre-
ate a larger assembly.
US sheet sizes: The accepted paper dimensions used
in the United States when drawings are created or
printed to their intended size.
wall sections: Sectional views of walls from founda-
tion to roof for a construction project.
working drawings: A collection of all drawings needed
to fabricate and put together a device or structure.

18.12 glossary of key terms (continued)

1. What is the purpose of a header on a formal engi-
neering drawing?

2. What type of information is typically included on a
drawing header?

3. What signatures (or initials) typically appear in a
drawing header?

4. Why is it important that dates be included on a
drawing?

5. Why is it important that part numbers be unique to
each part?

6. When should the part number for a particular part
be changed?

7. What considerations need to be made in the selec-
tion of a sheet size for a drawing?

8. What considerations need to be made in the selec-
tion of a scale for a drawing?

9. What are the three different types of assembly draw-
ings? How do they differ?

10. What is a revision (or engineering change) to a
drawing?

11. How is a subassembly different from a main
assembly?

12. What sort of information is typically included in a
bill of materials?

13. What types of dimensions are permitted on an
assembly drawing?

14. List three ways that manufacturing drawings differ
from construction drawings.

15. Construction projects are site-specific. What does
that mean?

16. What is the bearing of a line? In which view is 
it seen?

17. What does the term professional engineer mean?

18. What are plan, profile, and elevation views?

19. What is meant by the term one-off ?

20. For construction drawings, what is a general section?

21. What are the three types of scales used in 
engineering?

22. Which scales are based on the English system of units?

18.13 questions for review
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1. The parts shown in Figure P18.1 are to be assembled into a screw clamp. Create a complete set of working draw-
ings for the device, including an outline assembly drawing, an exploded assembly drawing, a bill of materials, and
all detailed part drawings. Specify appropriate tolerances for all dimensions. All parts are made of steel. You may
use metric dimensions or convert the metric dimensions to their nearest inch equivalents.

18.14 problems

FIGURE P18.1.
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18.14 problems (continued)
2. The parts shown in Figure P18.2 are to be assembled into a tool holder. Create a complete set of working draw-

ings for the device, including an outline assembly drawing, an exploded assembly drawing, a sectioned assembly
drawing, a bill of materials, and all detailed part drawings. Specify appropriate tolerances for all dimensions. All
parts are made of steel. You may use metric dimensions or convert the metric dimensions to their nearest inch
equivalents.

FIGURE P18.2.

PARTS LIST:
ITEM QTY NAME MATERIAL

1 1 PARTING TOOL, TOOL STEEL
3⁄32 in. × 1⁄2 in.
PURCHASE PART

2 1 TOOL HOLDER BODY 06 STEEL
3 1 ADJUSTMENT SCREW SAE 1035 STEEL
4 1 SHIM SAE 4320 STEEL
5 1 KNURL NUT SAE 3130 STEEL
6 1 WASHER SAE 1060 STEEL
7 1 STUD SAE 1035 STEEL
8 1 M 10 × 1.5 HEX NUT

PURCHASE PART
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18.14 problems (continued)
3. A conceptual layout of a wood clamp is shown in Figure P18.3. Detail the design by specifying appropriate dimen-

sions and tolerances for each part. Create a complete set of working drawings for the device, including an outline
assembly drawing, an exploded assembly drawing, a bill of materials, and all detailed part drawings. All parts are
made of steel. You may use the given inch dimensions or their nearest metric equivalents.

FIGURE P18.3.

BALL 
JOINT
Ø.25

4.25
2.88

.88

18.0

1.875

.75

FASTENER TO SUIT

FASTENER
TO SUIT

HANDLE Ø.88 X 3.0LG
Ø.50 
THREAD TO SUIT

PAD SIZE
Ø1.0 

PAD SIZE
.75 X 1.0

SLIP FIT (RC-6)

6
5

3

4

2

7

1

.88

PEEN OVER 
AT ASSEMBLY

4. A conceptual layout of an adjustable drawing compass is shown in Figure P18.4. Detail the design by specifying
appropriate dimensions and tolerances for each part. Create a complete set of working drawings for the device,
including an outline assembly drawing, an exploded assembly drawing, a bill of materials, and all detailed part
drawings. All parts are made of steel. It is not necessary to create a drawing of the LEAD. You may use the given
inch dimensions or their nearest metric equivalents.

SPRING STEEL
.04 THICK

1

112

5

3

4

5
3

4

2

98
10

12 12

7

6

1

1

LEAD

.625

.31

.25

R.H. 
THREAD
TO SUIT

L.H. THREAD
TO SUIT Ø125

1.375

5.5

Ø.34
0.75

.88

2.0

8.25 (NOM.)

Ø.31

67

FIGURE P18.4.
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18.14 problems (continued)
5. A conceptual sketch of a general duty clamp is shown in Figure P18.5. Detail the design by specifying appropriate

dimensions and tolerances for each part. Create a complete set of working drawings for the device, including an
outline assembly drawing, an exploded assembly drawing, a bill of materials, and all detailed part drawings. All
parts are made of steel. You may use metric dimensions or convert the metric dimensions to their nearest inch
equivalents.

FIGURE P18.5.
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18.14 problems (continued)
6. A conceptual sketch of a toggle clamp is shown in Figure P18.6. Detail the design by specifying appropriate

dimensions and tolerances for each part. Create a complete set of working drawings for the device, including an
outline assembly drawing, an exploded assembly drawing, a bill of materials, and all detailed part drawings. All
parts are made of steel. You may use the given inch dimensions or their nearest metric equivalents.

FIGURE P18.6.
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7. A conceptual layout of an adjustable lifting clamp is shown in Figure P18.7. Detail the design by specifying appro-
priate dimensions and tolerances for each part. Create a complete set of working drawings for the device, includ-
ing an outline assembly drawing, an exploded assembly drawing, a bill of materials, and all detailed part drawings.
All parts are made of steel. You may use the given inch dimensions or their nearest metric equivalents.

18.14 problems (continued)

FIGURE P18.7.

2.63 
Ø.18 

LARGER 
THAN  Ø

HANDLE

LOCK

SPRING

RETAINING RING
1.5

.88

.31 .56

5.5 OPEN POSITION

OPEN POSITION

PEEN OVER (3 PLACES)

3.25

3.25

RETAINING RINGS TO SUIT
(.32 NOM. SIZE)

.125 NOM. SIZE

.56
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RC FIT
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18.14 problems (continued)
8. A conceptual model for a pen-type eraser is shown in whole and in cutaway view in Figure P18.8. Using reasonable

materials and dimensions of your choice, expand the concept to create a complete set of working drawings for the
device, including an outline assembly drawing, an exploded assembly drawing, a sectioned assembly drawing, a
bill of materials, and all detailed part drawings. Specify appropriate tolerances for all dimensions.

FIGURE P18.8.
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18.14 problems (continued)
9. A conceptual model for a garden hose nozzle is shown in whole, cutaway, and exploded views in Figure P18.9.

Using reasonable materials and dimensions of your choice, expand the concept to create a complete set of work-
ing drawings for the device, including an outline assembly drawing, an exploded assembly drawing, a sectioned
assembly drawing, a bill of materials, and all detailed part drawings. Specify appropriate tolerances for all
dimensions.

FIGURE P18.9.
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18.14 problems (continued)
10. Conceptual sketches for a wheelbarrow are shown in Figure P18.10. Using reasonable materials and dimensions of

your choice, expand the concept to create a complete set of working drawings for the device, including an outline
assembly drawing, an exploded assembly drawing, a sectioned assembly drawing, a bill of materials, and all
detailed part drawings. You may use either inch or metric dimensions. Specify appropriate tolerances for all
dimensions.

FIGURE P18.10.
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11. Conceptual sketches for a caster are shown in Figure P18.11. Using reasonable materials and dimensions of your
choice, expand the concept to create a complete set of working drawings for the device, including an outline assem-
bly drawing, an exploded assembly drawing, a sectioned assembly drawing, a bill of materials, and all detailed part
drawings. You may use either inch or metric dimensions. Specify appropriate tolerances for all dimensions. 

18.14 problems (continued)

FIGURE P18.11.
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18.14 problems (continued)
12. Find the errors and poor practices in these drawings.

FIGURES P18.12.

REV 

SHEET SCALE 

SIZE FSCM NO. DWG NO. 

(a) 

(b) 

THIS DOCUMENT IS THE PROPERTY OF DK WIDGET CORPORATION.   
ITS USE IS AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR 
QUOTATION OR FOR THE PERFORMANCE OF WORK FOR DK WIDGET.   

BRACKET, LEFT SIDE MOUNT 

A4 N/A 1442899G 3 

N/A 1/1 N/A WEIGHT 

DRAWN BY 

CHECKED BY 

APPROVED BY 

RELEASED BY 

DKL 

SAS 

MOH 

JDE 

1 JUN 2007 

4 JUN 2007 

23 JUN 2007 

30 JUN 2007 

NOTES: 
 
1.  THIRD ANGLE PROJECTION. 
2.  TOLERANCES, UNLESS NOTED: 
 LINEAR  0.2 
 ANGULAR 0.5 
 RADII  0.2 
3.  ALL SHARP CORNERS AND EDGES TO BE 
     BROKEN FOR HANDLING SAFETY. 
4.  MAXIMUM EDGE AND CORNER BREAKS 
 INSIDE  0.2 
 OUTSIDE 0.2 
5.  MATERIAL TO BE ALUMINUM 6061 T6 

 

REV 

SHEET SCALE 

SIZE FSCM NO. DWG NO. 

THIS DOCUMENT IS THE PROPERTY OF DK WIDGET CORPORATION.   
ITS USE IS AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR 
QUOTATION OR FOR THE PERFORMANCE OF WORK FOR DK WIDGET.   

LINK, LEFT SUSPENSION 

A4 N/A 3 

N/A 1/1 N/A WEIGHT 

DRAWN BY 

CHECKED BY 

APPROVED BY 

RELEASED BY 

DKL 

SAS 

MOH 

JDE 

4 JUN 2007 

12 JUN 2007 

20 JUN 2007 

NOTES: 
 
1.  THIRD ANGLE PROJECTION. 
2.  ALL UNITS ARE IN MILLIMETERS. 
3.  TOLERANCES, UNLESS NOTED: 
 LINEAR  0.2 
 ANGULAR 0.5 
 RADII  0.2 
4.  ALL SHARP CORNERS AND EDGES TO BE 
     BROKEN FOR HANDLING SAFETY. 
5.  MAXIMUM EDGE AND CORNER BREAKS 
 INSIDE  0.2 
 OUTSIDE 0.2 
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18.14 problems (continued)

REV 

SHEET SCALE 

SIZE FSCM NO. DWG NO. 

(c) 

(d) 

THIS DOCUMENT IS THE PROPERTY OF DK WIDGET CORPORATION.   
ITS USE IS AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR 
QUOTATION OR FOR THE PERFORMANCE OF WORK FOR DK WIDGET.   

A4 N/A 55X4567C 2 

N/A 1/1 N/A WEIGHT 

DRAWN BY 

CHECKED BY 

APPROVED BY 

RELEASED BY 

DKL 

SAS 

MOH 

JDE 

18 JUN 2007 

24 JUN 2007 

30 JUN 2007 

18 JUL 2007 

NOTES: 
 
1.  THIRD ANGLE PROJECTION. 
2.  ALL UNITS ARE IN MILLIMETERS. 
3.  TOLERANCES, UNLESS NOTED: 
 LINEAR  0.2 
 ANGULAR 0.5 
 RADII  0.2 
4.  ALL SHARP CORNERS AND EDGES TO BE 
     BROKEN FOR HANDLING SAFETY. 
5.  MAXIMUM EDGE AND CORNER BREAKS 
 INSIDE  0.2 
 OUTSIDE 0.2 
6.  MATERIAL TO BE ALUMINUM 7075 T6. 
7.  SURFACE TO BE ANODIZED, BLACK. 

 

REV 

SHEET SCALE 

SIZE FSCM NO. DWG NO. 

THIS DOCUMENT IS THE PROPERTY OF DK WIDGET CORPORATION.   
ITS USE IS AUTHORIZED ONLY FOR RESPONDING TO A REQUEST FOR 
QUOTATION OR FOR THE PERFORMANCE OF WORK FOR DK WIDGET.   

PLATE, BOTTOM SUPPORT 

A4 N/A 1 

N/A 1/1 N/A WEIGHT 

DRAWN BY 

CHECKED BY 

APPROVED BY 

RELEASED BY 

DKL 

SAS 

MOH 

JDE 

10 JAN 2007 

18 FEB 2007 

14 MAR 2007 

NOTES: 
 
1.  THIRD ANGLE PROJECTION. 
2.  ALL UNITS ARE IN MILLIMETERS. 
3.  MATERIAL TO BE STEEL, CRS AISI 1040 
4.  TOLERANCES, UNLESS NOTED: 
 LINEAR  0.2 
 ANGULAR 0.5 
 RADII  0.2 
5.  ALL SHARP CORNERS AND EDGES TO BE 
     BROKEN FOR HANDLING SAFETY. 
6.  MAXIMUM EDGE AND CORNER BREAKS 
 INSIDE  0.2 
 OUTSIDE 0.2 
7.  ALL RADII 5 MM, UNLESS NOTED. 
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18.14 problems (continued)
13. Answer the following questions regarding the site plan for the water main extension project in the village of

Baraga shown here.

a. What are the names of the four streets bordering the area under consideration?

b. How many existing fire hydrants are shown on the plan?

c. How many proposed fire hydrants are shown on the plan?

d. Counting all houses and separate garages, how many buildings are in the area?

e. What is the diameter of the supply main to be abandoned?

f. What is the diameter of the new water main? How many total linear feet of it is required?

g. For the houses and garages shown on the plan, how many have gravel driveways and how many have bitumi-
nous driveways?

FIGURE P18.13.
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18.14 problems (continued)
14. Answer the following questions regarding the trench detail for the water main extension project in the village of

Baraga shown here.

a. What is the trench width for an 8" pipe? for a 12" pipe?

b. What is the minimum depth from the ground to the top of the pipe? Who can approve a smaller 
minimum depth?

c. What is the slope of the sides of the trench?

d. Where will the contractor find the specifications for the bedding requirements?

e. What is the minimum distance between the bottom of the pipe and the bottom of the trench?

f. What type of compacted material surrounds the pipe?

g. This drawing is made N.T.S. (meaning “not to scale”). Why do you suppose this is an acceptable practice?

FIGURE P18.14.
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18.14 problems (continued)
15. Answer the following questions regarding the wall

section for the water treatment plant expansion proj-
ect in the village of Baraga shown here.

a. What is the elevation of the top of the footing?

b. What is the elevation of the top of the 
concrete slab?

c. What is the elevation of the top of the concrete
sidewalk?

d. What is the elevation of the bottom of the pro-
posed double tee?

e. What is the depth of the concrete topping that
covers the 8" precast plank?

f. What is the size and type of insulation for the
upper portion of the wall?

g. What is the minimum concrete cover for the steel
rebars in the wall?

h. How many rebars are required at the top of the
door opening? What is the size of the bars there?

i. What is the width of the footing?

j. #4 and #5 rebars are used as reinforcement
throughout the wall and footing. What size is used
in the footing? What size is used for horizontal
reinforcement? What size is used for vertical rein-
forcement?

FIGURE P18.15.
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18.14 problems (continued)
16. For the figure shown here, measure the lengths of the lines at the indicated scales. (Do not use a calculator for this

exercise.) What are the lengths of lines A through F if they are drawn at the indicated scales?

a. 1"=4000'

b. 1"=5 yds

c. 1"=60'

d. 1"=2'

e. 1⁄4"=1'-0"

f. 3⁄8"=1'-0"

g. 3⁄4"=1'-0"

h. 1⁄2"=1'-0"

i. 1:2 (use Metric scale)

j. 1:500 (use Metric scale)

k. 1:75 (use Metric scale)

FIGURE P18.16.
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sectionfive
Advanced Topics in
Engineering Graphics

Graphical communications is not limited to the
presentation of models and drawings of parts
and assemblies to be fabricated. Animation, for
example, has emerged as a superior method of
technical presentation for both technical and
nontechnical audiences. A great deal of infor-
mation about the geometry of parts, the assem-
bly of parts, and the mechanical function of an
assembly can be conveyed with unparalleled
clarity. Graphical communications also includes
the effective presentation of data, whether that
data is obtained from analytical calculation or
collected from empirical sources. Effective pres-
entation can enhance the understanding and
interpretation of large quantities of data.

CHAPTER 19
Technical and
Engineering 
Animation ■ 19-1

CHAPTER 20
Topological Maps and
GIS ■ 20-1

CHAPTER 21
Presentation of
Engineering 
Data ■ 21-1
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19-1

Technical and Engineering
Animation

objectives
After completing this chapter, you should be able to
● Explain the principles of animation as they relate to engineer-

ing and technology
● Discuss the advantages and applications of computer

graphics-based technical animations to the field of
engineering

● Lay out the logical stages for planning and producing a tech-
nical or engineering animation

● Describe key terminology, concepts, computer graphic algo-
rithms, and software techniques commonly applied to techni-
cal and engineering animation production

● Create elementary technical and engineering animations
through individual and team-based exercises

19

42496_24_ch19_p19.1-19.34  12/13/07  8:05 AM  Page 1



19-2 sectionfive Advanced Topics in Engineering Graphics

V isualization and graphical representations of design ideas are an integral
and essential part of engineering and scientific professions. The clarity and
communication provided by a good engineering animation can be unparal-

leled for both technical and nontechnical audiences alike. Consider the case of the
small flashlight shown in Figure 19.01.

Formal working drawings are great for individuals trained in engineering,
design, and manufacturing; but these same drawings may present a difficult and
abstract barrier for untrained individuals attempting to visualize and understand
the assembly and function of the device. Technical illustrations show a pictorial
view of the flashlight and its component parts.

In computer graphics, the term rendering generally refers to the process in
which a software program uses all of the 3-D geometric object and lighting data to
calculate and display a finished image of a 3-D scene in a 2-D viewport. The result-
ing rendered images may be a still shot or a series of individual images (frames)
from an animation sequence. Pictorial illustrations, whether line drawings or
shaded and rendered CAD models, as shown in Figure 19.02, are useful for indi-
viduals not experienced as designers or engineers. Unfortunately, static images,
even when shaded, lack the vitality of dynamically showing how the flashlight is
assembled or what the function of the device is.

In the case of the flashlight (and in countless other engineering applications),
animation may be used to show form or function and to aid in design, manufactur-
ing, construction, assembly, training, or marketing. Animations can assist techni-
cal communication by providing the following:

■ An economical method for the presentation of technical information with-
out the need to build expensive prototypes or mock-ups.

■ Simplified, easily understood presentations for clients and for nontechnical
marketing, sales, and educational training audiences.

■ Design-level examination of the assembly, operation, clearances, interfer-
ences, and potential forces involved at the completed product level.

■ Virtual visualization “walk-through” that allows the viewer to experience a
project in its final operating environment.

An engineering animation is a dynamic virtual 3-D prototype of a mechanism,
system, or process that can be assembled (usually from preexisting or newly created
3-D CAD part models), placed in visual context with its environment, and shown in
an operational mode. Engineering animations make use of motion. In addition to
motion, engineering animations use many other techniques for conveying concept
level design, visualization, and a sense of realism. A common engineering animation
technique is the use of transparency to see inside or through parts in a visually real-
istic operating environment while simultaneously moving around or through the part
in space. Other popular techniques include the use of volumetric lighting systems,
surface deformations, heat effects, collision detection, liquid flow, and particle sys-
tems. From an economic standpoint, engineering animations are frequently pro-
duced faster and at lower cost than expensive physical prototype models.

In the case of the small flashlight, what should be the objectives in creating an
animation of the flashlight and how can these objectives be achieved? One objec-
tive might be to show the flashlight’s assembly sequence. A second objective might
be to show the function of the device in projecting light. However, before you can
create an engineering animation to communicate this information effectively, you
must know something about the animation process and animation techniques.

19.01
introduction
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Animation Process and Technique
It is important that you understand the process of animation and that you are able to
visualize and execute its stages effectively and with as much creativity as possible.
Without effectively applying a logical, time-proven planning process to animation, all
of the latest software techniques, special effects, and technical sophistication may be
useless. The process of animation may be best described in the following five stages:
■ Planning Stage—Concept development, objectives, audience analysis, script,

storyboards, intended delivery medium, production schedule, and division 
of labor

■ Modeling Stage—Generation and sourcing of CAD models and creation-
construction of required scene-set models

■ Scene Development Stage—Digital lighting layout, shadows, object shading,
materials-textures, camera setup, and preliminary rendering of objects and scenes

■ Animation Stage—Hierarchical setup, kinematics, timing, motion paths, keyframe
setup, proper physics, particle systems, object deformation, and scene-to-scene
transitions

■ Output Stage—Final rendering, editing, compositing, audio production, final
media production, and delivery

In current engineering design graphics education, student-generated animations
deal mainly with the design, assembly, operation, and function of mechanical devices.
Because of the highly useful educational value of this activity, it is likely to continue for
some time. To underscore that same purpose, a discussion of the engineering animation
process will include numerous illustrations and examples dealing with the visualization,
assembly, and function of a simple mechanical device: a small handheld flashlight.

FIGURE 19.01. Photo of a
disposable flashlight for a
simple case study. The goal is to
show how it is assembled and
how it works.

FIGURE 19.02. Static pictorial
assemblies used to illustrate 
the flashlight. This is useful if
you are not a designer or engi-
neer, but it still does not show
the sequence of assembly or the
function of the device.

19.02
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19.02.01 The Planning Stage
At the beginning of an animation project, many questions arise and need to be
answered clearly. Is a complete animation really needed, or could combining it with a
digital video produce the content more quickly and economically? What is the objec-
tive of the animation? Who is the intended audience? What is the final media type,
and how will the final animation be displayed? Once these questions are answered, a
script, or storyline, should be developed. A script is a detailed narrative for the anima-
tion that contains a timeline and description of the events and transitions that occur
during the animation. Unless the animation is highly ambitious and complex with
narrative voice-overs, music, and other audio effects, a detailed script may not be nec-
essary. However, a basic written description of the proposed animation is highly
useful and is recommended.

Initial ideas for animations are best visualized, discussed, and communicated via
rough sketches, no matter how crude. Many important design decisions have been
made by groups of hungry engineering students over a fast-food lunch. Napkins from
a local coffee shop are a favorite preliminary sketching medium for animation plan-
ning. Early sketches, although frequently throwaway in nature, are important and help
serve as a basis for developing storyboards. Refined from napkins, storyboards for ani-
mating the assembly and lighting of a miniature flashlight are shown in Figure 19.03.
For short and simple technical animations such as the flashlight, it is useful to include
as much information as possible to describe the animation completely. This informa-
tion includes written descriptions, scene layout, movement, camera work, lighting,
frame rate, and timelines. For students lacking in the confidence or ability to sketch
effectively, graphic software programs can be used to assist, augment, and refine the
visual-graphical thinking and planning process.

Animation projects that are well organized in terms of deadlines and job descrip-
tions result in better animations that are delivered on time. The importance of taking
time at the beginning of a project to organize, establish job descriptions, and develop
deadlines cannot be overstated. In addition, establishing and conducting a periodic
review process during the project is extremely helpful in monitoring progress, validat-
ing the process, and assessing the quality of the results.

FIGURE 19.03. Storyboards for flashlight animation.
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19.02.02 The Modeling Stage
Modeling for 3-D animation software differs from 3-D CAD modeling in one very
important respect. Animation uses surface modeling, while 3-D CAD programs are
usually based on solid modeling. This does not make one method of modeling inferior
or superior to the other—just different. Because of the need to work with flexible mov-
ing surfaces, animation software is typically based on one of several types and hybrids
of surface modeling, including polygon mesh, spline-based, and non-uniform rational
b-spline (NURBS) models. Therefore, an important consideration in engineering ani-
mation is the need to translate or convert 3-D solid modeling CAD files into surface
models that can be imported into animation software. Geometric modeling methods
and skills are an important prerequisite for this chapter. Therefore, it is assumed that
you are already competent in the basic methods of creating and editing part geometry
and assemblies in at least one solid modeling-based CAD program.

For engineering animations, 3-D models and images can come from a variety of
sources. They can be created by the user as solid models and exported from any
number of 3-D CAD packages. Models also can be created as 3-D surface models in
a 3-D animation package. In addition, a wide variety of 3-D models, such as fasten-
ers, gears, structural shapes, other 3-D standardized parts, and assemblies, can be
downloaded from numerous commercial Internet sites and incorporated into an
engineering animation.

Some words of caution about copyright and intellectual property are appropriate
at this time. A model you find on the Internet, on an electronic bulletin board, or as
part of an existing animation file is not a candidate for indiscriminate use. It was cre-
ated by and may be the property of someone else. If you use stock 3-D models, make
sure they are copyright-free or are in the public domain. When in doubt, do not use
someone else’s work without official written permission. Be very careful not to inadver-
tently pass off 3-D models as your own and make sure you acknowledge the source of
all models that you use.

In the commercial practice of engineering animation, it is entirely appropriate to
model in a CAD environment and to export the geometry so that it can be opened in a
3-D animation package. Before exporting 3-D solid modeling CAD files and importing
them into your animation package, take a few moments to become familiar with the
available file formats in your CAD software and their export settings. A few of the pop-
ular export file types used for importing models into major animation software include
.obj, .stl, .3ds, .dxf, and .igs. By experimenting with the various export and import file
formats, you will quickly determine with which formats you make the fewest errors.

In animation software and in some CAD software, as shown in Figure 19.04, an
interesting relationship exists between modeled geometry and rendered geometry.
Because of the highly intricate nature of complex geometric details such as screw
threads, knurled grips, stamped shapes, surface texture, and tire treads, these types of
features are normally rendered from image maps, as shown in Figure 19.04, instead
of being modeled. In fact, animation software is specifically designed to allow you 
to render geometric details and surface textures through the use of image maps. To
assist you with this task, color image maps, bump maps, transparency maps, and
reflection maps will be covered later in the chapter.

Engineering animations make extensive use of 3-D polygon mesh surface models
that have been converted from solid models. To maintain geometric accuracy, con-
verted polygon mesh models typically contain a very large number of polygons. Models
with high polygon counts mean larger files that can slow down the animation and ren-
dering process. Unless great geometric accuracy is essential to the animation, such as
for close-up visual detail, you want to be able to reduce and control the number of poly-
gons in the animation model in order to speed up rendering and production time.
Most animation software allows you to reduce or optimize the number of polygons
contained in a polygon mesh model. Figure 19.05 shows an example of a converted
engineering part model of a battery with varying levels of polygon detail.

FIGURE 19.04. Image-based
geometric detail on a 
CAD model.
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19.02.03 The Scene Development Stage: Cameras,
Lighting, and Rendering
One of the greatest and most interesting challenges in creating a 3-D computer anima-
tion is the flexibility you have to move anything within the scene. Besides being able to
move parts and assemblies, you can move lights and cameras; even individual faces and
surfaces on objects can be moved and deformed. The use of cameras in a 3-D animation
can be dull and predictable or exciting and interesting depending on how well the
action is planned.

The visual relationship between a person (camera) viewing an animation and the
action occurring within the animation can be used to divide animations into three
categories—passive, active, and a combination of active and passive. In a passive
animation, you, the viewer, remain perfectly still while the action occurs around
you. Objects (parts) and lights move in and out of the scene while you stand or sit
still and observe. You do not move through the scene or even rotate your head; you
simply remain in a fixed spot and watch. Passive animations are usually short and
specialized and may be very useful for showing physical relationships between mov-
able 3-D objects and parts. By preventing the boring animation “watching paint dry”
syndrome, multiple cameras and camera transitions are highly effective.

In addition to the objects moving in an active animation, the observer (camera)
actively moves around and through the scene. A basic example of an active animation is
an architectural or civil engineering construction project walk-through. The vehicle
that allows you to move through a scene is the camera. Cameras, which may be thought
of as the observer’s eyes, are also the principle method of generating and controlling
the correct perspective appearance in a scene. To avoid creating a walk-through that is
too slow, predictable, or boring, multiple cameras and camera transitions should be
used to pick up the pace and make the animation more informative in a shorter period
of time.

Cameras in 3-D animation have the same basic characteristics as cameras in the
physical world. Software settings for the perspective parameters of a camera can be
used to set and adjust the focal length of the lens, field of view angle (FOV), and

FIGURE 19.05. Three variations of a battery model illustrating varying levels of geometric
detail: a. model with 312 polygons, b. model with 792 polygons, c. model with 3,936 polygons.
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amount of roll. In addition, cameras in animation software have unique adjustments
called clipping planes that allow you to selectively exclude unnecessary objects in a
scene that are too close or too far away.

The two most commonly adjusted camera settings in 3-D computer animation
are lens focal length and field of view. In Figure 19.06, normal perspective for viewing
a cityscape is approximated by a 50 mm focal length lens. A focal length of 15 mm pro-
duces a dramatic convergent wide-angle perspective. Taken to the extreme, very
short focal lengths produce curvilinear perspective called fish eye. A focal length of
135 mm results in greatly reduced or flattened convergent perspective and is referred
to as telephoto. It is quite easy to confuse the function of commonly used display
operations such as zoom and scale with the operation and use of a camera function in
3-D animation. All three operations (zoom, scale, and camera) make an object appear
larger or smaller on the display. Zoom and scale are normally used only as modeling
and viewing functions that maintain the same amount of perspective convergence in a
scene no matter how near or far away objects appear. In addition, scale functions make
specific transformations to physically change the size or proportions of selected
objects in a scene. Although cameras can serve the same function as zoom, in 3-D ani-
mation programs, cameras are specifically designed to be the windows through which
animations are viewed and recorded. The action of a camera in an animation may
include changing the field of vision and lens length. It may also include tracking mov-
ing objects or physically moving through a scene similar to real-world cameras. Zoom
and scale functions are not designed for this task.

In practice, large-scale scenes such as construction sites, manufacturing assembly
lines, and architectural applications use short focal lengths to widen the viewing angle.
Smaller objects, including most mechanical assemblies, are more effectively animated
using a normal (50 mm) focal length.

The visible spectrum of light ranging from red to violet (red, orange, yellow, green,
blue, indigo, and violet) spans the range of the normal human visual system to perceive
color. The spectral color of light sources in the environment, such as sunlight and arti-
ficial light sources, combine with object pigmentation, illumination, reflection, atmos-
phere, and surface properties to create a rich environment for color perception. In
other words, perception of the color of an object may be thought of as a function of
light. Keeping this fact in mind, it is important to set up a lighting system and assign
colors to the light sources before creating colors, materials, and textures for parts and
individual objects in a scene.

Colors in 3-D graphic software are typically stored as red, green, and blue (RGB)
color values. This method is called the RGB additive color model. RGB colors con-
sist of three numbers representing the levels of red, green, and blue that make up the
color. Three-dimensional animation programs render their output in RGB color and
use RGB color to calculate the mixing and filtering of colored light.

FIGURE 19.06. Effect of camera lens length.
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Red, green, and blue are called the primary additive colors because adding together
red, green, and blue light in variable proportions creates light of any color. Each of the
three primary colors has a range of 256 values stored as an 8-bit number. Therefore, the
total number of color combinations for all three primary colors is 256 x 256 x 256,
which equals 16,777,216 different color combinations. This color model is also referred
to as a 24-bit color, based on the sum of 8 bits + 8 bits + 8 bits. Based on a 3-D rectan-
gular coordinate system model, Figure 19.07 shows one technique for visualizing the
RGB 24-bit additive color model.

When red, green, and blue lights are combined in equal proportions, they form a
unique 8-bit grayscale axis consisting of 256 values ranging from black to white. This
grayscale range, referred to by the grayscale axis in Figure 19.07, serves a very important
function in controlling the surface properties of 3-D rendered objects. The surface
properties of transparency-opacity, specularity, bumpiness, and reflectivity, which will
be discussed later in this chapter, are controlled by adjusting the grayscale values of
images mapped to the surfaces of 3-D objects. Figure 19.08 illustrates another manner
in which the 256 grayscale values can be represented from (0, 0, 0) black through (255,
255, 255) white.

Most 3-D animation software offers several different methods in which sources of
light can be added to a scene. The four most common types of light sources in 3-D ani-
mation include point (omnidirectional) lights, spotlights, directional lights, and
ambient light. Point lights, also called omnidirectional lights, function in a similar
manner as a lightbulb by emitting light rays and casting shadows uniformly in all
directions, as shown in Figure 19.09.

Spotlights also simulate emitted light that radiates from a point source. A spot-
light, however, limits the emitted light rays to a specified cone or beam. Spotlights are the
most popular choice of animators because the lights have two variables that are rather
easy to control—conical angle (the adjustable angle of the cone emitting the light rays)
and falloff (the amount of softness or fuzziness around the perimeter boundary of the
light spot). Spotlights also can be used to achieve dramatic effect by focusing viewers’
attention on a specific area of the scene, as shown in Figure 19.10.

FIGURE 19.07. RGB additive color model.

FIGURE 19.08. Grayscale axis showing the 8-bit, 
256 values ranging from (0, 0, 0) black through (255,
255, 255) white. Along this axis, all values contain
equal proportions of red, green, and blue (RGB) light.
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Directional lights are designed to simulate the effect of distant light sources,
such as the sun, that are so far away from objects in the scene that lighting and shadow
patterns in the scene appear to be parallel. A directional light casts parallel light along
a single axis, consequently creating parallel shadows as shown in Figure 19.11.

Ambient light is indirect light that has no specific source or direction in a scene.
In the physical world, ambient light is the result of light that is reflected and bounced
around in a scene. When you are in a room lit by one or two lamps, everything not
directly lit by the lamps receives a certain level of ambient (indirect) light. If this were
not true, all surfaces not directly exposed to the light of the lamps would be black.

FIGURE 19.09. A point or omnidirectional light source casts light in all directions.

FIGURE 19.10. A spotlight casts a cone or pyramid of light. Shadows radiate away from the
light source.
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Achieving the physical-world effect of light bouncing around and indirectly illuminat-
ing surfaces presents a computational problem in computer graphics. Computer
graphic researchers are continually developing and improving effective methods for
correctly modeling ambient light with emerging techniques called global illumination
(also referred to as photon or radiosity rendering).

Although precise in simulating indirect lighting, global illumination methods are
computationally intensive in most technical animation production. Thus, an acceptable
alternative for mimicking ambient light is included in most animation packages. Ambient
light can be approximated by adding to or increasing the level of contrast and illumination
of every object in the scene. The disadvantage of contrast-based ambient light methods is
that they are tricky to use. Too much ambient light causes everything in the resulting ren-
dered image to appear washed-out and flat. Too little ambient light makes objects in the
scene appear very dark where they are not receiving direct light. Setting the right amount
of ambient light varies not only from 3-D program to 3-D program but also from scene to
scene. With a little practice and a discerning eye, you will get a feel for how much ambient
light is appropriate for your scenes.

One logical approach when beginning a lighting layout for a 3-D scene is to exam-
ine the software’s default lighting setting. This may or may not require you to adjust
ambient light so that all surfaces in the scene appear to be at least partially illuminated.
Once this is accomplished, you can add one light source at a time until the minimum
number of light sources is present to effectively illuminate the objects and the scene.
This chapter will use a popular lighting setup called a three-point or studio lighting
layout, which consists of a key light, a fill light, and a back light. The key light cre-
ates the object’s main illumination, defines the dominant angle of the lighting, and is
responsible for major highlights on objects in a scene. Key lights are usually brighter
and have a warmer color (yellow/red shift) than other lights used to illuminate the
object and usually cast the dominant shadows in the scene. The fill light softens and
extends the illumination of the objects provided by the key light. Fill lights are less
bright than key lights, do not cast strong shadows, and are typically cooler in color
(green/blue shift). The back light creates a defining edge for foreground objects and is
used to visually separate objects from the background. An old trick that is used for
nighttime scenes in film also works in computer animation, that is using a blue fill

FIGURE 19.11. A directional light casts parallel light along a single axis and creates parallel
shadows.
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light to provide illumination while keeping the illusion or look of darkness in the
scene. Figure 19.12 shows a sample three-point lighting plan view layout and the ren-
dered results for a basic scene containing the exploded assembly of a flashlight. Bear in
mind that this is only a starting point for creating a lighting layout. You should exper-
iment by adding, moving, and adjusting light sources to achieve the best results for
your scene.

Historically, casting shadows in engineering animations may not have been consid-
ered important or necessary. However, since the process has become easy and relatively
fast and because shadows add realism to a scene, incorporating them is highly recom-
mended. Even though they are subtle, shadows help define spatial relationships among
objects and light sources in a scene and help create a stronger sense of depth for the
viewer. Most animation rendering software allows you to choose between two methods
for calculating shadows: depth-mapped shadows and raytraced shadows.

Depth-mapped shadows, also called shadow-mapped shadows, use a precalculated
depth map to determine where shadows will be rendered. Although not as accurate as
raytraced shadows, depth-mapped shadows can be calculated much faster than ray-
traced shadows and are normally very effective in engineering animation. Additional
information and explanations concerning depth-mapped shadows can be found in
most major computer graphic programming textbooks. Raytraced shadows are calcu-
lated by a process called raytracing. Raytracing traces the path that a ray of light
would take from the light source to illuminate each point on an object. Raytracing soft-
ware can accurately determine whether any intervening objects will block a part of the
light to create a shadow. Raytracing calculations are more accurate than depth-mapped
calculations, but the raytraced shadows require much longer calculating. For example,
the raytraced shadows image in Figure 19.13 took nearly eighteen times longer to ren-
der than the depth-mapped shadow image. Although calculation times vary depending
on the type of processor used, raytraced shadows should be used sparingly when pro-
duction time is a factor.

In general terms, rendering is the process of interpreting the geometry, materials,
and lighting and converting them into a single visual representation (image or frame).
Two established methods are available in most 3-D animation packages: z-buffer/scan
line and optional raytracing. In addition, the rendering technology based on radiosity
or global illumination is also available for 3-D rendering software.

Z-buffer rendering, which is attributed to Ed Catmull while he was at the
University of Utah in 1974, is a popular and well-established method for rendering. For
general animation purposes, especially for production speed, it is the most commonly

FIGURE 19.12. A scene with a three-point lighting layout.

42496_24_ch19_p19.1-19.34  12/13/07  8:05 AM  Page 11



19-12 sectionfive Advanced Topics in Engineering Graphics

used rendering method. Z-buffer rendering uses a visible-surface determination
method in which each pixel records (in addition to color) its distance from the camera,
its angle, light source orientation, and other information that defines the visible struc-
ture of the scene. Z-buffer rendering addresses and solves three questions for each pixel:
■ Is this object (surface) visible from this pixel (point) on the screen using the cur-

rent point of view?
■ Is it the closest object to that pixel (point) that has been encountered so far?
■ Given the closest visible point on the surface from this pixel (point) on the screen,

what color is the surface at that location?

Raytracing is an optional method of rendering that builds an image by tracing rays
from the observer, bouncing them off the surfaces of objects in the scene, and tracing
them back to the light sources that illuminate the scene. This method is the reverse of
the physics principle of bouncing rays of light from their source back to the observer.
The technique of raytracing can take into account refraction, transparency level, and
depth (a recursive technique where a finite limit to the number of secondary rays can be
set). To help you visually understand the application of recursion, Figure 19.14 shows
an example of recursion (depth) in calculating the number of times the image of a
teapot is calculated and repeated when reflected between two parallel mirrors. Raytrace
rendering is attributed to Bob Goldstein, who developed it in the late 1960s.

The manner in which light bounces off or is absorbed by a surface matters just as
much to your rendering as where you position your light sources. This is particularly

FIGURE 19.13. Depth-mapped versus raytraced shadows.

FIGURE 19.14. Recursive depth in a raytraced rendering.
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important in engineering animation where visually realistic surface properties for metal,
plastic, and numerous other synthetic materials are on display. Three-dimensional
rendering software calculates shading based on the surface normals of the part or
object being rendered. A surface normal, also called a vector normal, is a vector that is
perpendicular to each vertex of every polygon contained in a polygon mesh model. Most
3-D rendering programs have a function that allows you to view the normals for all sur-
faces on a model. When the visible surface properties are calculated on a model, surface
normals are used to calculate the angle of each surface to each light source and to deter-
mine the direction of visibility for that surface. Figure 19.15 shows an example of the
surface normals for a 3-D polygon mesh model of a hemispherical geodesic dome with
160 faces.

Three-dimensional rendering software applies surface normal calculations
through a series of algorithms called shading algorithms. Shading algorithms are
concerned with two basic variables: diffuse and specular light transmission. For rough
or less shiny surfaces, diffuse shading calculates and scatters light in all directions. The
result is a perfectly diffuse surface that shows only the underlying color of the surface.
No calculations are made to determine and display the shininess of the surface. To han-
dle shiny “specular” surface properties, special algorithms that calculate specular shad-
ing have been devised to control the amount, shape, direction, and disbursement of
light rays bouncing off a shiny surface. The resulting highlight is referred to as the sur-
face’s specular property. Popular shading algorithms (shaders) included in 3-D render-
ing software are Lambert, Gouraud, Phong, Blinn, Metal, Anisotropic, Multi-Layer, and
Cartoon. Figure 19.16 shows a rendered visual display created by using a variety of
shading algorithms.

FIGURE 19.15. a. A polygon
mesh model of a geodesic dome
hemisphere containing 160
polygon faces. b. A graphical
display of surface normals for
the dome.

FIGURE 19.16. Different types
of rendered shaders.
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Texture mapping is the technique of adding variation and detail to a surface
that goes beyond the level of detail modeled in the geometry of an object. Being able
to work with texture mapping requires that you be able to create custom textures and
align the textures correctly with your model. Two methods that create textures are used
in 3-D animation software.

Bitmap textures are based on referencing external image files. Textures can be
used to produce a wide variety of effects in the rendering process. Although this chapter
cannot cover all of the types and combinations of mapping techniques, four of the more
common mapping techniques applied to the flashlight are described next; they include
color mapping, reflection mapping, bump mapping, and transparency/
opacity mapping.

Color mapping, sometimes called diffuse mapping, replaces the main surface color
of a model with an external image map or texture. The result of mapping a color image
to the outside cylinder of a flashlight battery is shown in Figure 19.17.

Reflection mapping allows you to use the grayscale values in an image file, as
described in Figure 19.08, to create the illusion of a reflection on the surface of an object,
as shown on the battery model in Figure 19.18. The combination of the color and reflec-
tion maps is used to produce the final appearance of the flashlight battery in Figure 19.19.

Bump mapping is a technique used to create the illusion of surface detail through
surface normal perturbation. The bump map shading function is defined by 8-bit
(grayscale) data in which RGB black (0,0,0) creates the illusion of low areas and RGB
white (255,255,255) creates the illusion of high or peaked areas on the surface and all
values in between create gradient transitions. It perturbs only surface normals and does
not directly affect the shape of underlying geometry the way displacement mapping
does. Bump mapping was conceived by Jim Blinn while he was a graduate student at
the University of Utah in 1976. His ideas appear to be the unlikely result of thinking

FIGURE 19.17. A color label mapped to a flashlight battery.

FIGURE 19.18. A reflection image mapped to the flashlight battery.
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about perturbing surface normals while looking at the rough texture of his shoes. An
example of the application of bump mapping used to create the detailed plastic threads
molded into the outside of the flashlight lens cap is shown in Figure 19.20.

Opacity mapping is the complement of transparency. An object that is 20 percent
opaque would be 80 percent transparent. Opacity mapping is also a shader function
that works through the application of 8-bit (grayscale) data. The opacity map shader
function is defined by 8-bit (grayscale) data in which black (0,0,0) creates the illusion of
being completely transparent and white (255,255,255) creates the illusion of being
completely opaque on the surface; all values in between create gradient variations in
opacity. Figure 19.21 illustrates the use of a black-and-white image to map text onto

FIGURE 19.20. Bump map threads applied to the flashlight lens cap.

FIGURE 19.21. Transparency/opacity map text applied to the flashlight body.

FIGURE 19.19. Combined color
and reflection mapped to the
flashlight battery.
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FIGURE 19.22. Procedural
textures used for the flashlight
body design.

FIGURE 19.23. Index of refraction.

FIGURE 19.24. Estimated refraction applied to a
flashlight bulb.

the surface of the flashlight body without destroying the blue translucent plastic back-
ground material.

Procedural textures are based on algorithms written into the rendering soft-
ware that can generate a specialized colored pattern such as wood, water, a checker pat-
tern, a tile pattern, stucco, and many others. These patterns are created based on input
parameters within the rendering software without an external image file needing to be
loaded or referenced. Figure 19.22 shows the use of procedural textures to explore style
variations for the flashlight body.

To be more visually precise, light being transmitted through transparent and
translucent materials should take refraction into account. In 3-D rendering, refraction
is an embedded raytracing technique that calculates the lenslike effect on the resulting
image as seen through a transparent/translucent medium. The amount or index of
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refraction can be specified by entering a numeric value. The chart in Figure 19.23 gives
more information about this process. Refraction has been applied to the flashlight
bulb shown in Figure 19.24.

In 3-D rendering, specialized coordinate system methods are required to control
how external and procedurally generated images are wrapped, placed, oriented, scaled,
or repeated (tiled) on the surface(s) of a 3-D geometric object. Sometimes referred to as
UV or UVW coordinates, mapping coordinate techniques for texture mapping were
first developed by Edwin Catmull at the University of Utah in 1974. Mapping methods
exist in 3-D rendering software to accommodate geometries ranging in complexity from
a simple rectangular plane to the shape of the human face. The use of planar, cylindrical,
spherical, and box mapping coordinate systems is demonstrated in Figure 19.25.

In engineering animation, atmospheric effects can be effective in creating
industrial environments where the air contains particulates such as dust, smoke, or
fog. When light passes through, air-borne particulates illuminate the volume of
light. In 3-D rendering software, this visual phenomenon is created through a
rendering technique referred to as volume or atmosphere light. Volume lighting
parameters of density, dispersion (clumping), attenuation, glow, and color are
assigned to a light source. Figure 19.26 shows the use of atmospheric lighting
applied to the conical glow of the spotlight of the flashlight beam. To add an extra
level of realism to the projected light of the flashlight beam, the Fresnel effect cre-
ated by imperfections in the plastic flashlight lens has been approximated through
the application of an opacity map to the volumetric beam of light.

FIGURE 19.25. The use of UVW mapping coordinates to apply images to common geometric forms: a. planar, b. cylindrical, 
c. spherical, and d. box mapping coordinates.
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Computer graphics tends to be just perfect. In fact, CAD models and technical-
engineering animations are frequently too perfect. Experienced animators keep some
of the following rules in mind when they create lighting and materials for a scene:
■ There are no straight lines or edges in nature. For CAD models, one useful method is to

include as many fillets, rounds, and chamfers as possible to soften the appearance
of impossibly sharp edges on parts.

■ The real world is dirty. When creating textures for object surfaces, throw in a few
smudges, smears, and surface imperfections using noise filters and specular,
bump, and reflection maps to mask the perfect surface appearance of solid colors.

■ Shadows are not all created equal. Avoid impossibly black or improperly colored shad-
ows. Adjust shadow density and edge softness so that bad shadows do not detract
from the scene.

■ We do not live in a vacuum. Create some atmosphere. Selective use of filtered fog
and volume lighting with image projections can add a more believable quality to
the scene.

Once the scene is set, you are ready to render.

19.02.04 The Animation Stage: Motion and Action
A number of 3-D CAD programs offer users the ability to create event-based graphical
sequences that describe the motion, order of events, or interrelated fit of two or more
parts that form an assembly. The amount of time required for the event to happen is
not usually a consideration. Event-based CAD software capabilities can be useful for
testing simple part-on-part relationships at the software operator level. However, event-
based motion alone is not sufficient to track and control time-based motion and
related visual events that may occur in a complex technical animation that involves
hundreds of events. For that purpose, animation software is time-based. In time-based
animation, as a part changes position in space over time, it generates graphical plots
referred to as function curves.

Function curves are graphical methods of plotting changes in the part’s relative
position (in x, y, or z space) versus time (in seconds and/or frames). In the case of plot-
ting a moving part’s position in 3-D space over a specific period of time, the plot con-
sists of three different function curves: one each for the x-, y-, and z-axis position of
the part. The horizontal axis of a function curve graph is used to plot time in seconds
or frames, while the vertical axis plots the change in the part’s relative x, y, or z coordi-
nate position or orientation (in the appropriate unit of measure) at a specific point in
time. When the function graphs as a flat horizontal line, it means no change is occur-
ring with respect to that axis. A sloped or curved line, however, indicates a change of
position over time. The rate of change of the position of a part is a function of the

FIGURE 19.26. The use of volume lighting with an opacity map for a flashlight beam.
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slope of the curve. Figure 19.27a shows a basic example of the x- and y-axis function
curves for a three-second interval of a bouncing ball. Because there is no change in the
z-axis position of the ball, its z-axis function curve is not displayed. Figure 19.27b
shows the approximate related motion of the ball. In animation software, function
curves can be edited to adjust the position and timing of moving parts.

In animation software, the basic process of creating a technical “part-based” ani-
mation is performed by using one of two basically opposed methods. The first method,
keyframe animation, is created by moving the object from one position in space to a
second position, and then having the program calculate the path of travel over time.
The second method, called motion path animation, is created by generating a path of
travel, typically a spline curve, and then assigning the part to move along that path over
a fixed period of time.

To control animation, most 3-D programs use a method called keyframing. In
keyframing, parts are placed in key positions at specific frames (keyframes). Using a
process referred to as tweening, the program calculates a part’s position for each of the
intermediate frames. When the results are played back in sequence, the intended effect
is a continuous motion from one keyframe position to the next.

The basic application of keyframing to a moving object can be visually described by
animating a ball that rolls off a shelf and bounces three times on a tabletop. Based on
positioning keyframes at the highest points (peaks) and lowest points (valleys) of the
bounce path of the ball, a minimum of six keyframes would describe the motion.
Starting the animation from the point where the ball begins to fall from the edge of the
shelf represents the first keyframe. The second keyframe is located where the ball first
strikes the tabletop. The third keyframe is located back in the air at the peak of the 

FIGURE 19.27. Function curves for the x- and y-axis movement of a ball bouncing over a
three-second time interval.

42496_24_ch19_p19.1-19.34  12/13/07  8:05 AM  Page 19



19-20 sectionfive Advanced Topics in Engineering Graphics

first bounce. The fourth keyframe is located where the ball strikes the tabletop for the
second time. The fifth keyframe is located in the air at the peak of the second bounce.
And the sixth keyframe is located where the ball strikes the tabletop for the third time,
as shown in Figure 19.28.

Figure 19.29 shows the trajectories and transitions that are automatically created
for all six keyframes of the ball’s motion. Notice that the software creates a smooth (but
unrealistic) trajectory through each keyframe. By default, animation software is
designed to create smooth transitions and does not take collision or gravity into effect
when keyframe motion is being calculated.

Another way of visually examining and editing incorrect keyframed motion in ani-
mation software is through the use of graphical function curves. Function curves,
which will be discussed later in this chapter, allow direct editing of motion by adjusting
the time and displacement of each axis on a graphical display. Figure 19.30 shows a
graphical display of the function curves for the incorrect default trajectory of the ball.

FIGURE 19.28. Animating a ball rolling off a shelf and bouncing three times requires a min-
imum of six keyframes to specify the peak and valley positions of the ball.
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FIGURE 19.29. The default computed keyframe trajectory of a bouncing ball.

FIGURE 19.30. Default function curves for the keyframed bouncing ball.

For the motion to look correct, as in the case of the bouncing ball, the ball should
slow down as it approaches its peak and speed up as it heads downward from the top
of its arc. At the valley or contact point at the bottom of each bounce, the change in
velocity and direction must be instantaneous; thus, the path must be cusped. In ani-
mation software, this is typically done by switching the motion controller type to a
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Bezier function and adjusting the Bezier handles to create a more natural motion for the
ball. Figure 19.31 shows a graphical function curve of the ball that has been adjusted
through the use of Bezier spline weighting. Detailed techniques and step-by-step
methods for editing keyframe animations are beyond the scope of this chapter but are
well covered and available through numerous online and software tutorials.

Motion path animation is basically the opposite of keyframing. Motion path ani-
mation is based on creating a spline-based curve, or “path,” and assigning a part or
parts to move along that curve over fixed periods of time. Typically, parts to be moved
are attached by their local coordinate systems, also referred to as pivot points, to the
starting point of the curve. The objects are then guided along the length of the curve
over a defined period of time. To modify the path of travel of a part, you modify the
shape of the path curve in space (or the rate the objects travel along the curve) without
directly modifying the part itself. Motion paths are extremely useful in technical ani-
mations where precise and consistent mechanical motion is required for two or more
parts—just the thing if you are moving a series of objects along an assembly line or
track. In Figure 19.32, a set of canister-shaped objects are shown moving along a track.

In 3-D computer animation, the underlying operations on which parts, including
cameras and lights, are animated are called geometric transformations. Geometric
transformations are used to alter the position, size, or orientation of a part, camera, or
light over a specified period of time. The common terms for these operations in most
software are move (for translating the position of a part), scale (for changing the physi-
cal size of a part), and rotate (for changing the spatial orientation of a part). Numerous
other types of deformational transformations are available in animation software, such
as bend, twist, skew, squash, taper, and explode. Bend and twist transformations have
been applied to the structural shapes shown in Figure 19.33. Transformation is also
required in complex operations such as morphing and exploding parts. Regardless of
their specialized function, geometric transformations are based on some application or
hybrid combination of position, size, and orientation transformations. All geometric
transformations are calculated based on the current location of an object’s coordinate
systems. Importantly, the geometric precision and smoothness of transformations that
deform an object’s shape is directly related to the quantity and placement of polygons
in the model.

It is reasonable to expect that parts and objects in animations, especially technical
and engineering animations, have mass and inertia. To be an effective or believable ani-
mation, a part’s motion should mimic the effect of inertia as closely as possible. An

FIGURE 19.31. The use of
Bezier weighted keyframes to
create a more realistic motion
for the bouncing ball.
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FIGURE 19.32. A motion path used as a track for canister-shaped objects.

FIGURE 19.33. Bend and twist transformations applied to structural shapes.

object or a part placed in motion from a stationary keyframe position should exhibit a
believable amount of acceleration as it moves from a stop to full speed. Conversely,
when the same part stops, it should show a believable level of deceleration as it
approaches its stopped keyframe position. In most animation software, ease to and ease
from software functions are used to control the acceleration of a part into and out of a
keyframe.
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To geometrically transform (move, rotate, or scale) an animated part without
affecting other 3-D parts, each part is assigned its own local (relative) coordinate sys-
tem and a set of local, movable x-, y-, and z-axes called pivot point axes. Typically,
imported CAD models have their pivot point and local coordinate systems located in
the geometric center of the part. This may not be appropriate depending on how you
plan to animate the part. For convenience in animation, each part’s coordinate system
can be relocated by reassigning its pivot point to another spatial location.

In 3-D animation software, hierarchical linking is a technique that allows you to
create a logical association of parts for the purpose of coordinating their movement
during an animation. A hierarchical link or chain is a series of user-defined linked
objects that have a parent-child-grandchild relationship. If the parent object is moved,
the child is moved; and because the child object is the parent of the grandchild, the
grandchild object is moved as well. Hierarchical linking serves as the basis for forward
kinematics, which is the basis for animating multiple part assemblies. If it were not for
hierarchical linking, parts in an animated assembly model would come apart as soon as
you started to animate them. Figure 19.34 shows a graphical representation of the hier-
archical tree structure of the links for the flashlight assembly.

Forward kinematics is the default method of animating hierarchically linked
parts in which the movement of the parent part controls all offspring on down the
chain. If you move or rotate the parent part, the children move or rotate along with it.
On the other hand, motion of the child part does not affect its parent. Forward kine-
matics makes sense for mechanical devices such as the flashlight, where child parts
need to operate independently while being linked to a parent object. In engineering ani-
mation, the use of forward kinematics is recommended whenever possible.

In forward kinematics, there is, unfortunately, no reverse link from the child back to
the parent. All child parts can be moved independently. In some assembly operations,
this means a separation in the assembly if you move the child part away without plan-
ning the effect on the rest of the linked objects. Moving and rotating parts bidirection-
ally requires the use of an animation process called inverse kinematics. Inverse
kinematics is a method of controlling linked parts by moving the very end of the hierar-
chically linked chain and having the rest of the links move in response. Inverse kinemat-
ics generally allows 6 degrees of freedom (translation and rotation multiplied by three
axes) with the expectation that you will logically constrain a part’s range of motion for
axis movement and rotation. For technical animations, inverse kinematics serves a role
similar to geometric constraints in parametric CAD assembly models. A typical mechan-
ical example is to grab and move the end of a robotic arm (called an end effector), as
shown in Figure 19.35, and have the rest of the linked parts of the arm move in response.

FIGURE 19.34. A hierarchical
linked tree for the 
flashlight parts.

FIGURE 19.35. Inverse kinematic constraints for a robotic arm.
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Parts or objects photographed in motion at high speeds, normally faster than the
camera’s shutter speed, tend to appear fuzzy or smeared in a single frame image. More
precisely, motion blur is the amount of movement or change within a scene captured
during the exposure of one frame. In photography, motion blur is a natural occurrence
and parts or objects moving at a high rate of speed through a scene look too sharp and
unnatural when the effect is not present. A common method that animation-rendering
programs use to create the illusion of motion blur is rendering the scene a number of
times while slightly advancing the position of the high-speed object. The images of the
high-speed object in the scene are then combined with a gradient blur (applied across
the multiple images of the moving object) to create the visual illusion of motion blur,
as shown with the bowling ball in Figure 19.36.

Although the effect is difficult to achieve, every attempt should be made to ensure
that moving objects replicate the laws of physics in a technical animation. By default,
most animation software does not take physical properties of a part or an object into
account. Simulating, or at least approximating, the effect of gravity on a moving object
as well as its mass, center of gravity, elasticity, friction and other physical properties can
be very useful in engineering animation. Accurate visual representation of the motion,
interference, and collision of assembling parts is important. Some animation software
products have limited capability to calculate the results of gravity, mass, and collision
detection. However, a number of third-party software can handle the interactive behav-
ior of 3-D objects. Figure 19.37 shows images generated by assigning mass and gravity
to several O-rings (doughnut-shaped objects), placing a gravitation force on them, and
calculating their collisions with the top surface of a fixed solid block and with each
other. Without careful planning, the assignment of collision detection to objects with
physical properties can produce unpredictable and undesirable results. As a general
rule, until graphical simulation technology and computational speed improve, the use
of collision detection and physical properties in animation should be used only when
they are essential to the project.

One problem that you might encounter in a mechanical animation is the need to
create integrated mechanical motion where the motion of one part is directly affected
and controlled by another part, such as the gear train shown in Figure 19.38.
Animating the gear train would be tedious and time-consuming if you had to keyframe
the motion of each gear and shaft in the assembly. Most 3-D animation software has
built-in programming capability, referred to as scripting, which allows you to access
and write code at or near the source code level of the software. In the case of the gear
train, simple expressions have been written for each gear and linked so that when the
parent gear rotates, each child object reads the rotation and responds the same way
that gears would behave in an actual assembly.

Particle systems are specialized software modules that allow you to create a very
large number of objects and control their behavior in 3-D space. Typically, particle sys-
tems are used to create complex events such as water, welding sparks, bubbles,
vaporous liquids, and other complex motion-based phenomena. Particle systems also
can be linked to instanced geometric shapes and used to control their behavior.

FIGURE 19.36. A bowling ball
rendered with and without
motion blur.
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Generally, particle systems enable you to define the origin and direction of an emitter,
usually designated by a simple polygonal shape. The emitter serves as the point of
origin for generating a flow of particles in a specific direction. The quantity, type 
of particle, angle of spread, speed, size, randomness, duration, and a number of other
basic variables are then assigned to the particle system. Particles can be assigned grav-
itational and wind forces and be bounded by geometric shapes called deflectors.
Figure 19.39 shows a basic water fountain with deflecting surfaces that create the
appearance of splashing water.

FIGURE 19.38. A movable gear train requiring scripted drivers.
FIGURE 19.39. A particle system fountain with
deflectors.

FIGURE 19.37. A collision of
rubber O-rings with a block.
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Keep in mind that in a 3-D animation, everything can be moved or changed over
time. That includes flashing lights, changing object color and texture, object glows,
and other potentially useful operations for engineering animations. The example
shown in Figure 19.40 represents the flashlight bulb with and without a glow effect. If
needed, effects such as this can be rendered in 3-D with object glow filters or added as a
composite effect in 2-D software.

19.02.05 The Output Stage: Editing and Production
As the final production-output phase of a project approaches, a great deal of evalua-
tion concerning the quality, content, and editing needs of the animation should be
made. During the critical evaluation phase, keep several facts in mind. First, there is no
such thing as the perfect animation. Second, that’s good enough. The quality and con-
tent of the finished animation is good enough for the intended audience. Third, no
time is left. Fourth, for professional animators, no money is left. Fifth, animations are
never finished. They are completed at a certain level and abandoned. Armed with these
realities, the final output phase begins.

Companies involved in the production of animations for film and television are
continually faced with rendering complex scenes that are beyond the capabilities of their
software and hardware. For complex, high-quality images to be produced at acceptable
production speeds, individual frames are often rendered in multiple layers or passes,
called multi-pass rendering, and finished through the process of compositing. Simply
stated, compositing is the technique and art of rendering in layers, editing the image on
each layer as needed, and combining the edited layers or images into a single unified
final image. Compositing is normally done outside the animation-rendering process by
specialized compositing software. An example of multi-pass rendering is shown in
Figure 19.41, in which the rendering process is broken down into a series of rendered
images called layers that contain diffuse color, reflection, specularity, and shadows.
Each layer can be edited and color-corrected and composited with the other layers to
complete the frame. Software designed for compositing allows you to automate and
speed up the editing and compiling of the finished frames. For your first efforts at pro-
ducing basic engineering animations, it is recommended that you use single-pass ren-
dering to simplify and speed up the learning process.

The visual-graphical component of an animation, no matter how compelling, is
generally ineffective or incomplete without audio. That is why silent movies disap-
peared. In fact, the effective use of audio, especially music and sound effects, can be
more important than the graphical content. It holds the viewers’ attention and com-
pletes the story. Although audio is not the subject of this chapter, thought and

FIGURE 19.40. The flashlight
bulb with and without a 
glow effect.
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attention should be given to audio during the storyboard and scripting phases of
the planning process. A simple audio timeline should be planned to include music,
voice-over, and sound effect requirements for the project.

Most audio files can be directly linked to 3-D animation software, allowing you to
incorporate sound directly into the animation. For compiling audio track files, you can
use a number of software programs to download, record, edit, and incorporate sound
effects, music, and voice-over in the animation production process. In addition, com-
positing software is designed to accommodate audio files during the final production
of the finished animation.

Engineering animations do not normally require a background image or photo-
graph. However, there are occasions when background images are necessary and help-
ful. In fact, if an operating environment scene is needed for an animation, using photos
of machinery, equipment, assembly lines, or other appropriate background scenery will
be much faster than spending a great deal of extra time building marginal scene mod-
els and finding materials and lights. Take time to study how the alpha channel and
matt objects work. Almost limitless methods of alpha channel techniques can be
used to incorporate 3-D models with photographic background images—complete
with lighting and shadows.

An alpha channel is an optional layer of image data containing an additional 8 bits
of grayscale data that can be used to control transparency affecting the entire image.
The 8-bit alpha channel data is added on top of the 24-bit RGB image. Thus, a 24-bit
RGB image with an added alpha channel becomes a 32-bit image. In most rendering
and image editing programs, pixels in the image that contain 0 value alpha channel
(black) values are fully transparent. Pixels that contain a value of 255 (white) are fully
opaque, thus allowing the pixel from a foreground image to completely mask the back-
ground image. 

By combining an alpha channel with materials that can be mapped onto 3-D
models, referred to as matt objects, it is possible to use 3-D matt object models in a
scene that appear to be in the foreground or behind portions of the image in the back-
ground photo. Matt objects also can be used to cast and receive shadows in a scene. In
the examples shown in Figure 19.42, matt shadow objects have been used to create the

FIGURE 19.41. Composite
layers from rendering of the
flashlight battery.
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illusion that the 3-D flashlight is incorporated with and into the photographic
images. As you can see, photographic imaging also can be used to establish relative
size and scale.

Finally, the whole point of creating an animation is to present information to oth-
ers. Perhaps the animation will be recorded onto a disk, used online, or used as part of a
live multimedia presentation to a client. Maybe the intent is to communicate with some-
one over the Internet. To use the animation for any of these purposes, you need to create
an animation move file that captures the video and audio of each frame of the anima-
tion and allows it to be played back by any number of multimedia players. For PC multi-
media use, Microsoft’s classic Audio/Video Interleave (AVI) format is a widely used
choice. For both Apple and PC, the classic QuickTime (MOV) format is a safe choice.

When an animation is rendered out, a direct relationship exists between frames per
second, the length of the animation, the size/resolution of each frame, and the file size
(usually in megabytes) of the finished animation file. Obviously, larger resolution ani-
mations with more frames require longer to render and ultimately yield much larger
files. Establishing resolution size, frame rate, and animation length are part of the pro-
duction process. Because video files can be quite large, with file sizes easily running
into hundreds of megabytes, another important variable is video file compression.

The first time you render out a video file, you will be required to make a decision
on the type of CODEC (video compression-decompression algorithm) to use.
CODECs work by searching for unchanging pixels within a frame, searching for
unchanging pixels between frames, or analyzing groups of pixels that can be reduced to
a smaller number. The purpose of video compression is to help control and reduce
rendering time and download time; to allow for smoother, faster multimedia player
speed; and to reduce the storage space required for files.

Chapter Summary
In this chapter, you were presented with an overview, some historical precedents, a
rationale, a production process, and some of the more popular techniques currently
used for designing and producing animations for technical- and engineering-oriented
applications. You also were encouraged to explore and experiment with the technical
capabilities of computer animation beyond animating basic assemblies from 3-D CAD
parts. Production of animations was presented as a logical production process divided
into five overlapping stages: planning, modeling, scene development, animation, and
output. Figure 19.43 illustrates a series of still images or frames from an animation
showing subassembly and assembly of the flashlight components and the function of
the flashlight to project a beam of light.

As presented in this chapter, engineering animations should not be confused with
engineering simulations. Engineering simulations, graphical or otherwise, are typically
based on using accurate mathematical models and calculations to represent, test, and
analyze complex real-world conditions such as stresses, strains, thermal, and other

FIGURE 19.42. Use of the 
alpha channel (matt object
materials) to incorporate
photographic images.

19.03
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physical material properties. The results of conducting engineering simulations are
then used to assist in making engineering design decisions. Engineering animations,
no matter how realistic in appearance, are normally used for front-end conceptual
design and should be classified as visual approximations.

In the future, as CAD and animation systems continue to develop advanced tech-
nical capabilities, designers and engineers will want to include more information in
their animations to better simulate the dynamic physical and visual characteristics of
parts and assembly designs. Effective engineering animations of the future should be
able to more quickly calculate and dynamically display improved realistic physical
properties—including friction, effects of temperature, static and dynamic stress, elas-
ticity, gravitational effects, and other properties pertinent to the engineering design
process. Lighting based on global illumination (radiosity rendering) that more effec-
tively simulates real-world lighting is very useful in technical animations. Accurate
calculation and display of complex events, such as particle generation, smoke, fluid
flow, surface tension, and other complex phenomena, will become more valuable to

FIGURE 19.43. A series of 25 frames selected from a 900-frame animation showing the subassembly and assembly of flashlight
components and the function of the device to project a beam of light.
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active animation: An animation in which the observer
(camera) as well as objects in the scene actively move
around and through the scene.
additive color model: The RGB color system in which
the primary colors of red, green, and blue are added
together to create white.
alpha channel: An optional layer of image data con-
taining an additional 8 bits of grayscale data that can be
used to control transparency affecting the entire image.
ambient light: Indirect light in a scene that does not
come directly from a light source, but arrives at a sur-
face by bouncing around or reflecting off other surfaces
in the scene.
back light: A scene light, usually located behind
objects in the scene, which is used to create a defining
edge that visually separates foreground objects from the
background.
bitmap textures: Texture mapping routines that are
based on referencing external image files.
bump mapping: A technique used to create the illu-
sion of rough or bumpy surface detail through surface
normal perturbation.
clipping plane: A 3-D virtual camera technique that
allows you to selectively exclude, and not view or render,
unnecessary objects in a scene that are either too close
or too far away.
CODEC: Video compression-decompression algorithm.
collision detection: A built-in software capability for
calculating and graphically animating the results of col-
lisions between multiple objects based on object proper-
ties of speed, mass, and gravity.
color mapping: Sometimes called diffuse mapping,
color mapping replaces the main surface color of a
model with an external image map or texture.
compositing: The technique and art of rendering in
layers or passes, editing the image on each layer as
needed, and compiling the edited layers or images into a
single unified final image.
depth-mapped shadows: Also called shadow-mapped
shadows, depth-mapped shadows use a precalculated
depth map to determine the location, density, and edge
sharpness of shadows.

directional light: A computer-generated light source
designed to simulate the effect of light sources, such as
the sun, that are so far away from objects in the scene
that lighting and shadow patterns in the scene appear to
be parallel.
engineering animation: A dynamic virtual 3-D proto-
type of a mechanism or system that can be assembled
(usually from preexisting or newly created 3-D CAD
part models) and/or shown in operation over a period
of time.
fill light: A light that softens and extends the illumina-
tion of the objects provided by the key light.
forward kinematics: In a hierarchical link, total
motion in which the motion of the parent is transferred
to the motion of the child.
frame rate: The rate of speed, usually in frames per
second, in which individual images or frames are played
when an animation is viewed.
function curve: A graphical method of displaying and
controlling an object’s transformations.
geometric transformation: Transformations used to
alter the position, size, or orientation of a part, camera,
or light over a specified period of time.
hierarchical link: A series of user-defined or linked
objects that have a parent-child-grandchild relationship.
inverse kinematics: A bidirectional set of constraints
that allows motion of a set of linked objects by moving
the very end of the hierarchically linked chain and hav-
ing the rest of the links move in response.
key light: A light that creates an object’s main illumi-
nation, defines the dominant angle of the lighting, and
is responsible for major highlights on objects in a scene.
keyframe: A specific frame located at a specified time
within an animation where an object’s location, orienta-
tion, and scale are defined perfectly.
level of detail: The number of polygon mesh trian-
gles used to define the surface shape of a 3-D model.
For rendering speed, as a general case, objects close to
the camera in a scene require a higher number of poly-
gons to more accurately define their surfaces while
more distant objects can be effectively rendered with
fewer polygons.

19.04 glossary of key terms

engineering animators when they more precisely replicate real-world scenarios. In the
meantime, creating animations containing CAD and engineering design content
offers you a challenge to be as true to life as possible. Animate accurately, creatively,
and responsibly and have fun in your quest.
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mapping coordinates: Also called UVW coordinates,
mapping coordinates are special coordinate systems
designed to correctly place and control the shape of
external and procedurally generated images on the sur-
faces of 3-D models.
matt object: An object with a combined material and
alpha channel map.
motion blur: The amount of movement of a high-speed
object recorded as it moves through a single frame.
motion path: Spline curves that serve as a trajectory
for the motion of objects in animation.
particle system: Specialized software modules used to
generate, control, and animate very large numbers of
small objects involved in complex events.
passive animation: An animation in which the
observer remains still while the action occurs around
him or her.
pivot point: An independent, movable coordinate sys-
tem on an object that can be used for location, orienta-
tion, and scale transformations.
point light: A computer-generated light source, also
called an omni light, that emits light rays and casts
shadows uniformly in all directions. Also called an
omnidirectional light.
procedural textures: Texture mapping routines based
on algorithms written into the rendering software that
can generate a specialized colored pattern such as wood,
water, a checker pattern, a tile pattern, stucco, and many
others without reference to external image files.
raytraced shadows: Shadows calculated by a process
called raytracing, which traces the path that a ray of
light would take from the light source to illuminate or
shade each point on an object.
raytracing: A method of rendering that builds an
image by tracing rays from the observer, bouncing them
off the surfaces of objects in the scene, and tracing 
them back to the light sources that illuminate the scene.
reflection mapping: Mapping that allows the use of
grayscale values in an image file to create the illusion 
of a reflection on the surface of a part. White creates
reflective highlights, while black is transparent to the
underlying color of the surface.
rendering: The process where a software program uses
all of the 3-D geometric object and lighting data to cal-
culate and display a finished image of a 3-D scene in a
2-D viewport.

scripting: A programming capability that allows a user
to access and write code at or near the source code level
of the software.
shading algorithms: Algorithms designed to deal
with the diffuse and specular light transmission on the
surface of an object.
spotlight: A computer-generated light that simulates
light being emitted from a point in space through a
cone or beam, with the angle and direction of light con-
trolled by the user.
storyboard: A sequential set of keyframe sketches or
drawings, including brief descriptions, indications of
object and camera movement, lighting, proposed frame
numbers, and timelines sufficient to produce a com-
plete animation project.
surface modeling: The technique of creating a 3-D
computer model to show a part or an object as a collec-
tion of intersecting surfaces that bound the part’s
solid shape.
surface normal: A vector that is perpendicular to each
polygon contained in a polygon mesh model.
texture mapping: The technique of adding variation
and detail to a surface that goes beyond the level of
detail modeled in the geometry of an object.
telephoto: As seen through a camera lens with a focal
length longer than 80 degrees, creating a narrow field of
view and resulting in a flattened perspective.
transparency/opacity mapping: A technique used
to create areas of differing transparency on a surface or
an object.
video compression: One of a number of algorithms
designed to reduce the size and storage requirements of
video content.
wide-angle: As seen through a camera lens with a focal
length shorter than 30 degrees, creating a wide field of
view and resulting in a distorted and exaggerated
perspective.
z-buffer rendering: A scene-rendering technique that
uses visible-surface determination in which each pixel
records (in addition to color) its distance from the cam-
era, its angle, light source orientation, and other infor-
mation defining the visible structure of the scene.

19.04 glossary of key terms (continued)
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1. What is the difference between a time-based and
event-based animation?

2. What is motion blur? How is it related to frame rate?

3. What are the major stages in the production of an
engineering animation?

4. What does the term hierarchical linking mean?

5. What is the difference between forward and inverse
kinematics?

6. What is multi-pass rendering? Why is it necessary?

7. On what principle are bump and opacity 
mapping based?

8. What is the difference between raytraced and 
z-buffer rendering?

9. How does the term level of detail apply to an engineer-
ing animation?

10. What is keyframe animation?

11. What is the difference between animation and
graphical simulation?

12. What is the function of the alpha channel?

13. Describe five examples of useful applications for
motion paths animation.

14. Describe three techniques for adding more visual
realism to an animation.

19.05 questions for review

1. Flashlight—Based on the flashlight described earlier
in this chapter and detail drawings for its parts con-
tained in Chapter 20 of this book, build models of
the flashlight parts and animate its assembly and
operation as described in the storyboards.

2. Your Assembly—Choose an assembly model of a basic
mechanical product from one of the earlier chapters
in this text. Design a short engineering animation
using a least three cameras to show the assembly and
operation of the device. The animation should be
between eight and ten seconds long at a frame rate of
30 frames/second and have a resolution of 320 × 240.
Sound is optional but encouraged.

3. Welding Robot—Create a simple model of the FANUC
ARC Mate 120i six-axis welding robot. Photos, draw-
ings, and other specifications can be found on the
FANUC Web site (http://www.fanuc.com) under its
North American products. Assign links, hierarchy,
and locks to the various parts of the robot to make it
operate as intended. Create a short (approximately
150-frame) rendered animation of the robot show-
ing it welding two or more parts together along an
irregular 3-D path.

4. Help, I’ve Just Been STAMPED—From the detail draw-
ings given earlier in this textbook or from an actual
physical part, choose a metal part that has been
shaped or formed by a stamping operation. Create a
short animation that uses geometric deformation
transformations, morphing, and/or show and hide

keys to replicate the formation of the finished part
from flat stock.

5. Slinky!—Build a slinky model using a helical spiral
with at least twenty coils. Develop a system of succes-
sive stretch and bend deformation transformations
to create the motion and produce a short animation
showing the slinky toy stepping down a flight of six
steps in approximately eighteen seconds.

6. Gear Train—Download at least four 3-D CAD models
of spur gears from the Browning Gear Web site.
Choose .dxf, .obj, .stl, or .3ds formats for download-
ing purposes. Assemble the gears in your animation
software and write a basic script or create a set of
mathematical expressions to drive the gear train in
the correct directions at the right speed. The anima-
tion should be no longer than ten seconds.

7. Rubik’s Cube—Create a simplified but operational
model of a standard Rubik’s Cube. Develop a strat-
egy for hierarchically linking and nesting null par-
ent coordinate systems to control the rotation of the
cube’s faces. Produce a short animation showing at
least ten moves leading to a successful solution of
the cube.

8. Drive Fast and Turn Left!—Using online materials for
reference, create a simplified model of a NASCAR
racecar. In building the model, concentrate on the
outer shell by using surface techniques. Add an
insignia and decals to the car. Make at least ten
copies of the racecar and create variations in body
color, insignia, and decals for each car. Based on a

19.06 problems
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major NASCAR venue such as Daytona, create a
simplified 3-D scene including track, infield, fencing,
and grand stands. Use directional light to replicate
bright daylight conditions. Use motion paths to
define the travel for each car around the track and
animate all cars racing around the track in a tight
pack. The camera is to be attached to the hood of one
of the trailing cars in order to follow the action. The
animation should complete one lap around the track
in twenty seconds. Use 30 frames/second for frame
speed and a resolution of 640 × 480. An appropriate
sound track will greatly enhance the final animation.
(This activity is appropriate as a group project.)

9. International Space Station (ISS)—Build a simplified
model of the International Space Station (ISS).
Photos, illustrations, drawings, and specifications
can be accessed through the NASA Web site. Create
an animation of no longer than twenty seconds
showing the station rotating slowly as it orbits above
the earth. Earth maps for spherical mapping and
star field images can be found online. Replicate col-
ors, lighting conditions, and appearance to match
photographs and illustrations as closely as possible.
(This activity is appropriate as a group project.)

10. Peeps Candy Factory—Create a simplified model of a
factory assembly line for Peep’s marshmallow sugar-
coated baby chicks candy. Use as many cameras as
required to show the action as it progresses down

the manufacturing assembly line, from forming the
marshmallow chick shapes to sugar coating and col-
orizing them to adding candy eyes to sorting and
packaging the candy for shipment. A thorough level
of planning and fact gathering is essential if this
project is to succeed. (This activity is appropriate as
a group project.)

11. Reverse-Engineered Product Marketing Animation—Time
for a road trip. Visit a local toy store or locate a
child’s toy chest. Find an interesting mechanical toy
or game, preferably one with fewer than twenty-five
parts, that you do not mind taking apart. The list of
possibilities is nearly endless. Measure and make
multiview sketches of each part and build a CAD
assembly model. Plan and produce a short market-
ing or design animation featuring an interesting
aspect of the product’s construction, assembly, or
operation. Use animated parts, lighting, sound, and
cameras to full effect to enhance the product’s star
power. Make things happen fast. In general, people,
especially children, have short attention spans and
are bored easily. Define an agreeable target audience
for the animation and negotiate the length of the
animation with your instructor or client. HINT:
Twenty seconds is plenty of time to tell your story.
(This activity is appropriate as a group project.)

19.06 problems (continued)
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Topological Maps and GIS20

20-1

objectives
After completing this chapter, you should be able to
● Explain what constitutes a geographic information system, 

or GIS
● Know the difference between spatial data and other types of

information
● Visualize and work with geographic and projected coordinate

systems
● Search for digital data on the Internet and discuss the types

of information available
● Analyze GIS data using basic functions
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D epending on your field of interest, you may encounter a geographic infor-
mation system (GIS) at some point in your career. This is especially true
for individuals working in construction-related fields such as civil, archi-

tectural, environmental, and geological engineering. Even individuals in electrical
or chemical engineering may work with GIS data as they locate windmill farms,
power plants, chemical plants, and refineries. When you learned about construc-
tion drawings in an earlier chapter, you learned that they were site-specific. GIS
will assist you as you locate your construction project and GIS data may be useful
as you begin your design work, greatly reducing the need for site surveys and site
investigations.

Your involvement with GISs in your career may be peripheral, such as collect-
ing data through site mapping for input into the GIS database. Maybe you will be
required to gather GIS data for your supervisor on a project and will need to dis-
play the data in a meaningful way. Or you could be the receiver of GIS data and
will need to make sense of what is presented to you. You may even find that you
enjoy working with GIS spatial data and choose to focus your career on that tech-
nology. Whatever level of exposure to GIS you have in your career, opportunities
for working with GIS are expanding. Even if you are not working directly with GIS
databases, as a citizen, you need to be able to view spatial data and understand it.
Storm tracking maps shown on weather channels are examples of spatially dis-
played data that you may find interesting. Or you may want to view spatial data
regarding pollutant migration before purchasing a new home. Spatial data may
even be important as you plan your next vacation—for example, you will want to
know if there are steep slopes or gently rolling terrain before planning a bike trip
in the country.

Because spatial data is becoming increasingly important in engineering prac-
tice as well as in people’s everyday lives, it is important to have an understanding
of the underlying principles of GIS data. This chapter is designed to provide you
with a basic introduction to GIS. How spatial data differs from other types infor-
mation, such as that contained in a CAD model, will be explained, and an overview
of spatial analysis functions will be presented.

20.01
introduction

What Is a Geographic Information System (GIS)?
The definition of what makes up a GIS has evolved as computing hardware and soft-
ware have developed. Most agree that a GIS contains computer-based technology with
key components for entering, storing, querying, analyzing, and displaying digital
spatial data. Spatial data is defined in this context to mean information that can be
tied to a specific location, usually on the earth’s surface, as well as referenced on a
map. (Note that in your previous learning about CAD models, the data used to define
the model was also spatially referenced to an arbitrary origin of the Cartesian coordi-
nate system; but that is not what spatial data means here.) Hence, spatial data also is
referred to as geographically referenced data or georeferenced data since it
relates to a map location or geography. The ability of the GIS to handle, process, and
generate new spatial data or information and overlay that information on top of exist-
ing data is what distinguishes GIS from CAD programs and other database manage-
ment systems.

The term spatial data refers to data in the space around you. Look at the two data-
bases shown in Tables 20.01 and 20.02. The first database (Table 20.01) is an inventory
from an auto parts store. These parts could be located anywhere in the world; there is

20.02
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no georeferenced data in this database. The second database (Table 20.02) lists the pop-
ulations of several major cities around the world as well as the cities’ geographic coor-
dinates in terms of longitude and latitude. You will learn about latitudes and
longitudes in more detail later in the chapter; but for now, you merely need to under-
stand that latitudes and longitudes are used to specify a given location on Earth. When
features are referenced by their location in terms of latitudes and longitudes, they
become spatial features. Since you can use the geographic coordinates to locate the
cities on a map, the data presented in Table 20.02 is spatial data or georeferenced data.

Spatial data shows where something is located, but it also often shows what that
something is. In GIS applications, the data describing what something is, is known as
its characteristic or attribute. The map in Figure 20.01 shows the locations of three
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PART NUMBER QUANTITY DESCRIPTION

10-21680 200 BATTERY

10-32690 120 FAN BELT

10-46901 300 WIPER BLADE

10-68213 73 HEADLIGHT

TABLE 20.01. Auto parts store
inventory.

CITY NAME POPULATION LATITUDE
LONGITUDE

NEW YORK CITY 16,472,000 40° 44' 9.4" N
70° 05' 44.5" W

LONDON 11,100,000 51° 29' 9.5" N
0° 10' 44.5" W

ROME 3,175,000 41° 52' 00" N
12° 31' 38" E

TOKYO 23,620,000 35° 40' 44" N
139° 48' 0.5" E

TABLE 20.02. Populations and
geographic locations for four
major cities.

1

2

3

Campsite
Number

1

2

3

South
Shore

Lily 23

46Blue Lake

10 Yes Yes

Yes Yes

Yes Yes

Yes

Yes

No

Campsite
Name

Number
of Site

Tents
Only

Drinking
Water

Showers Boat
Access

No No

No

FIGURE 20.01. Campground
locations, their associated
attributes, and the spatial
relationship of the campgrounds
to nearby roads.
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campgrounds and nearby roads. In addition, it conveys information about the spatial
location of the campgrounds relative to one another and their proximity to various
roads. The attribute table provides the name of each campground, the number of
campsites available for use, the type of camping allowed, drinking water and shower
availability, and the presence or absence of boat access.

20.02.01 Types of Spatial Data
Spatial features are represented by three types of data structures—points, lines, and
polygons, as illustrated in Figure 20.02. You learned about these types of geometric
entities in a previous chapter of this text in the context of CAD systems; however, in
this chapter, you will learn about how these entities are defined and used in a GIS. A
point feature specifies location (where it is), but no width or length information is asso-
ciated with it. The location of an oil well is an example of a spatially referenced point
feature. You learned previously that a line is defined by just two points. In GIS applica-
tions, a line or vector feature has a series of locations describing its shape and length,
but it has no area. For example, a stream is commonly represented as a line feature—it
would be impossible to accurately represent a stream with just two points. A polygon
feature has both area and perimeter, and in GIS applications, polygon features are
rarely regular polygons such as squares, rectangles, and pentagons. A lake is a good
example of a polygon feature in a GIS.

In a GIS, points, lines, and polygons can be represented via two different data
models. A vector data model uses nodes (points) and arcs (straight lines that
connect two nodes) to represent spatial features. The roads near the campsites shown
in Figure 20.01 are examples of vector information. A raster data model uses a
grid divided into cells (commonly referred to as pixels) to represent the spatial vari-
ation of a feature. Figure 20.03a shows a shaded relief map; Figure 20.03b shows a
portion of the map enlarged to illustrate the individual grid cells, or pixels, that
make up the raster model. Figure 20.04 illustrates how the vector and raster data
models represent different data structures.

To work effectively with a GIS, you need to understand the two data models and the
way they represent geographic features. You can begin by examining the vector data
model. This model uses points and their associated xy coordinates to represent spatial
features. A point feature is composed of one node and therefore has one set of xy coordi-
nates pinpointing its location. Line features are represented by a series of nodes and
their associated xy coordinates, which are connected by straight-line arcs. One set of xy
coordinates is the “start” or first node of the line feature, and another set of coordinates
represents the “end” or last node of the feature. Intermediate coordinates are associated
with points between the first and last nodes. Linear features may intersect, such as a
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Point Line Polygon

FIGURE 20.02. The three 
data structures available for
representing spatial features.
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crossroad, or they may join together to form a network such as a river drainage system.
When you worked with CAD models, you sometimes created a series of individual lines
by chaining them together, with each segment representing an individual entity. With a
GIS, the individual line segments are fairly meaningless, with all of the segments
together making up a single feature. Polygon features are represented in the same man-
ner as line features except that the first and last nodes have the same xy coordinate;
hence, the feature “closes” and acquires its area and perimeter characteristics.

The raster data model uses a single pixel to represent a point feature. Linear features
are represented by pixels that are connected in the cardinal directions (north, south, east,
and west) or diagonally (northeast, southeast, southwest, and northwest), and a group of
contiguous pixels represents a polygon feature, as shown in Figure 20.04. The xy coordi-
nate associated with each pixel is usually assumed to represent the exact location at the
center of the pixel. An underlying assumption with a raster data model is that pixels rep-
resenting point and line features do not have area or perimeter associated with them.
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(a) (b)

FIGURE 20.03. A shaded
elevation map illustrating the
raster data model. (a) shows a
shaded map for the Indian
Town area in northern
Michigan; (b) shows a 
portion of the map enlarged to
illustrate the individual grid
cells, or pixels.

Point

Location only xy coordinate

single node

xy coordinate

single pixel

xy coordinate

multiple pixels

xy coordinate

multiple pixels

first and last

pixels are same

xy coordinate

multiple nodes

points, arc

xy coordinate
multiple nodes

points, arc
first and last

nodes are same

Line

Location, Length

Polgon

Location, Area,

Perimeter

FIGURE 20.04. Vector and
raster data models representing
the three different data
structures.
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20.02.02 Description of Spatial Data
Now that you understand how spatial data is represented in a digital database, let us
take a look at how spatial data is described there. Think back to the discussion about
what constitutes spatial data and the example in Figure 20.01. Recall that an attribute
tells what the spatial feature is. In this figure, the campgrounds contain attribute data;
that is, each attribute provides additional information about the features of the various
campgrounds and their amenities.

Attribute data are stored in the computer in a database format and can be viewed
with the GIS software; with minor format changes, the data can usually be viewed in a
spreadsheet. If you look at the database, you will notice that the data are in tabular
form with the data table made up of rows and columns. A typical attribute table is pre-
sented in Table 20.03. Each row, or record, in the table is linked to an individual spa-
tial feature, in this case, a defined area where a specific soil type is found. Each column,
also called a field, represents a specific, defined attribute for the area.

Before moving on, look at this figure a little closer. The label-ID is an identification
number for each soil area or soil polygon on the GIS map. Associated with the label-ID
is the type of soil, its drainage potential, and its average slope in the geographic region
under consideration. For a given soil type, its drainage potential will remain similar
from one region in the country to another, but its slope will not. Thus, for any given
soil polygon on the GIS map, you know how well or poorly it drains and what the aver-
age steepness of the ground surface is. Using the GIS, you can query the database to
answer questions such as these: Which soils have high drainage potential? (Freda Sandy
Loam and Lakeside) Which soil polygons have slopes less than 3 percent? (Jackson Clay
and Sturgeon) Knowing the answers to those questions may assist you in locating the
optimal site for a planned sewage treatment plant or a chemical processing plant.

20.02.03 What Is a Geographic Coordinate System?
In a previous chapter, you learned about the Cartesian coordinate system and how it
is used in CAD modeling to make sure that all parts are referenced to the same ori-
gin. In CAD modeling, the origin is selected for modeling convenience; however, with
GISs, you are working with data that are related to the earth—the location of the ori-
gin is not arbitrary under these circumstances. As noted earlier, spatial data is infor-
mation that is referenced to the geographic coordinate system. The geographic
coordinate system is a regularly spaced grid network that has two dimensions (x- and
y-coordinates); it is placed over the earth’s surface. This grid network, illustrated in
Figure 20.05, provides worldwide coverage and consists of a system of meridians
and parallels, also known as lines of longitude and latitude. Meridians are lines
of longitude that run north-south; thus, they pass through the North and South
Poles. The meridian passing through Greenwich, England, is 0o longitude and is
called the prime meridian. Measurements can be made east or west of the prime
meridian and range from 0o to 180o. Lines of longitude west of the prime meridian
are designated by the letter W, or may be prefaced with a negative (–) sign. Those to
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LABEL-ID SOIL NAME DRAINAGE AVG. SLOPE (PERCENT)

1 JACKSON CLAY MODERATE 2.5

2 FREDA SANDY LOAM HIGH 5

3 STURGEON POOR 1.5

4 LAKESIDE HIGH 3

TABLE 20.03. An attribute table for four soil areas in database format. The rows in the table
are referred to as records, and the columns are called fields.
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the east are designated by the letter E or are associated with a positive (+) sign.
Parallels are lines of latitude running east-west around the globe. All points on a given
parallel are equidistant from the equator, which is referenced at 0o latitude. Latitudes
can have values ranging from 0o to 90o north and south of the equator. Lines of lati-
tude north of the equator are considered to be positive or may be designated by the
letter N. Those south of the equator are considered to be negative or are designated by
the letter S.

Longitude and latitude are measured in degrees, minutes, seconds (DMS).
Each degree is made up of 60 minutes, and each minute contains 60 seconds. The
information may also be expressed in decimal degrees (DD). For example, 
30o 15' 25", which is expressed in DMS, would be expressed as 30.257o in DD for-
mat. Table 20.04 shows the latitude/longitude coordinates in both formats for the
cities listed in Table 20.02. As you work with GIS software, you need to be able to
convert between the two formats because not all GIS software automatically does
the conversion for you. You may have worked with these conversions in a high
school math or geography class; many calculators can do the conversion.
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180˚ 180˚150˚ 150˚120˚ 120˚90˚ 90˚60˚ 60˚30˚ 30˚0˚

0˚

60˚

60˚

30˚

30˚

Meridian (longitude)

Parallel (latitude)

Equator

FIGURE 20.05. The geographic coordinate system for the earth’s surface.

CITY NAME DMS DD

NEW YORK CITY 40° 44' 9.4" N 40.736° N
70° 05' 44.5" W 70.096° W

LONDON 51° 29' 9.5" N 51.486° N
0° 10' 44.5" W 0.179° W

ROME 41° 52' 00" N 41.867° N
12° 31' 38" E 12.527° E

TOKYO 35° 40' 44" N 35.679° N
139° 48' 0.5" E 139.800° E

TABLE 20.04. Latitude and longitude coordinates expressed in degrees, minutes, seconds
and in decimal degrees for four major cities.

42496_25_ch20_p20.1-20.24  12/13/07  11:43 AM  Page 7



20.02.04 Planar Coordinate Systems
Maps express a feature’s location on a flat or plane surface, but as everyone knows, 
the earth’s surface is curved. In the previous discussion of GISs, where locations on the
earth’s surface were given in terms of xy coordinates, (i.e., longitudes and latitudes), it
should be apparent that GIS systems treat the earth’s surface as a planar surface; other-
wise, a z-coordinate would be necessary to pinpoint a given location on the earth’s sur-
face. In this case, the 3-D surface of the earth has been projected onto a 2-D plane, a
concept with which you should be well familiar. So the question arises once again: How
can features be displayed accurately on a flat surface such as a piece of paper or a road
atlas that, in reality, are located on a curved surface?

Before answering that question, think about the shape of the earth. You proba-
bly think of the earth as a sphere, but the earth is not a perfect sphere. It bulges
slightly at the equator, which has a circumference of 40,075,452.7 meters compared
to the circumference through the poles that is 39,939,593.9 meters. Hence, the earth
is more accurately described as an oblate ellipsoid, also called a spheroid. (Note
that the terms ellipsoid and spheroid are used interchangeably.) A spheroid is defined as
the 3-D shape you get by revolving an ellipse about its shorter axis, as illustrated in
Figure 20.06.

Measuring the exact size and shape of the earth’s ellipsoid has been a challenge to
cartographers for centuries. The measured spheroid used by early cartographers in the
United States was the Clarke Ellipsoid of 1866, often referred to as Clarke 1866.
This ground-measured spheroid was developed by Sir Alexander Ross Clarke and was
based on measurements taken in Europe, Asia, Africa, and South America. The Clarke
1866 spheroid has an equatorial radius of 6,378,206.4 meters and a polar radius of
6,356,538.8 meters. More recent measurements of the earth’s ellipsoid have been calcu-
lated using Global Positioning System (GPS) technology. In 1980, the U.S. mili-
tary completed measurements for the GRS80 (Geodetic Reference System) spheroid
in which the equatorial radius was calculated at 6,378,137.0 meters and the polar
radius at 6,356,752.3 meters. In working with GIS software, it is often important to
note the reference system on which your data is based.

Getting back to the original question: How are features that are actually located on a
curved surface displayed on a flat surface? To do this, you need to be able to convert from
a geographic coordinate system to a planar coordinate system—essentially convert-
ing the data from 3-D to 2-D. This conversion is referred to as a map projection and is
a series of mathematical equations that transforms the earth’s spheroid to a flat surface.
The outcome of the transformation creates a map that is defined by a systematic con-
struction of lines in the north-south and east-west directions on a flat surface.

Map projections are commonly constructed using three types of geometric
objects, as shown in Figure 20.07: a cylinder, a cone, or a plane. They are the only three
shapes that can be unrolled into a flat surface—a sphere cannot be unrolled to form a
flat surface. Associated with these shapes (and the corresponding maps they create)
are two important lines. The first is a central meridian. A central meridian is a line
of longitude that divides the map into east and west halves. The second line, a central
parallel, is the line of latitude that divides the map into north and south halves.
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FIGURE 20.06. The earth is an
ellipsoid that rotates on its
minor axis.
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The center of the map is defined as the intersection of the central meridian and the
central parallel. Coordinates originate from this intersection and divide the map into
four quadrants, shown in Figure 20.08. If you want to avoid the negative coordinates that
exist in the NW, SW, and SE quadrants, you can assign an offset of x- and y-coordinates
and create a false origin (see Figure 20.08). The x-coordinate at the false origin is referred
to as the false easting, and the y-coordinate is the false northing. Using a false origin,
all coordinates for the map fall within the NE quadrant and are positive.

In the United States, two planar geographic coordinate systems are widely used:
the Universal Transverse Mercator (UTM) coordinate system and the State
Plane Coordinate System. The UTM coordinate system is a worldwide system
that divides the earth’s surface into 60 zones. Each zone is 6 degrees of longitude
wide and is accurate between 84o N and 80o S latitudes. With latitudes greater than
this, the curvature of the earth is too great, resulting in “distorted” projections. The
UTM zones are numbered sequentially, with zone 1 starting at 180o W and progress-
ing eastward from there around the earth. Figure 20.09 shows the UTM zones for the
contiguous United States. In the Northern Hemisphere, UTM coordinates are meas-
ured from a false origin located at the equator and 500,000 meters west of the UTM’s
zone central meridian. In the Southern Hemisphere, the false origin is located
10,000,000 meters south of the equator and 500,000 meters west of the UTM’s zone
central meridian. The offsets of 500,000 and 10,000,000 meters were arbitrarily cho-
sen to make sure the false easting and the false northing for each zone always
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CONE CYLINDER PLANE
FIGURE 20.07. The three 
basic geometric shapes used in
constructing map projections.

False Origin

Central
Parallel

(x, y)
(–, +) (+, +)

(+, –)(–, –)

(x, y)

(x, y)(x, y)

Central
Meridian

FIGURE 20.08. The four 
map quadrants for a planar
coordinate system. The red
arrow indicates the movement
of the origin to a false origin,
which results in all coordinates
becoming positive.
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produced positive coordinates for the UTM zone. Using this scheme, two locations in
each UTM zone could have the same xy coordinates—one in the Northern
Hemisphere and one in the Southern Hemisphere. Hence, it is important to note
whether you are north or south of the equator when working with UTM data.

The State Plane Coordinate System was developed in the 1930s with each state in
the United States responsible for its own state plane coordinate system. Each state is
divided into the zones shown in Figure 20.10. The number of zones per state varies, with
small states such as Rhode Island having only one zone and larger states such as Texas
having five. Each zone has an arbitrarily determined origin that falls outside the zone to
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FIGURE 20.09. UTM
coordinate zones for the
contiguous United States.

FIGURE 20.10. State Plane zones
for the entire United States.
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the southwest. This ensures that all of the coordinates within each zone are positive.
However, a major drawback to working with the State Plane Coordinate System is that it
is virtually impossible to transform coordinates between zones. For this reason, if you
are working in an area that falls within two or more zones or between two or more states,
you will be working with two or more different sets of coordinates if you choose the
State Plane Coordinate System as your planar geographic coordinate system. 

Data entry is the most time-intensive and most expensive component of developing
a GIS. The data must be in a format that is compatible with the GIS software, referenced
to a planar geographic coordinate system, and complete in its content. If the spatial data
is in an analog (paper) format, it will need to be converted to digital data. The conver-
sion from paper to digital data used to be the starting point for building a GIS database.
However, as the demand for digital data has increased and the use of GISs has expanded,
sources for digital data have grown. Commonly available data sources are described in
more detail later in this chapter.

When spatial data is entered into the GIS, it is categorized into thematic layers.
A thematic layer is defined as spatial data with a common theme that are placed
together in a single georeferenced data layer. Examples of commonly used thematic lay-
ers found in many GISs include transportation, land use/cover, hydrology, elevation,
and slope.

An example of a typical thematic layer found in GIS databases is land cover, and
land cover information for the United States is available from the USGS Land Cover
Institute (LCI) (http://landcover.usgs.gov). This raster-based dataset was compiled
from Landsat Thematic Mapper satellite imagery acquired in the early 1990s and
includes twenty-one thematic classes of land cover, which are listed in Table 20.05. 

chapter 20 Topological Maps and GIS 20-11

LAND USE CLASSES FOR THE NATIONAL LAND COVER DATA SET

1 WATER 12 PERENNIAL ICE/SNOW
11 OPEN WATER

2 DEVELOPED 23 COMMERCIAL/INDUSTRIAL/TRANSPORTATION
21 LOW-INTENSITY RESIDENTIAL
22 HIGH-INTENSITY RESIDENTIAL

3 BARREN 33 TRANSITIONAL
31 BARE ROCK/SAND/CLAY
32 QUARRIES/STRIP MINES/GRAVEL PITS

4 FORESTED UPLAND 43 MIXED FOREST 
41 DECIDUOUS FOREST
42 EVERGREEN FOREST 

5 SHRUBLAND
51 SHRUBLAND

6 NON-NATURAL WOODY
61 ORCHARDS/VINEYARDS/OTHER

7 HERBACEOUS UPLAND NATURAL/SEMI-NATURAL VEGETATION
71 GRASSLANDS/HERBACEOUS

8 HERBACEOUS PLANTED/CULTIVATED 84 FALLOW
81 PASTURE/HAY 85 URBAN/RECREATIONAL GRASSES
82 ROW CROPS
83 SMALL GRAINS

9 WETLANDS 92 EMERGENT HERBACEOUS
91 WOODY WETLANDS

TABLE 20.05. Level I and level II land use classes for the National Land Cover Data set.
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GIS Data Analysis Functions
The scope of GIS analysis varies among disciplines. Hydrologists use GIS analysis to
determine water flow direction, amount of flow, and areas of potential flooding.
Transportation engineers use network analysis functions, working with information
such as mile markers, one-way streets, and heights of highway overpasses. Using GISs,
natural resource managers manage habitats for threatened and endangered plants and
animals. The following sections look at some basic GIS analysis functions and examples
of their use.

20.03.01 Buffer Creation
Buffers are often viewed as zones of protection. Consider a land use planning agency
that requires lakefront homes to be set back a specified distance from a shoreline to
protect and preserve shoreline vegetation and reduce sediment flow into the lake.
Creating a buffer around the lakeshore shows the setback distance illustrated in
Figure 20.11. Based on this illustration, a buffer is defined as the area within a speci-
fied distance of the feature of interest—in this case, the lake. 

Buffer distances can vary. They do not have to be constant, and multiple buffers
may be created around the same feature. Thinking about the example of the lakefront
home, examine Figure 20.12. You know that the house must be set back from the
shoreline at a specified distance. If a septic system is the accepted method for waste dis-
posal at the building site, the septic tank will most likely have a different setback dis-
tance from the lake (usually further away) when compared to the house to prevent
sewage effluent from leaking into the lake and contaminating the water.

Regardless of the exact nature of the buffer that is created, it must have the same
map measurement units (e.g., feet or meters) as the geographic or planar coordinate
system to which the data is registered. It is important that you know the measurement
units for the data in your GIS database and enter the appropriate measurement units
for the buffer, if needed, prior to executing the buffer program. Some GIS software
automatically converts between English and metric units; others do not.

20.03.02 Feature Generalization
When spatial data is entered into the GIS, it is entered at the greatest level of detail
needed for planning or analysis. The reason for this is that it is possible to generalize
the information (make it less specific) when required, but it is not possible to derive
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20.03

FIGURE 20.11. A 300-foot buffer setback from the lake
illustrating the minimum setback distance for home
construction. The black dots are home locations.

FIGURE 20.12. The second buffer illustrating the
minimum setback required for septic system siting.
The black rectangles indicate locations of septic
tanks and drainfields.
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more specific information from general data. For example, if you tell someone your
birthday is December 15, that person could generalize it to say that you were born in
the winter; but if you tell him or her that you were born in the winter, the person would
not be able to be specific and tell you what month or day you were born on. The process
of going from the specific to the general is called feature generalization. You might
want to use feature generalization to reduce the amount of data for ease of handling.
This is similar to your work with CAD assemblies where simplified versions of complex
parts are sometimes used in a large system for ease in working with the model. Several
GIS functions are used for feature generalization, including two of the more common
functions—dissolve and clip. The following paragraphs describe how each of those
functions handles spatial data.

The dissolve function simplifies a thematic layer to broader, more general group-
ings based on the layer’s attributes. In other words, it aggregates map features that have
the same attribute for a selected field. For example, a land cover type map for a portion
of Yellowstone National Park provides information on the distribution of specific
plant species and other landscape features. Using the dissolve function, you can gener-
alize the thirteen detailed types of land cover into seven broad categories. As shown in
Figure 20.13, the Douglas fir, subalpine fir, and whitebark pine can be grouped into the
conifers category. Willow and wet forests are generalized to forested wetlands, while big
sagebrush, Idaho fescue, and tufted hairgrass can be reclassified to the general group-
ing of grasses, forbs, and shrubs. Talus and alpine tundra are combined into the
sparsely vegetated class. Some classes, such as water, remain the same. Also note that
the dissolve command eliminated unnecessary boundaries when going from the spe-
cific species to the generalized classifications.

When a geographic or physical area subset of a thematic layer is needed, a clip func-
tion can be used. The clip function, unlike the dissolve function, does not change the
attributes of the data. Rather, this function involves physically clipping out an unnec-
essary portion of the data set. Look at Figure 20.14 and consider the following request.
A wildlife biologist requests the vegetation map for a specific bear management area in
Yellowstone National Park. Instead of providing the entire vegetation map for the
national forest (more information than is needed), you can use the clip function to
show only the area of interest. The boundary of the bear management area serves as a
“cookie cutter” and extracts the needed data from the thematic layer. Note that the clip
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Alpine tundra

Big Sagebrush

Douglas Fir

Hot springs vegetation

Idaho Fescue

Sedge bogs

Subalpine Fir

Talus

Tufted Hairgrass

Water

Wet forests

Whitebark Pine

Willow

Bog

Conifer Forest

Forested Wetland

Grass and Forbs

Hotsprings Veg.

Sparsely Vegetated

Water

FIGURE 20.13. Detailed and
generalized land cover type
maps created with the dissolve
function.
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function requires two thematic layer inputs. The first input is the thematic layer from
which you want to extract data, and the second input defines the geographic extent of
the smaller area in which you are interested. The second input must define a polygon.

20.03.03 Thematic Layer Overlay
Thematic layer overlay combines the spatial information as well as the attributes of
two thematic layers to create a new thematic layer. Since multiple thematic layers are
used in overlay functions, several requirements must be met for the overlay program to
generate meaningful data: The input thematic layers must be registered to the same
geographic coordinate system, and only two thematic layers can be analyzed at a time.
If more than two layers are to be used in the analysis, intermediate layers must be cre-
ated and utilized (i.e., layers 1 and 2 from a new layer; this new layer is then combined
with layer 3 to form the final desired result).

Before proceeding with the thematic layer overlay function, you once again need to
think about data structures and the way they impact the analysis function. The first
thematic layer can be a point, line, or polygon layer. The second thematic layer must be
a polygon thematic layer. You need to understand three thematic layer overlay func-
tions to properly analyze your GIS data using thematic overlay techniques: union,
intersection, and identity.

You learned about the Boolean union operation in the chapter on CAD modeling;
the union function in a GIS operates much the same way. The GIS union function cre-
ates an output thematic layer that has the geographic extent and all of the attributes of
both input layers. With a union, the data needs to be present in only one of the input
layers to be included in the output layer. Figure 20.15 shows the union of two thematic
layers—vegetation and fire perimeter. All of the information in each of the two inputs is
retained in the output layer. Note that the union function requires the input layers to
be polygons and that only two thematic layers can be analyzed at a time.

By contrast, the intersect function outputs only the features that fall within the
common geographic extent of the two input layers. The first input layer may be a point,
line, or polygon; the second input layer must be a polygon. The output layer has the
geometric features of the first input layer. In other words, if the first input layer is a
point, the output layer will be a point; if the first input layer is vector, the output will be
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Alpine tundra

Big Sagebrush

Douglas Fir

Hot springs vegetation

Idaho Fescue

Sedge bogs

Subalpine Fir

Talus

Tufted Hairgrass

Water

Wet forests

Whitebark Pine

Willow

FIGURE 20.14. A clipped
vegetation map for a bear
management unit.
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a vector; and if the first input layer is a polygon, the output layer will be a polygon.
Figure 20.16 illustrates an intersection of the vegetation and the fire perimeter layers.
Compare this to the output from the union in Figure 20.15. Note the change in the
geographic coverage of the output layer.
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FIGURE 20.15. A union of land
cover map and fire perimeter
map for a portion of
Yellowstone National Park.

FIGURE 20.16. An intersection
of land cover map and fire
perimeter map for a portion of
Yellowstone National Park.
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The identity function preserves only the geographic and attributes features that
fall within the area defined by the first input layer, which can be a point, line, or poly-
gon layer. The second layer, called the identity layer, is a polygon and will contribute
attribute information and possibly geometric information to the output file. Like
the output layer from the intersect function, the identity output layer has the geo-
metric features of the first input layer. An example of the identity function is shown
in Figure 20.17. The first input is the locations of natural gas wells (a point layer).
The identity layer is the land cover surrounding the wells. The output layer (a point
layer) provides not only the locations of the wells but also the land cover type sur-
rounding each well—information not available in the first input layer.

20.03.04 Terrain Mapping and Analysis
Terrain evaluation is another analysis function facilitated through the use of a GIS.
Most GIS software incorporates a variety of functions for terrain mapping and analy-
sis; three widely used functions include slope, aspect, and contours. Slope and
aspect are critical components in hydrological modeling, potential landside evalua-
tions, soil mapping, and assessment of potential erosion. Contours are useful for find-
ing areas of the same elevation or other values of interest. You may be interested in
obtaining elevation values for specific locations or examining the overall gradation of
the land. Elevation values are treated as z-values and provide the third dimension
when used in conjunction with an xy coordinate system. Z-values also represent depth
(lake depth, well depth, etc.). Terrain mapping and analysis functions use raster data
and/or vector data as inputs.

Slope is defined as “the rate of change in elevation, expressed in percent or degrees,
over a predefined distance.” The GIS slope function calculates the maximum rate of
change between each pixel in the database and its eight surrounding neighbors. Hence,
the predefined distance in the slope calculation is determined by the pixel size. Every cell
in the output image has a slope value associated with it. Looking at Figure 20.18, notice
that flat terrain, such as the lake surface in the northwest corner, has low values of slope,
while high slope values indicate steepness of the ground. Knowing the slope value is nec-
essary to evaluate soil erosion potential and mudslide hazards and to locate highways
optimally where maximum highway grades are specified by federal regulations.
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FIGURE 20.17. Identity of land
cover surrounding oil well
locations.
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Aspect is another thematic layer derived from a GIS database. Aspect identifies the
steepest downslope direction from each center pixel cell in relation to its eight sur-
rounding neighbors. You can think of aspect as the slope direction or the compass
direction that a hill faces. The aspect for a hill that slopes to the north is 0o; the aspect
for a hill that slopes to the east is 90o; the aspect for a hill that slopes to the south is
180o; the aspect for a hill that slopes to the west is 270o. Aspects for hills that slope in
directions other than the four cardinal directions are determined by interpolating
between the values. Thus, for hills that slope in a northeast direction, the aspect will
range between 0o and 90o, depending on their orientation. Flat areas, such as lake sur-
faces, usually have an aspect designation of –1, as shown in Figure 20.19. Knowing the
aspect of a slope is important in developing evaporation and transpiration models,
such as those used in fire prediction and water allocation for irrigation models.

Contours are lines connecting points of equal value, such as elevation, tempera-
ture, precipitation, pollution, and atmospheric pressure. This discussion will concen-
trate on elevation contours, which are the most common value used in terrain
mapping. The distribution of contour lines shows how elevation changes across a sur-
face. Where there is little change in a value, the contour lines are spaced farther apart;
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0 - 0.05
0.050000000 - 2.697887914
2.697887915 - 5.009689853
5.009689854 - 7.995767358
7.995767359 - 11.75244551
11.75244552 - 17.05032495
17.05032496 - 26.00855747

Percent Slope

FIGURE 20.18. Slope expressed
as a percentage. Flat areas are
shown in blue and have low
values, while steep areas are
shown in red and have 
higher values.

Flat (-1)
North (0-22.5)
Northeast (22.5-67.5)
East (67.5-112.5)
Southeast (112.5-157.5)
South (157.5-202.5)
Southwest (202.5-247.5)
West (247.5-292.5)
Northwest (292.5-337.5)
North (337.5-360)

FIGURE 20.19. An aspect 
thematic layer. Direction is
expressed in circular degrees
like a compass. Flat areas have 
a value of –1 and are shown 
in gray.
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where the elevation rises or falls rapidly, the contour lines are closer together, as shown
in Figure 20.20. The vertical distance between contour lines is referred to as the
contour interval, and the interval distance is usually the same for an entire map.

Sources of Spatial Data 
There are numerous clearinghouses for GIS data, including the GIS Data Depot
(http://data.geocomm.com), MapMart (http://www.mapmart.com), and ATDI
(http://www.atdi-us.com), where the GIS analyst can obtain information. A wealth of
public data also is available to the GIS user.

Public data are often, although not always, available free via the Internet. A good
starting point is the Federal Geographic Data Committee’s (FGDC) (http://www.
fgdc.gov) site. Affiliated with the FGDC is the Geospatial One-Stop (http://gos2. 
geodata.gov/wps/portal/gos). This intergovernmental project is managed by the
Department of the Interior in support of the president’s E-Government Initiative. The
Geospatial One-Stop builds on its partnership with the FGDC to improve the ability of
the public and the government to use geospatial information to support the business
of government and to facilitate decision making. Through the Geospatial One-Stop
portal, anyone can access geospatial information from federal agencies and a growing
number of state, local, tribal, and private agencies.

The National Map (http://nationalmap.gov) provides a consistent framework for
digital data and is overseen by the USGS, the major provider of public GIS data in the
United States. Digital map information, currently available through the National
Map includes state boundaries, USDA Forest Service boundaries, shaded relief, index
maps for the National Elevation Dataset, geographic names, land cover information,
and major highways (see Figure 20.21). The Map offers links to thematic data clear-
inghouses with biological, geologic, and water resources data as well. Data entry into
the National Map is an ongoing process, and spatial data availability is constantly
expanding.
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FIGURE 20.20. Contour lines overlaid on a Digital elevation model (DEM). The closer the
lines, the steeper the slope. Widely spaced contours indicate a gradual change in elevation.

20.04 
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Types of Digital Data Widely Used in GIS Projects
Digital line graph (DLG) data are vector-based maps of cartographic information
derived from USGS maps and related sources; various thematic layers are available, as
shown in Table 20.06. For example, Figure 20.22 illustrates major roads for Michigan’s
Lower Peninsula that are part of the DLG Transportation thematic layer. The data is
downloaded for a specific theme and is available for the United States, its territories,
and trusts. The 1:24,000 scale data is registered to the UTM coordinate system. Smaller
scales are registered to the latitude-longitude geographic coordinate system because of
the larger area the data encompasses.
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FIGURE 20.21. The home page for the National Map site is overseen by the U.S. Geological Survey.

20.05 

LAYER FEATURE TYPE

PUBLIC LAND SURVEY SYSTEM (PLSS) TOWNSHIP, RANGE, AND SECTION LINES

BOUNDARIES STATE, COUNTY, CITY, AND OTHER NATIONAL AND STATE
LANDS SUCH AS FORESTS AND PARKS

TRANSPORTATION ROADS AND TRAILS, RAILROADS, PIPELINES, AND 
TRANSMISSION LINES

HYDROGRAPHY FLOWING WATER, STANDING WATER, AND WETLANDS

HYPSOGRAPHY CONTOURS AND SUPPLEMENTARY SPOT ELEVATIONS

NONVEGETATIVE FEATURES GLACIAL MORAINE, LAVA, SAND, AND GRAVEL

SURVEY CONTROL AND MARKERS HORIZONTAL AND VERTICAL MONUMENTS

MANMADE FEATURES CULTURAL FEATURES SUCH AS BUILDINGS NOT COLLECTED 
IN OTHER DATA CATEGORIES

VEGETATIVE SURFACE COVER WOODS, SCRUB, ORCHARDS, AND VINEYARDS

TABLE 20.06. Thematic layers
that make up the Digital Line
Graph (DLG) dataset.
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A Digital Raster Graphic (DRG) is a scanned image of a USGS standard topo-
graphic map. The data is georeferenced to the UTM coordinate system and is scanned
at a minimum resolution of 250 dots per inch (dpi). The output format is a four-color
Tagged Image File (TIF). DRGs have been compiled for all of the quadrangles in the
USGS standard topographic map series for the United States, its territories, and its
trusts. It is important to remember that this data is an image, and it is not possible to
separate the data into individual themed layers as you can with the DLG data.

Digital elevation models (DEMs) consist of a raster grid of regularly spaced
elevation values that have been derived from the USGS topographic map series and
other supplemental sources. A portion of a DEM is shown in Figure 20.23. The most
widely used DEMs are those that correspond to the USGS topographic quadrangle
maps. They are available for all of the United States and its territories and are registered
to the UTM coordinate system. The size of each pixel in the grid is 30 meters a side.
Ten-meter grids are also available for some locations, primarily federally owned lands
such as national forests and parks. DEMs may be downloaded from some of the clear-
inghouses mentioned previously. Another source of digital elevation data is the
National Elevation Dataset (NED) (http://ned.usgs.gov), a seamless raster product
derived primarily from USGS 30-meter DEMs, along with higher-resolution data where
available. NED data for the conterminous United States, Hawaii, Puerto Rico, the
Pacific Islands, and the Samoan Islands are registered to a geographic coordinate sys-
tem (latitude/longitude).

Soils information is distributed by the U.S. Department of Agriculture Natural
Resources Conservation Service (NRCS) (http://soils.usda.gov). Two databases are
available: STATSGO (State Soil Geographic) is used for large area assessments; SURGO
(Soil Survey Geographic) uses information for countrywide or similar area assess-
ments. Many states have soil data available at larger scales on their state GIS Web sites.

Other federal agencies, such as the U.S. Census Bureau, individual national parks,
and national forests, also maintain and distribute spatial data. In addition, most states
maintain statewide GIS information; links to these sites can be found at the Geospatial
One-Stop Web site (http://gos2.geodata.gov/wps/portal/gos) mentioned previously.
Some states offer their data free of charge; others charge a fee.
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FIGURE 20.22. DLG roads that
are part of the transportation
layer for the Lower Peninsula 
of Michigan.
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Chapter Summary
In this chapter, you learned about GISs and the way these databases can be used for
analysis in the engineering design process. You learned about the difference between
spatially referenced geometry and nonspatially referenced geometry. Geographic coor-
dinate systems were described, as were ways that spatial data is projected from the
curved surface of the earth onto a planar surface. Finally, you learned about sources of
geographic data and the location of this information on the Internet.
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FIGURE 20.23. A DEM of
Michigan’s central Upper
Peninsula

20.06

attribute: Spatial information that describes the char-
acteristics of spatial features.
arc: A straight line connected to two endpoints 
or nodes.
aspect: A quantitative measure of the direction of a
slope face.
buffer: Measured in units of distance or time, a zone
around a map feature. A buffer is useful for proximity
analysis.

Central Meridian: The line of longitude that defines
the center and is often the x-origin of a projected coor-
dinate system.
Central Parallel: The line of latitude that divides a
map into north and south halves and is often the 
y-origin of a projected coordinate system.
Clarke Ellipsoid of 1866: A reference ellipsoid having
a semimajor axis of approximately 6,378,206.4 meters
and a flattening of 1/294.9786982. It is the basis for the
North American Datum of 1927 (NAD27) and other
datums.

20.07 glossary of key terms
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clip: A geoprocessing command that extracts the fea-
tures from a coverage that reside entirely within a
boundary defined by features in another coverage.
contour interval: The vertical distance between
contours.
contours: Lines or curves that represent the same eleva-
tion across the landscape.
data structure: The organization of data within a spe-
cific computer system that allows the information to be
stored and manipulated effectively.
decimal degrees (DD): A measuring system in which
values of latitude and longitude are expressed in deci-
mal format rather than in degrees, minutes, and sec-
onds, such as 87.5o.
degrees, minutes, seconds (DMS): A measuring sys-
tem for longitude and latitude values, such as 87o 30'
00", in which 60 seconds equals 1 minute and 60 min-
utes equals 1 degree.
digital elevation model (DEM): The representation
of continuous elevation values over a topographic
surface by a regular array of z-values referenced to a
common datum. It is typically used to represent 
terrain relief.
dissolve: A geoprocessing command that removes
boundaries between adjacent polygons that have the
same value for a specified attribute.
false easting: A value applied to the origin of a coordi-
nate system to modify the x-coordinate readings, usually
to make all of the coordinate values positive.
false northing: A value applied to the origin of a coor-
dinate system to modify the y-coordinate readings, usu-
ally to make all of the coordinate values positive.
feature generalization: The process of going from
the specific to the general in analyzing data.
field: A column in a table that stores the values for a
single attribute.
geographic coordinate system: A spatial reference
system using a grid network of parallels and meridians
to locate spatial features on the earth’s surface.
georeferenced data: See geographically referenced data.
geographically referenced data: Information that is
referenced to a specific geographic location, usually on
the earth’s surface.
global positioning systems (GPS): A system of geo-
synchronous, radio-emitting and receiving satellites
used for determining positions on the earth.
GRS80 spheroid: The satellite-based spheroid for the
Geodetic Reference System 1980.

identity: A geometric integration of spatial datasets
that preserves only the geographic features from the
first input layer; the second layer merely adds more
information to the dataset.
intersection: A geometric integration of spatial
datasets that preserves features or portions of features
that fall within areas common to all input datasets.
latitude: An imaginary line around the earth’s surface
in which all of the points on the line are equidistant
from the Equator.
line: A spatial feature that has location and length but
no area and is represented by a series of nodes, points,
and arcs.
longitude: An imaginary north-south line on the
earth’s surface that extends from the North Pole to the
South Pole. 
map projection: A systematic arrangement of parallels
and meridians on a plane surface representing the geo-
graphic coordinate system.
meridian: A line of longitude through the North and
South Poles that measures either E or W in a geographic
coordinate system.
node: A point at the beginning and end of a line feature
or a point that defines a polygon feature.
oblate ellipsoid: An ellipsoid created by rotating an
ellipse around its minor axis.
parallel: An imaginary line parallel to the equator that
corresponds to a measurement of latitude either N or S
in a geographic coordinate system.
pixel: The contraction for “picture element”; the small-
est unit of information within a grid or raster data set.
planar coordinate system: A 2-D measurement sys-
tem that locates features on a plane based on their dis-
tance from an origin (0,0) along two perpendicular axes.
point: A spatial feature that has only location, has nei-
ther length nor area, and is represented by a pair of xy
coordinates.
polygon: A spatial feature that has location, area, and
perimeter and is represented by a series of nodes, points,
and arcs that must form a closed boundary.
raster data model: A representation of the geo-
graphic location as a surface divided into a regular grid
of cells or pixels.
record: A set of related data fields, often a row in a
database, containing the attribute values for a single
feature.
slope: The rate of change of elevation (rise) over a spec-
ified distance (run). Measured in percent or degrees.

20.07 glossary of key terms (continued)
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spatial data: A formalized schema for representing
data that has both geographic location and descriptive
information.
spheroid: See oblate ellipsoid.
State Plane Coordinate System: The planar coordi-
nate system developed in the 1930s for each state to per-
manently record the locations of the original land
survey monuments in the United States.
thematic layer: Features of one type that are generally
placed together in a single georeferenced data layer.
thematic layer overlay: The process of combining
spatial information from two thematic layers.
union: A topological overlay of two or more polygon
spatial datasets that preserves the features that fall

within the spatial extent of either input dataset; that is,
all features from both datasets are retained and
extracted into a new polygon dataset.
Universal Transverse Mercator (UTM): The planar
coordinate system that divides the earth’s surface
between 84o N and 80o S into 60 zones, each 6o

longitude wide.
vector data model: A data model that uses nodes and
their associated geographic coordinates to construct
and define spatial features.
z-value: The value for a given surface location that rep-
resents an attribute other than position. In an elevation
or terrain model, the z-value represents elevation.

20.07 glossary of key terms (continued)

1. Which types of engineers will most likely use GIS
databases in their working careers?

2. How does GIS spatial data differ from the type of
spatially referenced data used in CAD models?

3. What is meant by the term attribute in the context of
spatial data?

4. What are the differences between vector and 
raster data?

5. What is a longitude? a meridian?

6. What is a latitude? a parallel?

7. What is a Universal Transverse Mercator?

8. Describe thematic layers in GIS databases.

9. Why is it important to start with specific rather than
generalized data?

10. How can GISs be used to analyze geographic data?

20.08 questions for review

1. Go to the geospatial portal (http://gos2.geodata.
gov/wps/portal/gos). Click the “Make a Map” link
and print out maps showing natural hazards and
major highways in your region. (You will likely need
to use the Zoom function to do this.)

2. Go to the http://www.usgs.gov Web site; under
“Science in Your Backyard,” click the state of
Michigan on the map. Click the Drought Watch link
and print out the map. Do the same for the state in
which you live and write a paragraph describing

differences between the two states. Turn in your
paragraph and the two maps to your instructor. (If
you live in Michigan, compare your results to those
of Nevada.)

3. From the USGS Web site, print out seismicity maps
for California and Missouri. (Look under the
Earthquake activity tab after selecting the state from
the Science in Your Backyard window.) In a para-
graph, describe what you learned about earthquake

20.09 problems
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potential in the two states. Were you surprised by
anything? Explain.

4. Go to the National Atlas Web site (http:// 
nationalatlas.gov). Click the Map Layers link and
then the Biology link. Next to “Land Cover 200
Meter Resolution,” click “View sample layer in Map
Maker.” Click the Map Key to determine what the
colors on the map mean. What does the map tell

you? Zoom in on your region and in a paragraph to
your instructor, describe the land use there.

5. From the National Atlas Web site, print out several
maps for your region that illustrate what you think
are its most important features. Describe those
regional features in writing to your instructor and
include printouts of your maps.

20.09 problems (continued)
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After completing this chapter, you should be able to
● Explain the usefulness of information graphics
● Identify the different types of information graphics
● Explain how each type of graphic is used to present data
● Discuss guidelines for use of information graphics
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I nformation graphics are an essential component of technical communica-
tion. Very few technical documents or presentations can be considered com-
plete without graphical elements to present some essential data. Because

engineers are visually oriented, graphic aids allow their thoughts and ideas to be
better understood by other engineers. Information graphics are essential in pre-
senting data because they simplify the content, offer a visually pleasing alternative
to gray text in a proposal or an article, and thereby invite interest. Information
graphics are used by governments, businesses, newspapers, marketing groups,
and scientists as a way of presenting information.

The term infographic is short for informational graphic or information
graphic. The elements of information graphics, which can also include text, are
organized and designed to convey and clarify information. The combination of
visual elements and text to tell a coherent story constitutes the basis for an infor-
mation graphic. Taking complex cognitive ideas and organizing them visually so
that the reader can better understand the concept ultimately aids both decision
making and learning.

Charts, tables, and diagrams are three categories of information graphics
presented in this chapter. Each category is used for a different purpose. Charts are
used to show relationships between data, make comparisons, and show cause and
effect. Tables are used to organize data in an easier-to-read format. Diagrams are
used to explain information and show relationships, structures, and processes. By
understanding the purpose and formats of each category, you can create informa-
tion graphics that will clarify and support your reports and presentations. One of
the biggest mistakes made in the design of visual explanations is to work very hard
illustrating the wrong concept. A successful information graphic begins with the
integrity of the data. An information graphic is only as credible as its interpreta-
tion by the person reading it.

The history of the information graphic illustration shown in Figure 21.01
demonstrates an information graphic called a timeline. This timeline show visually
and verbally a series of events that has led to what is currently called information
graphics. Attaching the illustrations to dates in history helps people understand
the story being told.

21.01
introduction
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FIGURE 21.01. A timeline showing the history of information graphics. Source: IDeaLaboratory, L.V. Harris
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Anatomy of the Information Graphic
Information graphics, which interpret quantitative data, are used to display
numeric data to show a relationship or trend. If a chart is successful, the reader will
quickly comprehend the trend or relationship. When creating a chart, try to make it
visually appealing without obscuring the message. Most charting software allows you
to create a chart quickly and accurately.

Charts and graphs have many common features. You need to be familiar with the
terms used and understand why they are included on charts. This section will describe
these features and provide some general guidelines for their use. Most of these features
are available in common charting software, but it is not necessary to include all of these
features on every chart. Some of the components for charts that show quantitative data
are shown in Figure 21.02 and are as follows:

A. The title or headline should explain the content of the information graphic. A
descriptive title should be used and located across the top of the chart. The title
should be different and separate from the axis labels. The font should be large
and easy to read. For long titles, all uppercase letters should be avoided because a
mixture of upper- and lowercase letters is easier to read.

B. The lines that connect the data points in a chart are referred to as trend lines. A
trend line should be bold enough to stand out against the background grid lines.
It should be the boldest line on the chart. When multiple lines are used, the line
styles should be distinctive and offer contrast to each other and to the back-
ground. For black-and-white graphs, different line styles—dotted, dashed, etc.—

21.02
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FIGURE 21.02. The major components of a chart for engineering data.
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may be used. When color is used, the line style can remain the same while differ-
ent line colors are used.

C. The independent axis, or x-axis, represents the categories of data such as time, dis-
tances, and temperatures that remain constant, for example, every 2 years, 
5 miles, or 10 degrees. It is the horizontal axis and should be labeled across the
bottom of the page.

D. The dependent axis, or y-axis, represents the items being measured, such as quar-
terly earnings, miles per gallon, and temperature fluctuations. This is the axis
that shows the variations or differences you want to emphasize in the chart. The
vertical axis should be labeled so that it can be read from the right side of the page
(rotated 90 degrees clockwise). When the actual data point values are labeled, they
should be formatted so that they can be read from the bottom of the page.

E. The scale value is associated with the dependent axis, or y-axis. The reference value
is associated with the independent axis, or x-axis. Each scale should use units
that the audience can readily identify. The units should be labeled using whole
numbers at an appropriate interval. An inappropriate interval can stretch or
compress the appearance of a chart. The units for the mileage scale shown in
Figure 21.03(a) are too large. As a result, the chart is uninteresting because it
shows little variation. Figure 21.03(b) shows a better result.

F. Most charting software includes an option for adding gridlines behind the trend
lines, bars, or columns. Gridlines are not always present, but make the data more
readable by helping to locate values from the scale to the trend line or bar. If grid
lines are used, they should be thin and lightweight so that they do not obscure the
data. They should be placed behind the bars, trend lines, or columns and not
through them.

G. A tick mark is a short line that overlaps or is placed inside the axis line. Tick marks
can be added to axis lines to emphasize the units or increments specified on the
scale. They also help in interpolating intermediate data values. The tick marks
that correspond with the scale increment are usually longer and heavier than the
intermediate marks unless gridlines are used.

H. A legend is used when multiple data sets are shown on the same chart. The legend
is a key that identifies the different line styles used for trend lines or the patterns
used on bars and columns. Legends should be placed in a location that balances
the chart layout and does not obscure the data. Also, the patterns used in the leg-
end should be kept in the same order as they appear in the trend lines, bars, or
columns.

I. Markers are used when multiple data sets are shown on a single chart. Markers are
symbols such as squares and triangles used to show the data value points.

Addition labels can be used to identify chart features and data such as axis and
scale descriptions. The size of labels should indicate their importance. For example, the
same font and font size should be used for corresponding features such as the x- and 
y-axis label. Slightly different font sizes can be used to distinguish the axis label from
the scale units, with the font for units being slightly smaller.

The units for scale and reference values should be labeled clearly. For example, if you
are using dollar amounts, the label should specify whether it refers to thousands, mil-
lions, or billions of dollars. The scale should always start at zero when an amount is
specified. Typically, the scale will go slightly beyond the highest amount. The scale can
be “broken” with a slash or zigzag line if it eliminates an area of the chart without 
data points. For example, if a scale goes from 0 percent to 100 percent but most of 
the data points are above 40 percent, you could break the scale between 0 percent and 
30 percent. Figure 21.03(b) shows an example of breaking the scale.

chapter 21 Presentation of Engineering Data 21-5
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Formats for Quantitative Data
Charts are used to represent quantitative data in a graphic format. A chart visually
illustrates relationships between numbers. When creating a chart, keep in mind that
the goal is to represent the data in a simplified and appealing way so as not to mud-
dle the message the chart is meant to convey. The following chart formats are the
most popular ones in current use.

21.03.01 Bar Charts
The bar chart is one of the most convenient and widely used formats for displaying
numerical data. This type of chart is often seen in newspapers, magazines, proposals,
and annual reports and is well understood by the general public. Bar charts are best
used to compare multiple data sets and to show variations in data collected in specific

0 200 400 600 800 1000 

1996 

1997 

1998 

1999 

2000 

Miles Traveled 

Average Length of Rail Freight Haul  

(a)

Average Length of Rail Freight Haul  

842 

835 

835 

843 

851 

805 810 815 820 825 830 835 840 845 850 855 

1996 

1997 

1998 

1999 

2000 

Miles Traveled

0 

(b)

FIGURE 21.03. The units for
the scale of the bar chart in (a)
are too large, resulting in imper-
ceptible differences between the
bars. The modified, and broken,
scale in (b) clearly shows the
differences between the bars.
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values of time. When two or more items are compared, the bar chart is often the presen-
tation format of choice. The items are visually represented as columns adjacent to each
other. The basic bar chart, with its many variations, is particularly appropriate for com-
paring the size or amounts of different items. The length of each bar is proportional to
the quantity or amount of each category represented. For example, to show production
levels at two different manufacturing plants, you could put the data in a bar chart where
the production data from one plant is located adjacent to the data from the other plant.
Because of the difference in the lengths of the bars, the differences in the production
levels would be seen at a glance.

When multiple data sets that have been collected over several years are added,
the bar chart shows comparisons at specific points of time. If the production data
for the two plants is displayed for a period of five years, a trend also may be detected.
For instance, the data might show that production at one plant was decreasing over
time while production at the other plant was holding steady. Figure 21.03 shows
examples of bar charts. The data presented in bar charts can be displayed as bars,
which are horizontal, or columns, which are vertical. Following are descriptions of
several variations of bar charts that are often used. Select one that is best suited to
the type of data or comparison you are trying to illustrate.

A basic bar chart is used to show comparisons between multiple items. The length of
each bar is proportional to the quantity or amount of each category represented. A
basic bar chart could be used to compare the conductivity of different metals, as shown
in Figure 21.04. The bars compare the relative conductivity of each metal as compared
to copper. The different metals are applied to one axis, and the unit of measurement is
applied to the other axis.

A grouped bar chart is used to show comparisons for multiple aspects or groups of
items. For example, a comparison of energy production by two different fossil fuels
could be compared over five years, as shown in Figure 21.05. The side-by-side bars
would represent the number of units produced with each type of fuel for a given year.
The two data sets could be viewed independently over the time period designated or in
comparison to each other. The chart would show that fuel usage has remained rela-
tively steady over the time period indicated.

Electrical Conductivity of Different Metals 
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FIGURE 21.04. A basic 
bar chart.
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Fossil Fuels Energy Production by Source 
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FIGURE 21.05. A grouped 
bar chart.
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FIGURE 21.06. A stacked 
bar chart.

A stacked bar chart is used to show cumulative amounts. This type of chart could be
used, for example, if you wanted to show a comparison of failure instances by type
from three different machines, as shown in Figure 21.06. Each type of failure would be
compared to the total failures for the year. Each bar would show the total number of
failure instances per year, but the bar would be divided into three stacked portions to
represent the different types of failures. Figure 21.06 shows a 100% stacked bar chart.
It is used to compare parts to a whole and displays the parts as percentages of the
whole. Stacked bars that do not represent 100 percent also may be used. Stacked bars
are useful when the differences within each bar are illustrated; in this example, that
would be how three different machines differ.

A paired bar chart might be used to compare two different types of data for several
years, as shown in Figure 21.07. In this example, bars are laid out horizontally with one
bar to each side of a central axis. One side can show the distance traveled in hauling
freight, and the other side can show the amount of fuel consumed. The difference
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between this chart and a grouped bar chart is that the paired bar chart allows different
data types, scales, and units to be assigned to the same chart. In this case, one set of data
represents the miles traveled and the other set of data represents the number of gallons
of fuel used. One scale uses hundreds, while the other uses millions.

A deviation bar chart displays how the data deviates from a standard value.
Starting with zero in the center, positive and negative bars are positioned left and
right of the central axis, as shown in Figure 21.08. The figure shows the increase or
decrease in the production of fluorocarbons.

Use the following guidelines when creating bar charts to improve your
presentation:
■ Arrange bars to suit the data and layout. Most of the time the orientation of the bar can

be horizontal or vertical depending on what works best with the scale or labels that
must be added. In some cases, one direction might be more appropriate than the
other. For example, if you want to show data that related to braking distances it
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FIGURE 21.07. A paired bar chart.
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A Comparison of Different Metals
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FIGURE 21.09. The common errors in (a) make the bar chart difficult to read. The corrections made in (b) significantly improve
the presentation of the data.

might be more appropriate to orient the bars horizontally. If the data is showing
building heights, however, a vertical format will better emphasize the data.

■ Keep the bar size consistent. The width of the bars should be identical so that one bar
is not emphasized more or less than another. To keep the focus on the data, make
sure the width of the spaces between the bars is less than the width of the bars
themselves. If you are representing many bars at one time, eliminate the spaces
between them.

■ Put the bars in a logical sequence. When creating a basic bar chart, lay out the bars
from longest to shortest unless you are showing data over a specific time period.
When using grouped bars, keep the items in the same order for each set of bars.

■ Keep the number of bars between four and seven. There is no set rule for the number of
bars to display in one chart, but too many bars makes the chart difficult to under-
stand as well as to lay out effectively. When there are too few bars, the comparison
loses impact.

■ Fill grouped or stacked bars with different tints or patterns for contrast. Try to show about
a 30 percent contrast between the tone (or pattern) of one bar and the next. Avoid
using widely different patterns as they can distract from the data or in some cases
create optical illusions. Use tones or patterns on all bars or segments instead of
leaving one white or unfilled.

■ Use a break line for exceptionally long bars. Rather than extend the scale to accommo-
date one long bar and risk reducing the other bars to a minimal size, use a break
line. Add the break symbol to both the bar and scale to be consistent.

In comparison to the original bar chart shown in Figure 21.09(a), the corrected
chart in Figure 21.09(b) offers a much-improved presentation.
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FIGURE 21.09. (CONTINUED) The common errors in (a) make the bar chart difficult to read. The corrections made in (b) signifi-
cantly improve the presentation of the data.

21.03.02 Line Charts
Line charts are a popular method for displaying data in technical documents. A line
chart is often chosen to illustrate changes measured over some period of time, such as
hours, days, or years. The rate of change may illustrate a trend, such as an increase in
cost or a decrease in production. In addition, when multiple data sets are plotted, a
comparison can be drawn between the two where, for example, costs are increasing one
year and decreasing another year or are changing at different rates.

Line charts are commonly used to illustrate a trend over time or to compare the
change in multiple items. Typically, a line chart emphasizes one key point, for example,
the upward trend in temperatures over a three-month period or a downturn in sales or
production over the last two years. Although the actual data points are shown, the overall
pattern of change is more important than the individual values the data points represent.
If the actual data points are deemed relevant, a table may be added to the supplement the
chart. Generally, two types of line charts are used. You should select the one that is best
suited to the type of data or comparison you are trying to illustrate.

A basic line chart records the changes in data values over time. For example,
Figure 21.10 shows the amount of energy produced by wind for a given year. The
chart shows that production is highest in December when the average wind speed is
highest. Depending on the nature of the data, the line will be broken (connecting
the points) or curved. If the data represents a continuous range, the line will be a
smooth curve that represents the average of the plotted points. Some data points
might even be slightly off the line. In other cases, if the data is discontinuous, the
line will connect the points.
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A multiple line chart is used to compare several sets of data. Different data sets typi-
cally have different data point markers or different line styles. Each data set shown in
Figure 21.11 marks the values with a different symbol to distinguish the values associ-
ated with each energy source. The chart clearly shows the trend for each energy source—
solar energy production is fairly stable, whereas wind energy production is on the rise.
The chart also shows when wind energy production surpassed solar energy production.
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FIGURE 21.10. A basic line chart.
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Energy Production 2004
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Use the following guidelines when creating line charts to improve your 
presentation:
■ Use a line chart only when there are more than five or six values. If there are only a few

data points, the chart will look incomplete.
■ Use different symbols for each data set. One data set might indicate data points as small

circles, and another data set might have data points as small triangles. Make sure
the symbols are similar in size for the different data sets and thicker than the line
so that they are easily discernible. Include a legend indicating which markers are
associated with each data set.

■ Use different line styles for multiple plots. If data set values cause the plot lines to cross
or if the lines are in close proximity, use different line styles. When choosing line
styles, make sure there is enough contrast by making the dashes longer/shorter or
thicker/thinner.

■ If data values are too similar, create separate charts. If the data set values are so close
that the lines overlap in places, it might be better to create two separate charts.

In comparison to the original line chart shown in Figure 21.12(a), the corrected
chart in Figure 21.12(b) offers a much-improved presentation.

FIGURE 21.12. The common errors in (a) make the line chart difficult to read. The corrections made in (b) significantly improve
the presentation of the data.
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21.03.03 Pie Charts
The pie chart is one of the most basic and most recognizable charts. When parts that
make up a whole are compared, the pie chart is the choice for presentation of data. This
type of information graphic is often used for financial charts and population percent-
ages. Pie charts are often used in annual reports and newspapers. Most people have
seen a budget report that uses a pie chart. Pie charts are best used when nontechnical
data is represented or when material is presented to a nontechnical audience.

Pie charts are used primarily to show components of a single data set and to com-
pare the relative proportions to the whole. When a pie chart is used, the parts must add
up to 100 percent. The pie chart is very visual, and the information is easy to grasp since
the size of each wedge indicates the weight of each category. Generally, the pie is limited
to six or seven wedges. When two distinct groups are being compared, such as national
and international company sales for several different sales categories, side-by-side pie
charts are a good choice. When the comparison is for more than one year, a bar chart is
more appropriate.

Generally, three different formats are used for pie charts. A basic pie chart shows the
relative size of each part as compared to the whole. The interior angles of all of the pie
wedges must add up to 360 degrees so each wedge represents a percentage of 100 per-
cent. Figure 21.13 shows the percentage of plastics used for six different purposes. An
exploded pie chart emphasizes a particular part of the whole. One or more pieces may
be pulled away from the others if they are the main focus of the chart, as shown in
Figure 21.14. If more than a few pieces are exploded, the effect will be diminished. A
3-D pie chart is easily created with charting software. The 3-D feature adds visual inter-
est to the pie chart, as shown in Figure 21.15. The thickness and angle of the 3-D pie
chart must be selected carefully to ensure readability.
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FIGURE 21.12. (CONTINUED) The common errors in (a) make the line chart difficult to read. The corrections made in (b) signif-
icantly improve the presentation of the data.
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Use the following guidelines when creating pie charts to improve your
presentation:
■ Do not use a pie chart when there are more than six or seven parts. When there are too

many slices, the distinction between the parts becomes less obvious and it is hard
to judge their size in comparison to each other. Also, labeling the parts effectively
is difficult when there are too many small pieces.

■ Arrange slices starting at the twelve o’clock position. It is best to start with the first and
largest slice at the twelve o’clock position. Arrange the other slices in descending
order in a clockwise direction. Charting software does not necessarily set it up this
way, so you might have to specify a starting point.

■ Place the “other” or “miscellaneous” category last. Often it is necessary to group several
very small quantities into one generic category. It can be referred to as the “other”
or “miscellaneous” slice. Try to place this category in the last position if possible.

■ Use the same patterns in the same order for side-by-side pies. When using multiple pies for
comparison, place the categories in the same sequence even if doing so violates the
order-of-size rule.

■ Label parts and amounts on or near the slices. Labels take less effort to comprehend
than a legend, which identifies the patterns associated with each slice. When possi-
ble, place the labels on the slices in a consistent manner. If some of the labels will
not fit inside a slice, it is better to place each label adjacent to the relevant slice.
For clarity, it may be helpful to draw lines (leaders) between the slice and the label.

■ Use simple patterns or color tints to highlight the different slices. Make sure the patterns
you select offer enough contrast between slices. Avoid using line patterns and opt
for dot patterns or gradations of color.

■ Round off the amounts. Amounts may be specified as absolute numbers or percent-
ages. For labeling purposes, it is best to round off the numbers.

In comparison to the original pie chart shown in Figure 21.16(a), the corrected
chart in Figure 21.16(b) offers a much-improved presentation.

Consumption of Plastics Wordwide by Weight

Extrusion
35.17%

Injection molding
31.53%

Blow molding
10.02%

Compression molding
3.34%

Other
3.05%

Coating
5.50%

Calendering
8.64%

Thermoformig
2.9%

Largest section does not start at 
12  o'clock.

Too many wedges.

Too many patterns & 
not enough contrast.

Labels are  too congested.

Round off the 
numbers to simplify.

(a)

FIGURE 21.16. The common errors in (a) make the pie chart difficult to read. The corrections made in (b) significantly improve
the presentation of the data.
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21.03.04 Scatter Plots
Scatter plots are used to display technical data. Similar to a line chart, they plot
points along two scales or axes. Whereas the curve line passes through all points in a
line chart to show a continuous sequence, the points on the scatter plot remain discon-
nected or “scattered.” The scatter plot is best used for a technically oriented audience.

Scatter plots show the relationship between two variables. The primary purpose of
the plot is to show the extent of the data variability as well as any trends in the data. A
scatter plot does not focus on the individual values of the data points. Usually, only one
data set is displayed on a scatter plot. The pattern of the scatter plot can illustrate a
positive or negative relationship between the variables. Conversely, it can show little
relationship or exceptions to the norm (i.e., outliers). Data points are indicated by a
symbol, but a line usually is not included. In some cases, a regression line can be
included to illustrate the statistical relationship between the variables.

Generally, two types of scatter plots are used. Select the one that is best suited to
the type of data or comparison you are trying to illustrate. A basic scatter plot, as shown
in Figure 21.17, shows the relationship between two variables. The primary purpose of
the graph is to show the extent of the data variability as well as any trends in the data. It
is not necessary to include grid lines in a scatter plot as the individual values are not as
important as the trend. A scatter plot with line, shown in Figure 21.18, is used the same
way as a plain scatter plot. A best-fitting line, or regression line, can be added to make
the trend more apparent. A regression line shows how the data fit the mathematical
relationship between the two variables. The coefficient-of-correlation defines the rela-
tionship of the data points to the line. The coefficient-of-correlation between the two
variables can be positive or negative. By adding the regression line, the relationship will
be more apparent, as will the outliers. Standard charting software usually calculates the
coefficient-of-correlation and the regression line automatically.

Consumption of Plastics 

Wordwide by Weight

36%

32%

10%

8%

5%

9%

Extrusion

Injection molding

Blow molding

Calendering

Coating

Other

More contrast due to 
simple color gradations.

Legend to ease 
congesttion of labels.

Numbers are simplified.

Largest section starts 
at 12  o'clock & fewer 
wedges.

Title offset to balnce 
chart.

(b)

FIGURE 21.16. (CONTINUED) The common errors in (a) make the pie chart difficult to read. The corrections made in (b) signifi-
cantly improve the presentation of the data.
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Use the following guidelines when creating scatter charts to improve your
presentation:
■ Do not show more than one data set. Occasionally, two data sets can be plotted

together and indicated with different symbols. This works only in cases where the
data clusters or trends are very distinctive, as in showing opposing trends. 

■ Include a regression line to illustrate a trend. Make the line heavy enough so that it
stands out among the data points and use a solid line so the dashes are not con-
fused with data points. It is best to include the mathematical formula and the
coefficient of fit with the regression line.

■ Select a symbol that is distinctive. Typical symbols include circles, triangles, and plus
(+) signs. Make sure the symbols you use to represent individual data points are
large enough so that they are clearly visible, yet small enough so that the data
points do not obscure one another.
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FIGURE 21.17. A basic 
scatter plot.

FIGURE 21.18. A scatter plot
with line.
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A Comparison of Porosity in Tertiary Sands at Two Test Sites
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FIGURE 21.19. The common errors in (a) make the scatter chart difficult to read. The corrections made in (b) significantly
improve the presentation of the data.

In comparison to the original scatter chart shown in Figure 21.19(a), the corrected
chart in Figure 21.19(b) offers a much-improved presentation.
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21.03.05 Tables
Whereas charts generally focus on a trend or comparison, tables organize data for the
reader to scan. Tables present data in an easy-read-format, or matrix. Tables arrange
data in columns or rows so readers can make side-by-side comparisons. Tables work for
many situations because they convey large amounts of data and have several variables
for each item. Tables allow the reader to focus quickly on a specific item by scanning
the matrix or to compare multiple items by scanning the rows or columns. For exam-
ple, a table that compares the features of six kinds of CAD software can be used in mul-
tiple ways. One reader might pick out the software in which he or she is interested and
focus on the row, which highlights the included features. Another reader might select a
particular feature in which he or she is interested and scan the column, which shows
which packages include that feature. Still another reader might scan the entire table to
compare the different packages.

Tables work in a variety of situations because they convey large amounts of data in
a condensed fashion. Use tables in the following situations: (1) to structure data so the
reader can easily pick out the information desired, (2) to display in a chart when the data
contains too many variables or values, and (3) to display exact values that are more
important than a visual moment in time.

Generally, two types of tables are used. You should select the one that is best suited
to the type of data or comparison you are trying to illustrate. An organizational table
structures large quantities of information. This type of table is used whenever data
must be listed to show relationships. For example, the average wind speed for a given
month at a particular geographic location is shown in Figure 21.20. A look-up table is
designed to have the reader find a particular value at the intersection of a row and col-
umn. Figure 21.21 shows a look-up table that lists the specifications of pumps with dif-
ferent size motors. By scanning the rows or columns, users can easily find the particular
pump that suits the intended use.

Use the following guidelines when creating tables to improve your presentation:
■ Add contrast to the table. Contrast is making elements stand out from one another by

making them different. Consider contrast when creating headings, borders, dividers,
and backgrounds. Figure 21.22(a) shows a table that has no contrast between ele-
ments. Headings and data are displayed with the same font size and style. In addi-
tion, all line weights are the same. The corrected table in Figure 21.22(b) makes use

2003 2004 2005

January 27.8 23.2 26.5

February 25.0 16.7 20.1

March 22.9 20.8 23.4

April 17.3 15.5 16.5

May 16.5 19.2 18.6

June 16.1 15.7 16.8

July 13.2 14.9 12.6

August 14.5 13.1 13.8

September 13.2 14.3 14.9

October 19.5 17.0 18.6

November 25.1 16.8 22.8

December 22.4 25.5 24.7

Average Yearly Wind Speeds (mph) at 
Test Site 

FIGURE 21.20. An organizational table.

Discharge PSI 3/4 HP 1 HP 1-1/2 HP

10 47 53 65

15 43 49 63

20 40 45 61

25 36 40 56

30 29 32 49

35 20 22 40

40 14 16 31

Sprinkler Pump Performance*

* In gallons per minute at 5' above water.

FIGURE 21.21. A look-up table.
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of different font sizes and styles as well as various line weights and a light fill in alter-
nating rows. The new version has more contrast and is easier to read.

■ Align items in an appropriate way. Consider the alignment of headings and data values
from readability and organizational standpoints. For example, in Figure 21.22(a), 
the content in the columns is center-justified, which makes it difficult to read 
down the column and appear unruly. Another factor related to alignment is 
how items are grouped or ordered. The corrected table shown in Figure 21.22(b)
regroups items to add more structure to the table to assist the reader. Two subcate-
gories have been added, repetitive data have been repositioned, and the numbers
have been organized from high to low.

■ Add white space to the table. White space, or the blank areas around table items, also
serves as a visual cue to the reader. More space between items tells the reader they
are separate, and less space implies that items are grouped or related in some way.
Consider both horizontal and vertical spacing when laying out a table. Vertical
spacing includes areas above and below headings, as well as the space between data
and surrounding lines. Horizontal spacing is primarily the space between columns
of text and between text and borderlines. Also consider the proportion of white
space to positive space. The data should not be so spaced out that it is difficult to
follow or so cramped that it looks trapped. Keep columns close together; do not
spread them out more than is necessary. If the columns must be spread out to fit a
particular area, such as the width of a page, use a graphic device such as a line or
screen to guide the reader’s eye across the row. The table shown in Figure 21.22(a)
has too much space between columns and not enough space between rows.

■ Use graphics features to enhance the table. For tables used in technical documents, the
use of graphic features should be limited to increasing readability or contrast. Each
element should serve a purpose, such as organizing, clarifying, or highlighting the

Connection Data Rate Bandwidth 
28.8 modem 3.6 KB   28.8 KB 

T1 32-193 KB   256-1,544KB 
14.4 modem 1.8 KB   14.4 KB 

T3 5.5 MB   44 MB 
56K modem 7 KB   56 KB 
33.6 modem 4.2 KB   33.6 KB 
Frame relay 7-64 KB   56-512 KB 

Web Connection Types and Rates 

(a)

Connection Data Rate Bandwidth 

56.0 modem 7.0  KB 56.0  KB 

33.6 modem 4.2  KB 33.6  KB 

28.8 modem 3.6  KB 28.8  KB 

14.4 modem 1.8  KB 14.4  KB 

   T3 5.5  MB 44  MB 

   T1 32-193  KB 256-1,544  KB 

   Frame relay 7-64  KB 56-512  KB 

Web Connection Types and Rates 

C
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H
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e 

(b)

FIGURE 21.22. Common errors in (a) make the table difficult to read. Modifications to con-
trast, alignment, spacing, and graphics tools in (b) significantly improve the presentation of
the data.
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information. Graphics features include lines, borders, and screens. In general, use a
limited number of graphics features to organize the data. More specifically, keep
line weights thin and screens light enough not to obscure the data. If spacing is
tight, use thin rules between columns and rows. When using screens, shade the
rows or columns based on the way the reader will scan the data. Notice how screens
improve the layout in Figure 21.22(b).

Diagrams
Diagrams visually chronicle ideas or qualitative data. Diagrams generally belong
to one of three main categories: (1) business diagrams, (2) technical diagrams, or (3)
visual storytelling diagrams.

21.04.01 Business Diagrams
Business diagrams are used as visual documents to record information in the day-to-day
running of an organization. The most frequently used business diagrams are organiza-
tional charts, Gantt charts, flowcharts, and Venn diagrams. Business diagrams are
information graphics used by businesses and other organizations to visually communi-
cate the hierarchy of an organization, the flow of work, and the amount of time and
resources that will be needed to complete a project. Business diagrams also can be used
to explain the interrelationships between two or three concepts.

Organizational charts represent the relationships of entities of an organiza-
tion in terms of responsibility or authority. A typical organizational chart might, as
shown in Figure 21.23, illustrate the management hierarchy of employees in an organ-
ization with the head of the organization at the top of the chart and the next level of
management on the second tier. Lines are used to indicate the management and
reporting structure of the organization. Solid lines indicate a direct reporting struc-
ture, while dashed lines indicate an indirect relationship or report. The top of the
chart depicts the person of highest authority or greatest importance, while those of
lowest status are included at the bottom of the chart.

Sometimes called time and action charts, Gantt charts are useful production
tools for project planning. The purpose of a Gantt chart is to break down a process into
concrete segments and visually illustrate each task and the time needed to complete the
task. The presentation on individual timelines helps make the entire process visible at a
glance. The Gantt chart is a useful tool for strategically planning a project and is often
used to prepare proposals. Each step of the project is plotted on a separate timeline
showing when the step will begin and how long it will take. Decision-making dates crit-
ical to the success of the project can be added to the timelines for additional informa-
tion. Figure 21.24 shows the steps of a bridge design project and the time allotted for
each task.

Flowcharts are quality improvement tools used to document, plan, or analyze a
process or series of tasks. Almost all quality improvement diagrams have evolved from
the flowchart, such as the cause and effect diagram. Detailed flowcharts, workflow dia-
grams, top-down flowcharts, and deployment charts are types of flowcharts. A flow-
chart is a diagram of a step-by-step process using geometric symbols that represent
specific activities. Oval shapes symbolize the beginning and end of a process. Diamond
shapes symbolize decision points of tasks, as shown in Figure 21.25. The purpose of a
flowchart is to define and analyze a process, build a visual picture of a process, stan-
dardize a process, or improve a process. Flowcharts are used most often for analyzing
workflow, documenting decisions and iterations, and finding reengineering opportu-
nities. They also are used to display actions performed, parallel/random behavior, and
iterations of processing. A process diagram is one type of flowchart. In Figure 21.25,
the creative thinking process is documented, showing the paths of the creative think-
ing process.

21-22 sectionfive Advanced Topics in Engineering Graphics

21.04
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Office of 
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FIGURE 21.23. An organizational chart. 
Source: IDeaLaboratory, L.V. Harris

PROJECT: BRIDGE DESIGN

Define problem

Product research

Develop concept

Design development cycle

User interface testing

Quality assurance testing

Customer review

Product packaging

PROJECT STEPS

QUARTER 1 QUARTER 2 QUARTER 3 QUARTER 4

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

FIGURE 21.24. A Gantt chart.

CREATIVE THINKING PROCESS

Define
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the drawing board

Research
and discovery

Brainstorming
Approval
process

Ideas
proposed?

Research
done?

Problem
defined?

One idea
selected?

YES YES YES

YES

Go back to
the drawing board

Go back to
the drawing board

NO NO NO NO
Go back to

the drawing board

YES

FIGURE 21.25. A flowchart. 
Source: IDeaLaboratory, L.V. Harris
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The Venn diagram shows the mathematical or logical relationships and overlap-
ping connections between different groups or sets of information. John Venn was a
nineteenth-century mathematician who made the Venn diagram famous. The circles
represent the relationships between two or more sets. Figure 21.26 shows how a Venn
diagram describes the different sets of records found exclusively in set 1, the records
found exclusively in set 2, the records found in both sets, and the records not found in
either set. Figure 21.26 illustrates the intersection of two circles representing the two
fields of study, engineering and visualization. The overlapping area of the two circles
(Engineering Design Graphics) is called the union of the sets and contains the elements
common to both sets.

Use the following guidelines when creating business diagrams to improve your
presentation:
■ Simplify the content visually. A business diagram is often used in corporate annual

reports. The diagram is intended to translate business relationships visually.
Clarify the relationships, do not complicate them.

■ Make sure there is contrast between graphical elements and the labels. Try to show contrast
between the geometric shapes and the labels. Avoid using patterns to fill the
shapes as the patterns can impair readability. If you have a dark shape (60 percent
black or higher), a reverse sans serif label is recommended. That would be white
text with a block font, as shown in Figure 21.27.

■ Graphics should be dominant. The graphical element in a business diagram should be
the first component of the infographic that the reader sees.

■ Maintain graphical consistency. The borders of business diagrams should be the same
thickness (preferably 0.5 pt.) for consistency. The thickness of the line measured in
points is referred to as the stroke. Any lines used to link a label with a graphic
should be consistent in stroke (preferably 0.5 pt.).

ENGINEERING VISUALIZATION
ENGINEERING

DESIGN
GRAPHICS

This Venn diagram shows the relationship 
between engineering and visualization.

Engineering Design Graphics

1 2
3

4

FIGURE 21.26. A Venn
diagram. 
Source: IDeaLaboratory, 
L.V. Harris

REVERSE TYPOGRAPHY

A white san serif font (block lettering) is preferred 
on a dark background, instead of a serif font (with 
tails). San serif typography is easier to read when 
reversed (made white).

FIGURE 21.27. Topography for
use in charts.
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■ Maintain typographical consistency. Make sure the typography, borders, and graphical
elements are consistent in the same presentation. The font headings, subheadings,
body copy, source lines, credit lines, and labels should be the same size and style.
Keeping headings, subheadings, source lines, and credit lines in the same locations
adds to consistency.

21.04.02 Technical Diagrams
Technical diagrams, which explain the nature of technical relationships in products
or processes, are often combined with diagram components (i.e., border, title, explainer
paragraph, labels, and credit and source lines) to form technical diagrams. A technical
illustration is defined as “a visual presentation having the purpose of communicating
technical data intended to assist in the design, manufacture, assembly, storage, distri-
bution, use, disassembly, or disposal of a product or process.”

Schematic diagrams are specialized document types providing an abstracted
view of the function of an object or a process that is not otherwise visible. Lines,
arrows, numbers, circles, rectangles, and other symbols illustrate the operational rela-
tionship, movements of components, or directions. Essentially, schematic diagrams
are the blueprints for a prototype. Schematics explain system relationships, such as
circuit diagrams and blueprints. Because a schematic is not drawn to scale, maps of
systems are often used for informational purposes. Schematics of bus lines and sub-
way lines are often used to show readers the basic layout of the system, the order of the
stops, and the direction of the flow of traffic without indicating the actual distance
between stops. The schematic diagram in Figure 21.28 shows the schematics of an
adjustable power supply.

Instructional diagrams are information graphics whose purpose is not to
explain how an overall system works, but to explain how a specific action within the
object occurs. This is done through one action being highlighted with a visual clue,
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SCHEMATIC DIAGRAM

This diagram illustrates the schematics of an adjustable power supply.

FIGURE 21.28. A schematic diagram. 
Source: IDeaLaboratory, L.V. Harris
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such as a pointer box or an arrow and text. Realistic renderings of the object are usually
used, as shown in Figure 21.29.

Cutaway diagrams allow the reader to see a slice of an object. Cutaways show
the relationship between the inner workings and the outer image of an object, as shown
in Figure 21.30. A cutaway diagram also shows layered views and hidden views that
photography is not able to portray as well.

Use the following guidelines when creating technical diagrams to improve your
presentation:
■ Make the graphics dominant. The illustration in a technical diagram should be the

first component of the infographic that the reader sees.
■ Use technical illustrations of high quality. Since the illustration in a technical diagram is

the focus, use one of high quality and accuracy. This only adds to your credibility.
■ Add labels. Labeling the parts of the technical diagram can aid the reader in under-

standing the technical illustration. A short phrase can be added after the label to
further clarify the illustration.

DRILL BREAKAGE DETECTION LIMIT SWITCH 
This diagram illustrates the location of the drill breakage detection limit switch within 
the machine. Sensors detect the drill presence in addition to the cycle count and the raw 
material.

FIGURE 21.29. An instructional
diagram. 
Source: IDeaLaboratory, 
L.V. Harris

TIRE CUTAWAY
This diagram illustrates the components of a tire.

3

4

5

6

2 1

FIGURE 21.30. A cutaway
diagram. 
Source: IDeaLaboratory, 
L.V. Harris
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■ Maintain graphical consistency. The borders of business diagrams should be the same
thickness of stroke (preferably 0.5 pt.) for consistency. Any lines used to link a
label with a graphic should be consistent in stroke (line thickness).

■ Maintain typographical consistency. Make sure the typography, borders, and graphical
elements are consistent in the same presentation. The font headings, subheadings,
body copy, source lines, credit lines, and labels should be the same size and style.
Keeping headings, subheadings, source lines, and credit lines in the same locations
adds to consistency.

21.04.03 Visual Storytelling Diagrams
Visual storytelling diagrams are information graphics that display empirical data
to further clarify an idea or to summarize or emphasize information through visuals or
text. The majority of visual storytelling diagrams explain an idea, offer a step-by-step
process, show historical events, show profiles, or geographically locate information. For
those purposes, the graphical element takes up the majority of space in the information
graphic. Maps, explanation diagrams, and sequence diagrams fall into this group.

An occasionally used sidebar is a small information graphic embedded in the lay-
out of the article to further explain or summarize the story. Sometimes these sidebars
consist of tips, explanations, or background information. Sometimes they contain
visuals; other times they are just words. Words can stand on their own as information
graphics as long as they are presented in a visually pleasing manner. Typography is a
visual element when content is presented. When engineering proposals are written or
ideas are presented to large audiences, the presentation of empirical data rather than
number content is considered a sidebar.

Maps are information graphics that usually display the location of events with
the geography. Since many people are “geographically challenged,” it is helpful to
include a map in a document to show the location of a key place. A map also can be
used to present the geographical distribution of data or to explain a step-by-step
series of events at different locations. Maps should be oriented so that north is point-
ing to the top of the information graphic. Add an arrow and N if doing so is appro-
priate and the direction is not obvious to the reader. Figure 21.31 shows a map of
Phoenix suburbs called the East Valley.

FIGURE 21.31. A map is a visual
storytelling diagram.
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An explanation diagram can be created when the way something works is
depicted on paper; a basic process is explained; or an object, a plan, or a drawing 
is deconstructed. Explanation graphics describe and simplify factual information on
what the real-world system is. This is done by presenting the key points through the use
of realistic images of actual objects, as shown in Figure 21.32. Depictions are generally
used to describe how the overall system works or to compare and contrast the key dif-
ferences between systems.

Sequence diagrams can be broken into three types: process diagram, timeline,
and step-by step diagram. A process diagram explains how system elements work and
how interactions occur. It should tell a story and present the process in an accurate 
and simplified manner with labels, pointers, and explainer “blurbs” of text. Often only
part of a process is explained. When the entire process is presented, it is important to
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KINETIC
ENERGY

KINETIC
ENERGY

Newton’s first law of motion states that an object in motion tends to stay in motion.
A roller coaster has no engine or power source of its own. It moves by the forces of 
gravity and inertia. The course of the track is constantly converting energy from 
potential to kinetic and back again. 
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this  “lift hill.”

A reservoir 
of maximum 

potential 
energy is built.

At the bottom of the hill there is 
little potential energy, but 
maximum kinetic energy, which 
pushes the train up the second hill. 
This causes the potential energy 
level to be built up.

The energy is 
converted to 
kinetic energy 
once the train 
leaves the 
loop-the-loop.

The train has 
little potential 

energy, but lots 
of kinetic 

energy when it 
enters the 

loop. 

The potential 
energy level 

increases as the 
train speeds to 
the top of the 

loop. 

Gravity takes over and the 
potential energy is 

converted to kinetic energy. 
The train accelerates as 

gravity applies a 
downward force and 

pulls the front of the 
train toward the 

ground.

FIGURE 21.32. An explanation
diagram. 
Source: IDeaLaboratory, 
L.V. Harris

Order Input
window

Order Order entry

Reorder

Delivery

Order entry

prepare

prepare

check

Is reorder needed

Is reorder needed = TRUE
new

check = TRUE
new

check = TRUE
delete

PRODUCT DELIVERY
This diagram illustrates the process from initial order to delivery of product.

FIGURE 21.33. A process
diagram. 
Source: IDeaLaboratory, 
L.V. Harris
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make decisions on the priority of the information. The designer should not try to tell the
whole story—just the most relevant parts. The process diagram shown in Figure 21.33
illustrates the process from the initial order to the delivery of the product.

A timeline is a type of sequence diagram you might choose to highlight signifi-
cant moments in history. A timeline is a chronological table or list of events pre-
sented in a graphical way. Adding photographs and graphical icons to timelines are
options. An important thing to remember is to use consistent scales, otherwise, it is
difficult to visualize the relationships between the events in time. The timeline
shown in Figure 21.34 shows six engineering milestones from 3000 BC to the indus-
trial revolution.

The step-by-step diagram is used to visually explain a complex process. It is a
“how-to” brief that takes the reader through the process one step at a time. Figure 21.35
demonstrates the seven phases of an innovation cycle. This particular diagram could be
further expanded to include brief definitions of the steps. Other examples of the step-
by-step diagram can be found in technical instructions of how to put mechanical objects
together or how to use them.

Finally, sidebars present word content rather than number content. They can be
subdivided into briefs, lists, and bio profiles. Small snippets of factual information
selected from the text to give readers a brief grasp of who, what, when, where, and why
are called briefs. Sometimes these information graphics are called glimpses. Another
type of sidebar is the list. A list is additional content to a paper, proposal, or presenta-
tion that includes a series of components, definitions, tips, etc. This information can be
bulleted. It also can be pulled out of the body text and boxed. Glossaries, checklists,
quotes, FAQs (frequently asked questions), and Q&As (questions and answers) fall into
this category. 

Use the following guidelines when creating visual storytelling diagrams to improve
your presentation:
■ Use an appropriate style of art. Since the art (which includes, photographs, illustra-

tions, and graphics) in a visual storytelling diagram is the dominant component,
the style of the art must be appropriate to the topic. This only adds to your credi-
bility. For example, a cartoon-style illustration would not be appropriate for a
story about spaceship explosion.

ENGINEERING MILESTONES 

BC 3000 BC 1500 AD 500 AD 1750 AD AD 

The use of wedges, 
wheels and levers,  
came to be after simple 
tools were invented. 
Pyramids erected in the 
Nile Valley. 

The invention of the 
screw, the ratchet, the 
water wheel and the 
aeopile by the Greeks.  

The invention of the 
mechanical clock, the 
art of printing, and 
heavy iron casting.

The invention of steam 
engines, screw-cutting 
and other machine 
tools, railways, canoe.

DARK AGES 

INDUSTRIAL 
REVOLUTION 

The invention of the 
wheelbarrow, the  
rotary fan, and gun-
powder by the Chinese. 

The Romans built 
roads, aqueducts and 
public buildings. 

3000 BC to the Industrial Revolution 
FIGURE 21.34. A timeline. 
Source: Data from Engineering
Institute of Canada’s History and
Archives Committee, L.V. Harris
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21-30 sectionfive Advanced Topics in Engineering Graphics

■ Add an explaining paragraph. It is helpful to add a couple of sentences, usually after
the headline, to further explain the story you are unfolding.

■ Put content in a logical sequence. Since you are telling a story, arrange the content in
the order you would use if you were writing a story.

■ Visually simplify the story. You are presenting a visual display of the story, so you will
need to simplify the content and visually arrange the graphics to allow the reader’s
eyes to follow an organized path.

■ Make the graphics dominant. The graphical element in a visual storytelling diagram
should be the first component of the infographic that the reader sees.

■ Maintain graphical consistency. The borders of business diagrams should be the same
thickness of line (preferably a 0.5 pt. stroke) for consistency. Any lines used to link
a label with a graphic should be consistent in thickness.

■ Maintain typographical consistency. Make sure the typography, borders, and graphical
elements are consistent in the same presentation. The font headings, subheadings,
body copy, source lines, credit lines, and labels should be the same size and style.
Keeping headings, subheadings, source lines, and credit lines in the same locations
adds to consistency.

Chapter Summary
The effective presentation of data, whether for evaluation or analysis, is a vital part of an
engineer’s duties. For this purpose, a variety of classical graphical formats can be used,
including bar charts, line charts, scatter plots, pie charts, and technical diagrams. In
adhering to recommended guidelines for the creation of such charts and diagrams, the
information they contain can be presented in a clear, unambiguous manner. There is no
doubt that “the message is king.” Without quality content, the information graphic is
worthless, no matter what its aesthetics. When the content is not interpreted and no

INCUBATION
PHASE

2

DEFINITION
PHASE

1

INNOVATION
CYCLE

IDEA
PHASE

3

PLANNING
PHASE

4
DESIGN
PHASE

5

EVALUATION
PHASE

6

DELIVERABLES
PHASE

7

This diagram shows the seven phases of an innovation cycle.
FIGURE 21.35. 
A step-by-step guide. 
Source: IDeaLaboratory, 
L.V. Harris
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decisions are made on what is to be presented, the wrong message is delivered. Often
information designers are left to do the analysis. Your job as the designer of information
graphics is not only to pay attention to the details of graphic design but also to spend a
significant amount of time making decisions on what part of the content will be deliv-
ered to the reader and what type of information graphic to use. That is why designing
quantitative and qualitative data through the production of information graphics has
created a new area of study called information design. But remember, how the content is
presented visually often determines whether the reader bothers to read the information
graphic in the first place.

bar chart: A chart using bars of varying heights and
widths to represent quantitative data.
brief: A small graphic using word content alone.
business diagram: A diagram used in an organization
to show organizational hierarchy, task planning or
analysis, or relationships between different groups or
sets of information.
charts: Charts, graphs, tables, and diagrams of ideas
and quantitative data.
cutaway diagram: A diagram that allows the reader to
see a slice of an object.
depiction: An illustration describing and simplifying
factual information on a real-world system.
diagram: An illustration that explains information,
represents a process, or shows how pieces are put
together.
explanation diagram: An illustration explaining the
way something works; a basic process; or the decon-
struction of an object, a plan, or a drawing.
flowchart: A quality improvement tools used to docu-
ment, plan, or analyze a process or series of tasks.
Gannt chart: A time and action chart for task planning.
infographic: A shortened form of informational graphic
or information graphic.
information graphics: Often referred to as infographic,
visual explanations.
instructional diagram: A diagram showing how a spe-
cific action within an object occurs.
line chart: A graph showing the relationship between
two sets of data, where line segments are used to link
the data to show trends in their changes.
list: A boxed series of components, definitions, tips, etc.
map: A diagram of the location of events with
geography.

organizational chart: A chart representing the rela-
tionships of entities of an organization in terms of
responsibility or authority.
pie chart: A circular chart that is divided into wedges
like a pie, representing a piece of the whole.
process diagram: An illustration that explains how
system elements work and how interactions occur.
qualitative data: Information collected using words
and ideas.
quantitative data: Numeric information.
scatter plot: A graph using a pattern of dots showing
the relationship between two sets of data.
schematic diagram: A diagram explaining how com-
ponents work together, what the measurements are,
how components are set up, or how pieces are
connected.
sequence diagram: A group of diagrams that includes
process diagrams, timelines, and step-by-step diagrams.
sidebar: Small infographics used within a body of text
that are subdivided into briefs, lists, and bio profiles.
step-by-step diagram: An illustration that visually
explains a complex process; it is a type of a sequence
diagram.
table: Data organized in columns and rows.
technical diagram: A diagram depicting a technical
illustration’s measurements, movement, dissection, or
relationship of parts.
timeline: A specific type of sequence diagram used to
highlight significant moments in history.
Venn diagram: A type of business diagram that shows
the mathematical or logical relationships and overlap-
ping connections between different groups or sets of
information.
visual storytelling diagram: An illustration that dis-
plays empirical data or clarification of ideas.

21.06 glossary of key terms
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1. List and briefly discuss the components of an info-
graphic based on quantitative data.

2. List and briefly discuss the components of an info-
graphic based on business, technical, or visual story-
telling diagrams.

3. What is the purpose of creating informational
graphics?

4. What is the purpose and goal of a chart?

5. When is it best to use a bar chart? Discuss the
difference between a grouped bar chart and a
stacked bar chart.

6. What is the primary purpose of a line chart? What
are two things that will improve the appearance of a
multiple line chart?

7. What is the primary purpose of a pie chart? What is
the advantage of an exploded pie chart?

8. What is the primary purpose of a scatter plot? What
is an outlier?

9. List three reasons for using a table.

10. List and explain three things you can do to enhance
the readability of a table.

11. What types of business diagrams are used in organi-
zations? For what purposes are the diagrams used?

12. Select an example of a technical diagram and explain
how it would be used.

13. If you are presenting a series of diagrams, why is it
important to maintain visual consistency?

14. Name three types of sequence diagrams and discuss
how they are used.

15. What is an explanation diagram? What is its
purpose?

16. Why are maps important for engineers?

21.07 questions for review

1. You recently formed your own engineering firm to build electric erasers for pencil lines. List three types of
informational graphics that your organization would find useful and explain how they would be used.

2. Create a process diagram for eating dinner, from arrival to departure, at a full-service restaurant. Make sure you use
the appropriate components and labels for an informational graphic that is a diagram.

3. Create an exploded pie chart that shows enrollment rates by school at a Big Ten University for the year 2004-2005.
The chart may be two- or three-dimensional and should include a legend and percentages. Explode the piece that
shows your major area of study. Enrollment numbers are Agriculture: 2,338; Education: 994; Engineering: 6,355;
Liberal Arts: 6,103; Management: 2,474; Science: 2,698; and Technology: 4,185.

4. Create a grouped bar chart that compares the out-of-state enrollment numbers of undergraduate and graduate
students at a Big Ten University. The chart will compare the enrollment from five different areas of the country
for the year 2005.

Undergraduate Graduate

Central 459 214

East 267 102

Northwest 459 231

Southeast 582 369

Southwest 346 176

21.08 problems
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5. Create a table using the following information about external tooth lock washers. All dimensions are in inches.

Washer Number 3 4 5 6 8

Nominal size .099 .112 .125 .138 .164

Maximum inside diameter .109 .123 .136 .150 .176

Minimum inside diameter .102 .115 .129 .141 .168

Maximum outside diameter .235 .260 .285 .320 .381

Minimum outside diameter .220 .245 .270 .305 .365

Maximum thickness .015 .019 .019 .022 .023

Minimum thickness .012 .015 .014 .016 .018

6. Following are the midterm exam scores (out of a maximum possible score of 100 points) for the students in an
engineering graphics class at UC Berkeley. Create a bar chart that displays the distribution of scores in the class
by showing the number of students in each 5-point interval from 1 to 100 points. Calculate the average score for
the class.

Midterm Exam Scores

75 57 67.5 81.5 51.5 79.5 79 95.5 85.5 58 74 54.5 85.5

72 81 77 59.5 71.5 70.5 58 78.5 81 54.5 73.5 87 76

67 86.5 72.5 96.5 54 71 62 100 60.5 93 68.5 59 94

44 64.5 62 62 84.5 68.5 98.5 47.5 58 65 52.5 46.5 53

43 49.5 55.5 84 85.5 70 53 70 85.5 50.5 100 67 70.5

81 55.5 95 71 59 83 88.5 67 48.5 88 81.5 68 54

49.5 67 76 81.5 80.5 70 71.5 72.5 73.5 86 76 46 68

48 49 73.5 77.5 68.5 69 76.5 77.5 92.5 64 46.5 93 42.5

88 81 77 62 66 79 74 76.5 62 56.5 97 96.5 94.5

92.5 83 77 69.5 78.5 49 75.5 75 70 69 66.5 30.5 66

90.5 87.5 61.5 53.5 79.5 58 83.5 79 78 86.5 77 84 66

83.5 35 48 87.5 43.5 78 86.5 83.5 62 74.5 75.5 72.5 79

81.5 84.5 77.5 69 49 95 84 58 47 75.5 76.5 79 58.5

65.5 53 86.5 82.5 57.5

7. For the midterm exam scores listed previously, the College of Engineering has recommended a grading curve
where any score below 50 should be assigned a D and any score below 40 should be assigned an F. To control grade
inflation, for the remaining scores, the highest 20 percent should receive A’s, the next highest 40 percent should
receive Bs, and the 40 percent after that should receive Cs. Create a 3-D exploded pie chart that shows how many
students received what letter grades in the class.

21.08 problems (continued)
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8. The following (x,y) data were collected during an experiment. Present the data as a scatter plot with a line. Create
three different plots: one with linear x and y scales, one with a linear x and logarithmic y scale, and one with
logarithmic x and y scales. Which set of scales produces the best fit on a straight “line” on the plot? What is the
mathematical formula for this “line”?

x | y

1.0 0.16

1.5 0.18

2.4 0.22

4.2 0.33

4.2 0.38

6.0 0.50

6.9 0.61

9. The following (x,y) data were collected during an experiment. Present the data as a scatter plot with a line. Create
three different plots: one with linear x and y scales, one with a linear x and logarithmic y scale, and one with loga-
rithmic x and y scales. Which set of scales produces the best fit on a straight “line” on the plot? What is the math-
ematical formula for this “line”?

x | y

11.5 0.270

17.0 0.180

21.0 0.145

27.5 0.110

34.0 0.088

45.0 0.066

62.0 0.047

76 0.037

10. The following (x,y) data were collected during an experiment. Present the data as a scatter plot with a line. Create
three different plots: one with linear x and y scales, one with a linear x and logarithmic y scale, and one with loga-
rithmic x and y scales. Which set of scales produces the best fit on a straight “line” on the plot? What is the math-
ematical formula for this “line”?

x | y

11.0 18.5

23.0 12.5

35.0 8.5

41.0 7.0

50.0 5.2

58.0 4.0

65.0 3.2

11. The instructor for an engineering graphics course has asked you to help organize the administration of a final
exam. The exam is to be three hours long and is to be given in three days. Grades for the class must be submitted
within five days. Three teaching assistants are available for creating, administering, and grading the exam. Create
a Gantt chart of the tasks that must be done, specifying the number of hours required for each task.

21.08 problems (continued)
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Proper fit and low weight are critical to wheelchair design
to reduce these injuries. Studies have shown that wheel-
chair users suffer fewer long-term health problems with a
properly fitted wheelchair. The rear axle of the wheelchair
should be positioned forward of the user’s shoulder, and
the center of gravity of the user and chair should be just
forward of the rear axle. The seat should be as narrow as
possible to keep the rear wheels close to the frame and the
arms close to the body during propulsion. The wheelchair
frame must be sized to fit the user’s body measurements.
These requirements translate into specific dimensions on
the wheelchair frame.

For the TiLite TX model, the user must specify twelve
measurements or parameters, such as seat width, back
angle, footrest width, and wheel camber; there is a choice
of between three and twenty-five possible values for each
measurement. With all of these geometric variables and
constraints, the designers of TiLite chairs must utilize para-
metric models to create solid models and drawings of the
custom-fit wheelchair design. Based on the user’s desired
dimensions, the Design Table function in the solid model-
ing software allows the designer to create all of the neces-
sary configurations of basic wheelchair frame members.
When the user’s desired dimensions are inserted into the
design tables, all of the remaining dimensions of the parts
are automatically adjusted to ensure that the parts fit
together and fit the user. From these solid models, all of the
necessary drawings for a custom wheelchair can be created
in only a few minutes. This saves time for the designer and
speeds up delivery of the wheelchair to the user.

T he freedom to get around is important to every-
one, but especially to people with disabilities.
Users of manual wheelchairs must be independ-

ently mobile to enjoy work, travel, sports, and other social
activities. They require comfortable, lightweight wheel-
chairs with features to suit their active lifestyle. A properly
designed and fitted wheelchair not only is comfortable
but also minimizes energy expenditure and reduces
stresses on the user’s body. Today people with disabilities
can benefit from breakthroughs in design, materials, and
manufacturing methods to obtain a unique, customized
wheelchair that fits their personal abilities and active
lifestyle.

Founded in 1998, TiLite’s goal is to provide a twenty-
first-century solution to the age-old problem of mobility.
TiLite has successfully combined the unique material
properties of titanium; traditional fabrication methods;
and modern design tools such as parametric modeling,
finite element analysis, and rapid prototyping to provide a
unique line of affordable, lightweight, and custom-fit
manual wheelchairs. TiLite wheelchairs are fabricated
from a titanium alloy that is lightweight and has superior
strength. Unlike steel, titanium does not corrode and is
very durable. The unique combination of these properties
is ideal for wheelchair design.

TiLite designs wheelchairs for a variety of users.
Ultralightweight chairs are ideal for sports enthusiasts
such as wheelchair basketball players and marathon rac-
ers. A TiLite chair has even carried the Olympic Torch.
Children require chairs that are lightweight and that
adapt to children’s growth. Elderly users also benefit from
lightweight chairs that are easy to propel. Lightweight
folding models are easy to transport. TiLite wheelchairs
are designed not only to be functional but also to be styl-
ish, displaying the beautiful patina of polished titanium
metal. The ability to custom-design and fabricate a unique
chair to fit each individual means that there is a TiLite chair
for every user. Modern CAD tools enable designers to
modify their designs for custom fabrication.

VARIATIONAL DESIGN OF THE TILITE
WHEELCHAIR
Over half of all manual wheelchair users suffer from repet-
itive motion injuries such as carpal tunnel syndrome,
chronic shoulder injury, pressure sores, back pain, pos-
tural deformities, and reduced heart and lung function.

casestudy
TiLite Wheelchairs—“The Ultimate Ride”

The TiLite XC Ultralightweight wheelchair.
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ASSEMBLY MODELING OF THE TILITE
WHEELCHAIR
For a custom-fit wheelchair design, a vast number of dif-
ferent configurations are available depending on the
user’s body dimensions and seating preferences.
Therefore, it is impossible and impractical to build a phys-
ical prototype of each wheelchair frame configuration.
Nonetheless, the wheelchair must function properly
regardless of the size of the frame members. Solid model-
ing can be used to create virtual prototypes instead of
physical models of any wheelchair design.

A folding wheelchair based on a familiar x-frame
design is composed of two cross tubes (shown in gray),
seat tubes (blue), and hinge members (pink). When
designing a folding wheelchair, the designer must check
for interference between parts in the open and folded
configurations as well as all positions in between. When
the sizes of the parts vary for different users, the model
must be carefully checked for each configuration. This
can be done most efficiently using a solid model. Stick
figure models are created to represent the centerlines of
each moving part, measured from their attachment
points at the pin joints. These skeleton models are
manipulated to make sure that the mechanism does not
lock up, invert, or toggle. A trial-and-error method is

used to move the locations of the hinge pins until an
acceptable design is found that works for all possible
sizes of the design.

Although a range of sizes is available for seat tubes
and cross tubes, the goal is to have a single design for the
hinge members, which may be manufactured by an out-
side vendor. After the positions of the hinge pins are
established with the stick figure models, the hinge mem-
bers are fleshed out and given a shape that will avoid
interference with the cross tubes and seat tubes. A varia-
tional solid model allows the designer to check multiple
configurations quickly and to ensure that all sizes of the
wheelchair frame will function as desired.

Another important design consideration is that the
wheelchair can be folded compactly. Solid models can be
used to ensure that none of the parts interfere during fold-
ing. Changes in the design are easily checked for multiple
sizes and configurations of the wheelchair. With the use of
solid models, the designer can be assured that the wheel-
chair will fold to the most compact form possible and
function smoothly in the folding operation.

Measurements for ordering a custom wheelchair design. 

An assembly model of an open wheelchair frame.
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DISCUSSION QUESTIONS/ACTIVITIES
1. Explain how a parametric solid modeler can be used

to customize the design of wheelchairs to fit individ-
ual users. How is the model used in the design
process? the manufacturing process?

2. Compare a custom design to a standard wheelchair
with adjustable components. What are the advan-
tages and disadvantages of each design?

3. Make a list of the important design and performance
specifications for a lightweight wheelchair. How can a
solid model be used to check wheelchair design to
ensure that the design meets the desired specifications?

FABRICATION OF THE TILITE
WHEELCHAIR
Each custom-fitted wheelchair frame is unique and must
be manufactured individually. To begin the fabrication
process, TiLite designer Lindy Anderlini uses the paramet-
ric models of the wheelchair frame to generate its full-
scale layout. The frame drawing is then laid on the surface
of a modular fixture, and the stop blocks on the fixture
are bolted down in the proper positions to hold each
piece of the tubing. Setting up the modular fixture takes
only about ten minutes.

Each tube member is carefully bent to the proper
angle using a special bending machine. The tubing is then
measured and cut to the correct length based on the scale
drawing, and the ends are shaped to fit snugly to the mat-
ing parts. Proper sizing and positioning of the frame
members is critical to obtain sturdy weld joints. By using
the full-scale drawing as a template, the manufacturer can
ensure a perfect fit for every customer. After each piece of
tubing has been formed and cut, they are laid in the fix-
ture and clamped in the proper position. The parts are
tack-welded together, then removed from the fixture and
finish-welded. In completion of the fabrication process,
the frame is drilled in the necessary locations for assembly
of other parts and bead-blasted, hand-buffed, or painted
according to the user’s preference for surface finish.

An assembly model of a folded wheelchair frame.

TiLite designer Lindy Anderlini creates full-scale drawings
of wheelchair frames.

Modular.
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Trigonometric Formulas for Triangles.
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Trigonometric Formulas for Triangles. (CONTINUED)
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Trigonometric Formulas for Triangles. (CONTINUED)
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RULES RELATIVE TO THE CIRCLE

To Find Circumference—
Multiply diameter by 3.1416 ...................... Or divide diameter by 0.3183

To Find Diameter—
Multiply circumference by 0.3183 ...................... Or divide circumference by 3.1416

To Find Radius—
Multiply circumference by 0.15915 .................... Or divide circumference by 6.28318

To Find Side of an Inscribed Square—
Multiply diameter by 0.7071
Or multiply circumference by 0.2251 ...................... Or divide circumference by 4.4428

To Find Side of an Equal Square—
Multiply diameter by 0.8862 ...................... Or divide diameter by 1.1284
Or multiply circumference by 0.2821 ...................... Or divide circumference by 3.545

Square—
A side multiplied by 1.4142 equals diameter of its circumscribing circle.
A side multiplied by 4.443 equals circumference of its circumscribing circle.
A side multiplied by 1.128 equals diameter of an equal circle.
A side multiplied by 3.547 equals circumference of an equal circle.

To Find the Area of a Circle—
Multiply circumference by one-quarter of the diameter.
Or multiply the square of diameter by 0.7854
Or multiply the square of circumference by .07958
Or multiply the square of 1/2 diameter by 3.1416

To Find the Surface of a Sphere or Globe—
Multiply the diameter by the circumference.
Or multiply the square of diameter by 3.1416
Or multiply four times the square of radius by 3.1416

Trigonometric Formulas for Circles.
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STANDARD LINE TYPES

Standard Line Types for Drafting.
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INCHES TO MILLIMETERS

in. mm in. mm in. mm in. mm

1 25.4 26 660.4 51 1295.4 76 1930.4
2 50.8 27 685.8 52 1320.8 77 1955.8
3 76.2 28 711.2 53 1346.2 78 1981.2
4 101.6 29 736.6 54 1371.6 79 2006.6
5 127.0 30 762.0 55 1397.0 80 2032.0

6 152.4 31 787.4 56 1422.4 81 2057.4
7 177.8 32 812.8 57 1447.8 82 2082.8
8 203.2 33 838.2 58 1473.2 83 2108.2
9 228.6 34 863.6 59 1498.6 84 2133.6

10 254.0 35 889.0 60 1524.0 85 2159.0

11 279.4 36 914.4 61 1549.4 86 2184.4
12 304.8 37 939.8 62 1574.8 87 2209.8
13 330.2 38 965.2 63 1600.2 88 2235.2
14 355.6 39 990.6 64 1625.6 89 2260.6
15 381.0 40 1016.0 65 1651.0 90 2286.0

16 406.4 41 1041.4 66 1676.4 91 2311.4
17 431.8 42 1066.8 67 1701.8 92 2336.8
18 457.2 43 1092.2 68 1727.2 93 2362.2
19 482.6 44 1117.6 69 1752.6 94 2387.6
20 508.0 45 1143.0 70 1778.0 95 2413.0

21 533.4 46 1168.4 71 1803.4 96 2438.4
22 558.8 47 1193.8 72 1828.8 97 2463.8
23 584.2 48 1219.2 73 1854.2 98 2489.2
24 609.6 49 1244.6 74 1879.6 99 2514.6
25 635.0 50 1270.0 75 1905.0 100 2540.0

The above table is exact on the basis: 1 in. = 25.4 mm

Inches to Millimeters
Conversion.

MILLIMETERS TO INCHES 

in. mm in. mm in. mm in. mm

1 0.039370 26 1.023622 51 2.007874 76 2.992126
2 0.078740 27 1.062992 52 2.047244 77 3.031496
3 0.118110 28 1.102362 53 2.086614 78 3.070866
4 0.157480 29 1.141732 54 2.125984 79 3.110236
5 0.196850 30 1.181102 55 2.165354 80 3.149606

6 0.236220 31 1.220472 56 2.204724 81 3.188976
7 0.275591 32 1.259843 57 2.244094 82 3.228346
8 0.314961 33 1.299213 58 2.283465 83 3.267717
9 0.354331 34 1.338583 59 2.322835 84 3.307087

10 0.393701 35 1.377953 60 2.362205 85 3.346457

11 0.433071 36 1.417323 61 2.401575 86 3.385827
12 0.472441 37 1.456693 62 2.440945 87 3.425197
13 0.511811 38 1.496063 63 2.480315 88 3.464567
14 0.551181 39 1.535433 64 2.519685 89 3.503937
15 0.590551 40 1.574803 65 2.559055 90 3.543307

16 0.629921 41 1.614173 66 2.598425 91 3.582677
17 0.669291 42 1.653543 67 2.637795 92 3.622047
18 0.708661 43 1.692913 68 2.677165 93 3.661417
19 0.748031 44 1.732283 69 2.716535 94 3.700787
20 0.787402 45 1.771654 70 2.755906 95 3.740157

21 0.826772 46 1.811024 71 2.795276 96 3.779528
22 0.866142 47 1.850394 72 2.834646 97 3.818898
23 0.905512 48 1.889764 73 2.874016 98 3.858268
24 0.944882 49 1.929134 74 2.913386 99 3.897638
25 0.984252 50 1.968504 75 2.952756 100 3.937008

The above table is approximate on the basis: 1 in. = 25.4 mm, 1/25.4 = 0.039370078740+

Millimeters to Inches
Conversion.
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Appendix A-11

INCH/METRIC EQUIVALENTS

Decimal  Equivalent Decimal  Equivalent 
Customar y M  etric  Customar y  M etric  

(in.) ( mm) (in.) (mm) 

1/64 .015625 0.3969 
1/32 .03125 0.7938 

3/64 .046875 1.1906 
1/16 .0625 1.5875 

5/64 .078125 1.9844 
3/32 .09375 2.3813 

7/64 .109375 2.7781 
1/8 .1250 3.1750 

9/64 .140625 3.5719 
5/32 .15625 3.9688 

11/64 .171875 4.3656 
3/16 .1875 4.7625 

13/64 .203125 5.1594 
7/32 .21875 5.5563 

15/64 .234375 5.9531 
1/4 .250 6.3500 

17/64 .265625 6.7469 
9/32 .28125 7.1438 

19/64 .296875 7.5406 
5/16 .3125 7.9375 

21/64 .328125 8.3384 
11/32 .34375 8.7313 

23/64 .359375 9.1281 
3/8 .3750 9.5250 

25/64 .390625 9.9219 
13/32 .40625 10.3188 

27/64 .421875 10.7156 
7/16 .4375 11.1125 

29/64 .453125 11.5094 
15/32 .46875 11.9063 

31/64 .484375 12.3031 
1/2 . .500 12.7000 

33/64 .515625 13.0969 
17/32 .53125 13.4938 

35/64 .546875 13.8906 
9/16 .5625 14.2875 

37/64 .578125 14.6844 
19/32 .59375 15.0813 

39/64 .609375 15.4781 
5/8 .6250 15.8750 

41/64 .640625 16.2719 
21/32 .65625 16.6688 

43/64 .671875 17.0656 
11/16 .6875 17.4625 

45/64 .703125 17.8594 
23/32 .71875 18.2563 

47/64 .734375 18.6531 
3/4 .750 19.0500 

49/64 .765625 19.4469 
25/32 .78125 19.8438 

51/64 .796875 20.2406 
13/16 .8125 20.6375 

53/64 .828125 21.0344 
27/32 .84375 21.4313 

55/64 .859375 21.8281 
7/8 .8750 22.2250 

57/64 .890625 22.6219 
29/32 .90625 23.0188 

59/64 .921875 23.4156 
15/16 .9375 23.8125 

61/64 .953125 24.2094 
31/32 .96875 24.6063 

63/64 .984375 25.0031 
1 1.000 25.4000 

Fractio n Fractio n 

Inch/Metric Equivalents.
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A-12 Appendix 

Inch/Metric Conversion.
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Appendix A-13

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

ASTM and SAE Grade Markings for Steel Bolts and Screws.
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A-14 Appendix 

Unified Standard Screw Thread Series.
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Appendix A-15

ISO Metric Thread Information.
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A-16 Appendix 

Inch-Metric Thread Comparison.
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A-18 Appendix 

Cap Screw Specifications.

D A H S M J T G K
Head Spline Hexagon Wall Chamfer Body Head Head 
Side Socket Socket 

Key
Thick- or Diameter Diameter Height

Height Size Size
Engagement

ness Radius
Max Min Max Min Max Min Min Nom Nom Min Min Max

0 0.0600 0.0600 0.0568 0.096 0.091 0.060 0.057 0.054 0.060 0.050 0.025 0.020 0.003
1 0.0730 0.0730 0.0695 0.118 0.112 0.073 0.070 0.066 0.072 1/16 0.062 0.031 0.025 0.003
2 0.0860 0.0860 0.0822 0.140 0.134 0.086 0.083 0.077 0.096 5/64 0.078 0.038 0.029 0.003
3 0.0990 0.0990 0.0949 0.161 0.154 0.099 0.095 0.089 0.096 5/64 0.078 0.044 0.034 0.003
4 0.1120 0.1120 0.1075 0.183 0.176 0.112 0.108 0.101 0.111 3/32 0.094 0.051 0.038 0.005
5 0.1250 0.1250 0.1202 0.205 0.198 0.125 0.121 0.112 0.111 3/32 0.094 0.057 0.043 0.005
6 0.1380 0.1380 0.1329 0.226 0.218 0.138 0.134 0.124 0.133 7/64 0.109 0.064 0.047 0.005
8 0.1640 0.1640 0.1585 0.270 0.262 0.164 0.159 0.148 0.168 9/64 0.141 0.077 0.056 0.005

10 0.1900 0.1900 0.1840 0.312 0.303 0.190 0.185 0.171 0.183 5/52 0.156 0.090 0.065 0.005
1/4 0.2500 0.2500 0.2435 0.375 0.365 0.250 0.244 0.225 0.216 3/16 0.188 0.120 0.095 0.008
5/16 0.3125 0.3125 0.3053 0.469 0.457 0.312 0.306 0.281 0.291 1/4 0.250 0.151 0.119 0.008
3/8 0.3750 0.3750 0.3678 0.562 0.550 0.375 0.368 0.337 0.372 5/16 0.312 0.182 0.143 0.008

7/16 0.4375 0.4375 0.4294 0.656 0.642 0.438 0.430 0.394 0.454 3/8 0.375 0.213 0.166 0.010
1/2 0.5000 0.5000 0.4919 0.750 0.735 0.500 0.492 0.450 0.454 3/8 0.375 0.245 0.190 0.010
5/8 0.6250 0.6250 0.6163 0.938 0.921 0.625 0.616 0.562 0.595 1/2 0.500 0.307 0.238 0.010
3/4 0.7500 0.7500 0.7406 1.125 1.107 0.750 0.740 0.675 0.620 5/8 0.625 0.370 0.285 0.010

7/8 0.8750 0.8750 0.8647 1.312 1.293 0.875 0.864 0.787 0.698 3/4 0.750 0.432 0.333 0.015
1 1.0000 1.0000 0.9886 1.500 1.479 1.000 0.988 0.900 0.790 3/4 0.750 0.495 0.380 0.015
1 1/8 1.1250 1.1250 1.1086 1.688 1.665 1.125 1.111 1.012 . . . . 7/8 0.875 0.557 0.428 0.015
1 1/4 1.2500 1.2500 1.2336 1.875 1.852 1.250 1.236 1.125 . . . . 7/8 0.875 0.620 0.475 0.015
1 3/8 1.3750 1.3750 1.3568 2.062 2.038 1.375 1.360 1.237 . . . . 1 1.000 0.682 0.523 0.015
1 1/2 1.5000 1.5000 1.4818 2.250 2.224 1.500 1.485 1.350 . . . . 1 1.000 0.745 0.570 0.015
1 3/4 1.7500 1.7500 1.7295 2.625 2.597 1.750 1.734 1.575 . . . . 1 1/4 1.250 0.870 0.665 0.015
2 2.0000 2.0000 1.9780 3.000 2.970 2.000 1.983 1.800 . . . . 1 1/2 1.500 0.995 0.760 0.015
2 1/4 2.2500 2.2500 2.2280 3.375 3.344 2.250 2.232 2.025 . . . . 1 3/4 1.750 1.120 0.855 0.031
2 1/2 2.5000 2.5000 2.4762 3.750 3.717 2.500 2.481 2.250 . . . . 1 3/4 1.750 1.245 0.950 0.031
2 3/4 2.7500 2.7500 2.7262 4.125 4.090 2.750 2.730 2.475 . . . . 2 2.000 1.370 1.045 0.031
3 3.0000 3.0000 2.9762 4.500 4.464 3.000 2.979 2.700 . . . . 2 1/4 2.250 1.495 1.140 0.031

3 1/4 3.2500 3.2500 3.2262 4.875 4.837 3.250 3.228 2.925 . . . . 2 1/4 2.250 1.620 1.235 0.031
3 1/2 3.5000 3.5000 3.4762 5.250 5.211 3.500 3.478 3.150 . . . . 2 3/4 2.750 1.745 1.330 0.031
3 3/4 3.7500 3.7500 3.7262 5.625 5.584 3.750 3.727 3.375 . . . . 2 3/4 2.750 1.870 1.425 0.031
4 4.0000 4.0000 3.9762 6.000 5.958 4.000 3.976 3.600 . . . . 3 3.000 1.995 1.520 0.031

Nominal
Size 

or Basic 
Screw

Diameter

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix A-19

Cap Screw Specifications. (CONTINUED)

D A H M J T F
Body Head Diameter Heat Height Spline Hexagon Key Fillet Extension 

Diameter Theoretical Flushness Socket Socket Size Engagement Above D Max
Max Min Sharp Max Abs. Min Reference Tolerance Size Nom Min Max

0 0.0600 0.0600 0.0568 0.138 0.117 0.044 0.006 0.048 0.035 0.025 0.006
1 0.0730 0.0730 0.0695 0.168 0.143 0.054 0.007 0.060 0.050 0.031 0.008
2 0.0860 0.0860 0.0822 0.197 0.168 0.064 0.008 0.060 0.050 0.038 0.010
3 0.0990 0.0990 0.0949 0.226 0.193 0.073 0.010 0.072 1/16 0.062 0.044 0.010

4 0.1120 0.1120 0. 1075 0. 255 0.218 0.083 0.011 0.072 1/16 0.062 0.055 0.012
5 0.1250 0.1250 0.1202 0.281 0.240 0.090 0.012 0.096 5/64 0.078 0.061 0.014
6 0.1380 0.1380 0.1329 0.307 0.263 0.097 0.013 0.096 5/64 0.078 0.066 0.015
8 0.1640 0.1640 0.1585 0.359 0.311 0.112 0.014 0.111 3/32 0.094 0.076 0.015

10 0.1900 0.1900 0.1840 0.411 0.359 0.127 0.015 0.145 1/8 0.125 0.087 0.015
1/4 0.2500 0.2500 0.2435 0.531 0.480 0.161 0.016 0.183 5/32 0.156 0.111 0.015
5/16 0.3125 0.3125 0.3053 0.656 0.600 0.198 0.017 0.216 3/16 0.188 0.135 0.015
3/8 0.3750 0.3750 0.3678 0.781 0.720 0.234 0.018 0.251 7/32 0.219 0.159 0.015

7/16 0.4375 0.4375 0.4294 0.844 0.781 0.234 0.018 0.291 1/4 0.250 0.159 0.015
1/2 0.5000 0.5000 0.4919 0.938 0.872 0.251 0.018 0.372 5/16 0.312 0.172 0.015
5/8 0.6250 0.6250 0.6163 1.188 1.112 0.324 0.022 0.454 3/8 0.375 0.220 0.015
3/4 0.7500 0.7500 0.7406 1.438 1.355 0.396 0.024 0.454 1/2 0.500 0.220 0.015

7/8 0.8750 0.8750 0.8647 1.688 1.604 0.468 0.025 . . . 9/16 0.562 0.248 0.015
1 1.0000 1.0000 0.9886 1.938 1.841 0.540 0.028 . . . 5/8 0.625 0.297 0.015
1 1/8 1.1250 1.1250 1.1086 2.188 2.079 0.611 0.031 . . . 3/4 0.750 0.325 0.031
1 1/4 1.2500 1.2500 1.2336 2.438 2.316 0.683 0.035 . . . 7/8 0.875 0.358 0.031
1 3/8 1.3750 1.3750 1.3568 2.688 2.553 0.755 0.038 . . . 7/8 0.875 0.402 0.031
1 1/2 1.5000 1.5000 1.4818 2.938 2.791 0.827 0.042 . . . 1 1.000 0.435 0.031

Nominal
Size 

or Basic 
Screw

Diameter

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.
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A-20 Appendix 

E A H2 J T U F3 G3

Max Min Ref Max Min Max Min Max Max Min
1/4 0.2500 0.2500 0.2450 0.500 0.452 0.140 0.075 0.064 0.068 0.045 0.100 0.046 0.030 0.424
5/16 0.3125 0.3125 0.3070 0.625 0.567 0.177 0.084 0.072 0.086 0.057 0.125 0.053 0.035 0.538
3/8 0.3750 0.3750 0.3690 0.750 0.682 0.210 0.094 0.081 0.103 0.068 0.150 0.060 0.040 0.651
7/16 0.4375 0.4375 0.4310 0.812 0.736 0.210 0.094 0.081 0.103 0.068 0.175 0.065 0.044 0.703

1/2 0.5000 0.5000 0.4930 0.875 0.791 0.210 0.106 0.091 0.103 0.068 0.200 0.071 0.049 0.756
9/16 0.5625 0.5625 0.5550 1.000 0.906 0.244 0.118 0.102 0.120 0.080 0.225 0.078 0.054 0.869
5/8 0.6250 0.6250 0.6170 1.125 1.020 0.281 0.133 0.116 0.137 0.091 0.250 0.085 0.058 0.982
3/4 0.7500 0.7500 0.7420 1.375 1.251 0.352 0.149 0.131 0.171 0.115 0.300 0.099 0.068 1.208

7/8 0.8750 0.8750 0.8660 1.625 1.480 0.423 0.167 0.147 0.206 0.138 0.350 0.113 0.077 1.435
1 1.0000 1.0000 0.9900 1.875 1.711 0.494 0.188 0.166 0.240 0.162 0.400 0.127 0.087 1.661
1 1/8 1.1250 1.1250 1.1140 2.062 1.880 0.529 0.196 0.178 0.257 0.173 0.450 0.141 0.096 1.826
1 1/4 1.2500 1.2500 1.2390 2.312 2.110 0.600 0.211 0.193 0.291 0.197 0.500 0.155 0.105 2.052

1 3/8 1.3750 1.3750 1.3630 2.562 2.340 0.665 0.226 0.208 0.326 0.220 0.550 0.169 0.115 2.279
1 1/2 1.5000 1.5000 1.4880 2.812 2.570 0.742 0.258 0.240 0.360 0.244 0.600 0.183 0.124 2.505

1 Where specifying nominal size in decimals, zeros preceding decimal and in the fourth decimal place shall be omitted.
2 Tabulated values determined from formula for maximum H, Appendix III.
3 No tolerance for gaging diameter is given. If the gaging diameter of the gage used differs from tabulated value, the protrusion will be affected accordingly and the
proper protrusion values must be recalculated using the formulas shown in Appendix II.
FOOTNOTES REFER TO ANSI B18.6.2–1972 (R1993).

Nominal Size1 or
Basic Screw

Diameter

Body
Diameter

Head Diameter

Max,
Edge
Sharp

Min,
Edge

Rounded
or Flat

Head
Height

Slot Width Slot Depth Fillet
Radius

Protrusion
Above Gaging

Diameter
Gaging
Diameter

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Cap Screw Specifications. (CONTINUED)
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Appendix A-21

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Cap Screw Specifications. (CONTINUED)
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A-22 Appendix 

L2 A H3 J T F4 G4

Ref Max Min Max Min Max Min

0000 0.0210 — 0.043 0.037 0.011 0.008 0.004 0.007 0.003 * * *
000 0.0340 — 0.064 0.058 0.016 0.011 0.007 0.009 0.005 * * *

00 0.0470 — 0.093 0.085 0.028 0.017 0.010 0.014 0.009 * * *

0 0.0600 1/8 0.119 0.099 0.035 0.023 0.016 0.015 0.010 0.026 0.016 0.078
1 0.0730 1/8 0.146 0.123 0.043 0.026 0.019 0.019 0.012 0.028 0.016 0.101 
2 0.0860 1/8 0.172 0.147 0.051 0.031 0.023 0.023 0.015 0.029 0.017 0.124
3 0.0990 1/8 0.199 0.171 0.059 0.035 0.027 0.027 0.017 0.031 0.018 0.148

4 0.1120 3/16 0.225 0.195 0.067 0.039 0.031 0.030 0.020 0.032 0.019 0.172
5 0.1250 3/16 0.252 0.220 0.075 0.043 0.035 0.034 0.022 0.034 0.020 0.196

6 0.1380 3/16 0.279 0.244 0.083 0.048 0.039 0.038 0.024 0.036 0.021 0.220
8 0.1640 1/4 0.332 0.292 0.100 0.054 0.045 0.045 0.029 0.039 0.023 0.267

10 0.1900 5/16 0.385 0.340 0.116 0.060 0.050 0.053 0.034 0.042 0.025 0.313
12 0.2160 3/8 0.438 0.389 0.132 0.067 0.056 0.060 0.039 0.045 0.027 0.362

1/4 0.2500 7/16 0.507 0.452 0.153 0.075 0.064 0.070 0.046 0.050 0.029 0.424
5/16 0.3125 1/2 0.635 0.568 0.191 0.084 0.072 0.088 0.058 0.057 0.034 0.539
3/8 0.3750 9/16 0.762 0.685 0.230 0.094 0.081 0.106 0.070 0.065 0.039 0.653
7/16 0.4375 5/8 0.812 0.723 0.223 0.094 0.081 0.103 0.066 0.073 0.044 0.690

1/2 0.5000 3/4 0.875 0.775 0.223 0.106 0.091 0.103 0.065 0.081 0.049 0.739
9/16 0.5625 — 1.000 0.889 0.260 0.118 0.102 0.120 0.077 0.089 0.053 0.851
5/8 0.6250 — 1.125 1.002 0.298 0.133 0.116 0.137 0.088 0.097 0.058 0.962
3/4 0.7500 — 1.375 1.230 0.372 0.149 0.131 0.171 0.111 0.112 0.067 1.186

1 Where specifying nominal size in decimals, zeros preceding decimal and in the fourth decimal place shall be omitted.
2 Screws of these lengths and shorter shall have undercut heads as shown in Table 5.
3 Tabulated values determined from formula for maximum H, Appendix V.
4 No tolerance for gaging diameter is given. If the gaging diameter of the gage used differs from tabulated value, the protrusion will be affected
accordingly and the proper protrusion values must be recalculated using the formulas shown in Appendix I.
* Not practical to gage.
For additional requirements refer to General Data on Pages 3, 4 and 5.
FOOTNOTES REFER TO ANSI B18.6.3-1972 (R1991). 
(Reprinted from The American Society of Mechanical Engineers—ANSI B18.6.3–1972 (R1991).)

Nominal Size1 or
Basic Screw

Diameter

These
Lengths or
Shorter are
Undercut

Head Diameter

Max.
Edge
Sharp

Min,
Edge

Rounded
or Flat

Head
Height

Slot
Width

Slot
Depth

Protrusion
Above Gaging

Diameter

Gaging
Diameter

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Machine Screw Specifications. 
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Appendix A-23

Set Screw Specifications. 
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A-24 Appendix 

Set Screw Specifications. (CONTINUED)
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Appendix A-25

F G 1

Basic Max Min Max Min Basic Max Min Basic Max Min

1/4 0.2500 7/16 0.438 0.428 0.505 0.488 7/32 0.226 0.212 5/32 0.163 0.150 0.015 0.010 0.015
5/16 0.3125 1/2 0.500 0.489 0.577 0.557 17/64 0.273 0.258 3/16 0.195 0.180 0.016 0.011 0.016
3/8 0.3750 9/16 0.562 0.551 0.650 0.628 21/64 0.337 0.320 7/32 0.227 0.210 0.017 0.012 0.017
7/16 0.4375 11/16 0.688 0.675 0.794 0.768 3/8 0.385 0.365 1/4 0.260 0.240 0.018 0.013 0.018

1/2 0.5000 3/4 0.750 0.736 0.866 0.840 7/16 0.448 0.427 5/16 0.323 0.302 0.019 0.014 0.019
9/16 0.5625 7/8 0.875 0.861 1.010 0.982 31/64 0.496 0.473 5/16 0.324 0.301 0.020 0.015 0.020
5/8 0.6250 15/16 0.938 0.922 1.083 1.051 35/64 0.559 0.535 3/8 0.387 0.363 0.021 0.016 0.021
3/4 0.7500 1   1/8 1.125 1.088 1.299 1.240 41/64 0.665 0.617 27/64 0.446 0.398 0.023 0.018 0.023
7/8 0.8750 1   5/16 1.312 1.269 1.516 1.447 3/4 0.776 0.724 31/64 0.510 0.458 0.025 0.020 0.025

1 1.0000 1   1/2 1.500 1.450 1.732 1.653 55/64 0.887 0.831 35/64 0.575 0.519 0.027 0.022 0.027
1 1/8 1.1250 1 11/16 1.688 1.631 1.949 1.859 31/32 0.999 0.939 39/64 0.639 0.579 0.030 0.025 0.030
1 1/4 1.2500 1   7/8 1.875 1.812 2.165 2.066 1   1/16 1.094 1.030 23/32 0.751 0.687 0.033 0.028 0.033
1 3/8 1.3750 2   1/16 2.062 1.994 2.382 2.273 1 11/64 1.206 1.138 25/32 0.815 0.747 0.036 0.031 0.036

1 1/2 1.5000 2   1/4 2.250 2.175 2.598 2.480 1   9/32 1.317 1.245 27/32 0.880 0.808 0.039 0.034 0.039

Nominal Size
or 

Basic Major Dia
of Thread

Width Across
Flats

Width Across
Corners

Thickness
Hex Nuts

Thickness
Hex Jam Nuts

Hex Nuts
Specified Proof

Load

Up to
150,000

psi

150,000
psi and
Greater

Jam
Nuts All
Strength
Levels

Runout of Bearing Face,
FIR Max

HH

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Hex Nut Specifications.
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Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Dimensions of Preferred Sizes of Type A Plain Washers.
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Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

ANSI B18.21.1-1990

Dimensions of Spring Lock Washers.
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Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

ASME/ANSI B18.21.1-1994

Dimensions of Internal and External Tooth Lock Washers.
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Appendix A-29

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

ASME/ANSI B18.21.1-1994

Dimensions of Internal and External Tooth Lock Washers. (CONTINUED)
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Fraction Decimal Tap Fraction Decimal Tap Fraction Decimal Tap Fraction Decimal Tap 
or Drill Size Equivalent Size or Drill Size Equivalent Size or Drill Size Equivalent Size or Drill Size Equivalent Size

Number 80 .0135
Size

79 .0145Drills
.0156

78 .0160
77 .0180
76 .0200
75 .0210
74 .0225
73 .0240
72 .0250
71 .0260
70 .0280
69 .0292
68 .0310

.0312
67 .0320
66 .0330
65 .0350
64 .0360
63 .0370
62 .0380
61 .0390
60 .0400
59 .0410
58 .0420
57 .0430
56 .0465

.0469 0–80
55 .0520
54 .0550 1–56
53 .0595 1–64, 72

.0625
52 .0635
51 .0670
50 .0700 2–56, 64
49 .0730
48 .0760

.0781
47 .0785 3–48
46 .0810
45 .0820 3–56, 4–32
44 .0860 4–36
43 .0890 4–40
42 .0935 4-–48

.0938
41 .0960
40 .0980

39 .0995
38 .1015 5–40
37 .1040 5–44
36 .1065 6–32

.1094
35 .1100
34 .1110 6–36
33 .1130 6–40
32 .1160
31 .1200

.1250
30 .1285
29 .1360 8–32,36
28 .1405 8–40

.1406
27 .1440
26 .1470
25 .1495 10–24
24 .1520
23 .1540

.1562
22 .1570 10–30
21 .1590 10–32
20 .1610
19 .1660
18 .1695

.1719
17 .1730
16 .1770 12–24
15 .1800
14 .1820 12–28
13 .1850 12–32

.1875
12 .1890
11 .1910
10 .1935
9 .1960
8 .1990
7 .2010 1/4–20

.2031
6 .2040
5 .2055
4 .2090
3 .2130 1/4–28

.2188
2 .2210
1 .2280
A .2340

.2344
B .2380
C .2420
D .2460
E .2500
F .2570 5/16–18
G 2610

.2656
H .2660
I .2720 5/16–24
J .2770
K .2810

.2812
L .2900
M .2950

.2969
N .3020

.3125 3/8–16
O .3160
P .3230

.3281
Q .3320 3/8–24
R .3390

.3438
S .3480
T .3580

.3594
U .3680 7/16–14

.3750
V .3770
W .3860

.3906 7/16–20
X .3970
Y .4040

.4062
Z .4130

.4219 1/2–13

.4375

.4531 1/2–20

.4688

.4844 9/16–12

.5000

.5156 9/16–18

.5312 5/8–11

.5469

.5625

.5781 5/8–18

.5938 11/16–11

.6094

.6250 11/16–16

.6406

.6562 3/4–10

.6719

.6875 3/4–16

.7031

.7188

.7344

.7500

.7656 7/8–9

.7812

.7969

.8125 7/8–14

.8281

.8438

.8594

.8750 1–8

.8906

.9062

.9219

.9375 1–12, 14

.9531

.9688

.9844 1 1/8–7
1.0000
1.0469 1 1/8–12
1.1094 1 1/4–7
1.1250
1.1719 1 1/4–12
1.2188 1 3/8–6
1.2500
1.2969 1 3/8–12
1.3438 1 1/2–6
1.3750
1.4219 1 1/2–12
1.5000

1
64 7

64

15
64

17
64

19
64

21
64

23
64

25
64

27
64
29
64
31
64
33
64
35
64
37
64

9
32

11
32

13
32

15
32

17
32

5
16

3
8

7
16

1
2

9
16

9
64

11
64

13
64

7 
32

5
32

1
32

1
16

3
64

5
64

Letter
Size
Drills

Letter
Size
Drills

3
32

1
8

1
4

3
16

39
64
41
64
43
64
45
64
47
64
49
64
51
64
53
64
55
64
57
64
59
64
61
64
63
64

19
32

21
32

23
32

25
32

27
32

29
32

31
32

5
8

11
16

3
4

13
16

7
8

15
16

1

1 1/8

1 1/4

1 3/8

1 1/2

1 7/32

1 11/32

1 3/64
1 7/64

1 11/64

1 19/64

1 27/64

Pipe Thread Sizes

Thread Drill Thread Drill

1/8–27 R 1 1/2–11 1/2 1 47/64
1/4–18 7/16 2–11 1/2 2 7/32
3/8–18 37/64 2 1/2–8 2 5/8
1/2–14 23/32 3–8 3 1/4
3/4–14 59/64 3 1/2–8 3 3/4

1–11 1/2 1 5/32 4–8 4 1/4
1 1/4–11 1/2 1 1/2

T
ap D

rill Sizes.
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9
6
_
2
7
_
A
p
p
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A-32 Appendix 

Dimensions of Keys and Slots. (CONTINUED)

42496_27_AppA  12/27/07  10:24 AM  Page 32



Appendix A-33

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Dimensions of Keys and Slots. (CONTINUED)

42496_27_AppA  12/27/07  10:24 AM  Page 33



A-34 Appendix 

Dimensions of Keys and Slots. (CONTINUED)
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Appendix A-35

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

KEY DIMENSIONS AND TOLERANCES

Dimensions of Keys and Slots. (CONTINUED)
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A-36 Appendix 

Dimensions of Keys and Slots. (CONTINUED)

Reprinted from ASME B18.2.1-1981 (R1992), B18.2.2-1987 (R1993), B18.3-1986
(R1993), B18.6.2-1972 (R1993), B18.6.3-1972 (R1991), B18.21.1-1994, B18.22.1-1965
(R1990), B17.1-1967 (R1998), B17.2-1967 (R1990) and B4.2-1978 (R1994), by
permission of The American Society of Mechanical Engineers. All rights reserved.

Dimensions of Keys and Slots. (CONTINUED)
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Appendix A-37

Application SAE No. Application SAE No.

Adapters .......................... 1145
Agricultural steel ............... 1070

.................. 1080
Aircraft forgings ................ 4140
Axles, front or rear ............

...............
1040
4140

Axle shafts........................ 1045
..........................
..........................
..........................
..........................
..........................
..........................
..........................

2340
2345
3135
3140
3141
4063
4340

Ball-bearing races ............. 52100
Balls for ball bearings........ 52100
Body stock for cars............ rimmed*
Bolts, anchor .................... 1040
Bolts and screws ............... 1035
Bolts, cold-headed............. 4042
Bolts, connecting-rod.......... 3130
Bolts, heat-treated.............. 2330
Bolts, heavy-duty ............... 4815

4820
Bolts, steering-arm .............

.................
3130

Brake levers...................... 1030
....................... 1040

Bumper bars ..................... 1085
Cams, free-wheeling .......... 4615

............... 4620
Camshafts ........................ 1020

......................... 1040
Carburized parts...............

................

................

................

................

................

................

................

................

................

................

................

................

1020
1022
1024
1320
2317
2515
3310
3115
3120
4023
4032
1117
1118

Chain pins, transmission....... 4320
4815
4820

Chains, transmission ............
................

3135
3140

Clutch disks 1060
1070
1085

Clutch springs ..................... 1060
Coil springs ........................

........................

........................

........................

4063
Cold-headed bolts ............... 4042
Cold-heading steel............... 30905
Cold-heading wire or rod.....

.....

..........

..........

rimmed*
1035

Cold-rolled steel .................. 1070
Connecting-rods ..................

.....................
1040
3141

Connecting-rod bolts ............ 3130
Corrosion resisting...............

..................
51710
30805

Covers, transmission ............ rimmed*
Crankshafts......................... 1045

.............................. 1145

.............................. 3135

.............................. 3140

.............................. 3141
Crankshafts, Diesel engine ... 4340
Cushion, springs.................. 1060
Cutlery, stainless.................. 51335
Cylinder studs ..................... 3130
Deep-drawing steel ..............

..............
rimmed*
30905

Differential gears................. 4023
Disks, clutch........................

........................
1070

                1060
Ductile steel ........................ 30905
Fan blades ......................... 1020
Fatigue resisting ..................

......................
4340
4640

Fender stock for cars............ rimmed*
Forgings, aircraft ................. 4140
Forgings, carbon steel..........

..........
1040
1045

Forgings, heat-treated ..........
.............

3240
5140

General Applications of SAE Steels.
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A-38 Appendix 

Application SAE No. Application SAE No.

Forgings, heat-treated ........ 6150
Forgings, high-duty ............ 6150
Forgings, small or medium . 1035
Forgings, large .

................

................

................

................

................

................

................

................

................

................

................

................

................

................

1036
Free-cutting carbon steel.....

.......
1111

.......

1113
Free-cutting chro.-ni.steel .... 30615
Free-cutting mang. steel...... 1132

1137
Gears, carburized............. 1320

2317
3115
3120
3310
4119
4125
4320
4615
4620
4815
4820

Gears, heat-treated............ 2345
Gears, car and truck .........

............
4027
4032

Gears, cyanide-hardening.. 5140
Gears, differential ............. 4023
Gears, high duty...............

................
4640
6150

Gears, oil-hardening.......... 3145
3150
4340
5150

Gears, ring....................... 1045
........................ 3115
........................ 3120
........................ 4119

Gears, transmission ........... 3115
.................. 3120
.................. 4119

Gears, truck and bus .........
...........

3310
4320

Gear shift levers................ 1030
Harrow disks .................... 1080

....................... 1095
Hay-rake teeth .................. 1095

Key stock .......................... 1030
............................ 2330
............................ 3130

Leaf springs ........................ 1085
.......................... 9260

Levers, brake ...................... 1030
........................ 1040

Levers, gear shift ................. 1030
Levers, heat-treated .............. 2330
Lock-washers....................... 1060
Mower knives ..................... 1085
Mower sections ................... 1070
Music wire.......................... 1085
Nuts .................................. 3130
Nuts, heat-treated ................ 2330
Oil-pans, automobile ........... rimmed*
Pinions, carburized.............. 3115

................... 3120

................... 4320
Piston-pins .......................... 3115

.......................... 3120
Plow beams ........................ 1070
Plow disks .......................... 1080
Plow shares ........................ 1080
Propeller shafts.................... 2340

......................

......................
2345
4140

Races, ball-bearing.............. 52100
Ring gears .......................... 3115

.......................... 3120

.......................... 4119
Rings, snap......................... 1060
Rivets ................................. rimmed*
Rod and wire...................... killed*
Rod, cold-heading ............... 1035
Roller bearings.................... 4815
Rollers for bearings.............. 52100
Screws and bolts ................. 1035
Screw stock, Bessemer ......... 1111

..............

..............
1112
1113

Screw stock, open hearth ..... 1115
Screws, heat-treated............. 2330
Seat springs........................ 1095
Shafts, axle......................... 1045

General Applications of SAE Steels. (CONTINUED)
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Appendix A-39

Application SAE No. Application SAE No.

Shafts, cyanide-hardening .. 5140
Shafts, heavy-duty ............. 4340

...............

...............

...............

6150
4615
4620

Shafts, oil-hardening.......... 5150
Shafts, propeller................ 2340

.....................

.....................
2345
4140

Shafts, transmission ........... 4140
Sheets and strips ...............
Snap rings........................ 1060
Spline shafts ..................... 1045

.......................

.......................

.......................

.......................

.......................

.......................

.......................

.......................

1320
2340
2345
3115
3120
3135
3140
4023

Spring clips ...................... 1060
Springs, coil ..................... 1095

4063
6150

Springs, clutch .................. 1060
Springs, cushion................ 1060
Springs, leaf ..................... 1085

1095
4063
4068
9260
6150

Springs, hard-drawn coiled 1066
Springs, oil-hardening........ 5150
Springs, oil-tempered wire.. 1066
Springs, seat..................... 1095
Springs, valve ................... 1060
Spring wire ...................... 1045
Spring wire, hard-drawn .... 1055
Spring wire, oil-tempered ... 1055
Stainless irons ................... 51210

..................... 51710
Steel, cold-rolled ............... 1070

Steel, cold-heading .............. 30905
Steel, free-cutting carbon ...... 11111

1113
Steel, free-cutting chro.-ni. .... 30615
Steel, free-cutting mang. .......

.......

.......

..........

1132
0000

Steel, minimum distortion...... 4615
4620
4640

Steel, soft ductile ................. 30905
Steering arms...................... 4042
Steering-arm bolts................

............

3130
Steering knuckles................. 3141
Steering-knuckle pins............ 4815

4820
Studs ................................. 1040

................................... 1111
Studs, cold-headed .............. 4042
Studs, cylinder .................... 3130
Studs, heat-treated ............... 2330
Studs, heavy-duty ................ 4815

.................. 4820
Tacks ................................ 
Thrust washers .................... 1060
Thrust washers, oil-harden .... 5150
Transmission shafts .............. 4140
Tubing ............................... 1040
Tubing, front axle ................ 4140
Tubing, seamless ................. 1030
Tubing, welded ................... 1020
Universal joints.................... 1145
Valve springs ...................... 1060
Washers, lock ..................... 1060
Welded structures ................ 30705
Wire and rod .....................

..................

killed*
Wire, cold-heading.............. 

.......... 

1035
Wire, hard-drawn spring...... 1045

1055
Wire, music ........................ 1085
Wire, oil-tempered spring..... 1055
Wrist-pins, automobile ......... 1020
Yokes ................................ 1145

rimmed*

rimmed*

rimmed*

......................

......................

.....................

.....................

.....................

.....................

.....................

General Applications of SAE Steels. (CONTINUED)
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A-40 Appendix 

Element

   Courtesy of “Metals Handbook,” vol. 1, 8th ed., American Society for Metals, Cleveland, 1961.

Sym-
bol

Melting
point,

°F

Boiling
point,

°F

Specific
heat,a

cal/g/°C

Density,a

g/cm3

Modulus
of elas-
ticity in
tension,
million

psi

Electrical
resistivity,
microhm-

cm

Crystal
structure

Coefficient
of linear
thermal

expansion,a

µ in./in./°F

Thermal
conductivity,a

Btu/hr/sq ft/
°F/ft

Aluminum.................
Antimony .................
Arsenic ....................
Barium.....................
Beryllium..................
Bismuth....................
Boron ......................
Cadmium.................
Calcium ...................
Carbon (graphite) .....
Cerium ....................
Cesium ....................
Chromium ................
Cobalt .....................
Columbium...............
Copper....................
Gallium ...................
Germaniumc.............
Gold .......................
Indium .....................
Iridium.....................
Iron .........................
Lanthanum ...............
Lead........................
Lithium.....................
Magnesium ..............
Manganese..............
Mercury...................
Molybdenum ............
Nickel .....................
Osmium...................
Palladium.................
Phosphorus (white) ....
Platinum...................
Plutonium .................
Potassium.................
Rhenium...................
Rhodium ..................
Rubidium .................
Ruthenium ................
Selenium..................
Siliconc ........................

Silver.......................
Sodium ....................
Strontium .................
Tantalum ..................
Tellurium ..................
Thallium...................
Thorium ...................
Tin...........................
Titanium...................
Tungsten ..................
Uranium...................
Vanadium ................
Yttrium.....................
Zinc ........................
Zirconium ................

Al
Sb
As
Ba
Be
Bi
B
Cd
Ca
C
Ce
Cs
Cr
Co
Cb
Cu
Ga
Ge
Au
In
Ir
Fe
La
Pb
Li
Mg
Mn
Hg
Mo
Ni
Os
Pd
P
Pt
Pu
K
Re
Rh
Rb
Ru
Se
Si
Ag
Na
Sr
Ta
Te
Tl
Th
Sn
Ti
W
U
V
Y
Zn
Zr

f.c.c
Rhomb.
Rhomb.
b.c.c.
h.c.p.
Rhomb.
Orthorhomb
h.c.p.
f.c.c.
Hexag.
f.c.c.
b.c.c.
b.c.c.
h.c.p.
b.c.c.
f.c.c.
Orthorhomb.
Diam. cubic
f.c.c. 
f.c.tetr.
f.c.c.
b.c.c.
Hexag.
f.c.c.
b.c.c.
h.c.p.
Complex cubic
Rhomb.
b.c.c.
f.c.c.
h.c.p.
f.c.c.
Cubic
f.c.c.
Monoclinic
b.c.c.
h.c.p.
f.c.c.
b.c.c.
h.c.p.
Hexag.
Diam. cubic
f.c.c.
b.c.c.
f.c.c.
b.c.c.
Hexag.
h.c.p.
f.c.c.
Tetrag
h.c.p.
b.c.c.
Orthorhomb.
h.c.c.
h.c.p.
h.c.p.
h.c.p.

0.215
0.049
0.082
0.068
0.45
0.029
0.309
0.055
0.149
0.165
0.045
0.048
0.11
0.099
0.065
0.092
0.079
0.073
0.031
0.057
0.031
0.11
0.048
0.031
0.79
0.245
0.115
0.033
0.000
0.105
0.031
0.058
0.177
0.0314
0.033
0.177
0.033
0.059
0.080
0.057
0.084
0.162
0.056
0.295
0.176
0.034
0.047
0.031
0.034
0.054
0.124
0.033
0.028
0.119
0.071
0.092
0.067

 128.
 10.8
  . . . . .
  . . . . .  
 84.4
 4.8
  . . . . .
 53.
 72.3
 13.8
 6.6
  . . . . .
 40.3
 41.5
 31.5
 226.
 19.4
 33.7
 171.
 13.8
 33.7
 43.3
 8.
 20.
 41.
 88.5
  . . . . .
 4.7
 82.
 53.
  . . . . .
 40.5
  . . . . .
 39.8
 4.8
 58.
 41.
 50.6
  . . . . .
  . . . . .
  . . . . .
 48.2
 242.
 77.2
  . . . . .
 31.3
 3.3
 22.5
 21.7
 36.2
 9.8
 96.
 17.1
 16.9
 8.5
 65.
 9.6

 

 9
 11.3
  . . . . .
  . . . . .
 42
 4.6
  . . . . .
 8
 3.5
 0.7
 6
  . . . . .
 36
 30
  . . . . .
 16
  . . . . .
  . . . . .
 11.6
 1.57
 76
 28.5
 10.5
 2
  . . . . .
 6.35
 23
  . . . . .
 47
 30
 81
 16.3
  . . . . .
 21.3
 14
  . . . . .
 66.7
 42.5
  . . . . .
 60
 8.4
 16.35
 11
  . . . . .
  . . . . .
 27
 6
  . . . . .
  . . . . .
 6.3
 16.8
 50
 24
 19
 17
  . . . . .
 13.7

 

 2.70
 6.62
 5.72
 3.5
 1.85
 9.80
 2.34
 8.65
 1.55
 2.25
 6.77
 1.90
 7.19
 8.85
 8.57
 8.96
 5.91
 5.32
 19.32
 7.31
 22.50
 7.87
 6.19
 11.36
 0.534
 1.74
 7.73
 13.55
 10.22
 8.90
 22.57
 12.02
 1.83
 21.45
 19.00
 0.86
 21.04
 12.44
 1.53
 12.20
 4.70
 2.33
 10.49
 0.971
 2.60
 16.60
 6.24
 11.85
 11.66
 7.30
 4.51
 19.30
 19.07
 6.1
 4.47
 7.13
 6.49

1220
1167
1503
1317
2332

520
3690

610
1540
6740
1479

84
3407
2723
4474
1981

86
1719
1954

313
4449
2798
1688

621
357

1202
2273
�37

4730
2647
4900
2826

112
3217
1184

147
5755
3571

102
4530

423
2570
1761

208
1414
5425

841
577

3182
449

3035
6170
2070

3450 
2748

787
3366

(28 atm)

b

 13.1
 4.7
 2.6

 6.4
 7.4
 4.6
 16.55
 12.4
 
 4.4
 54
 3.4
 7.66
 4.06
 9.2
 10
 3.19
 7.9
 18
 3.8
 6.53
 2.77
 16.3
 31
 15.05
 12.22

 2.7
 7.39
 2.6
 6.53
 70
 4.9
 30.55
 46
 3.7
 4.6
 50
 5.1
 21

 10.9
 39
   . . . . .
 3.6
 9.3
 16
 6.9
 13
 4.67
 2.55

 4.6

 22
 3.2

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

0.3 to 2.4

1.6 to 1.4

3.8 to 7.8

 2.65
 39
 33.3

 4
 107
 10
 6.83
 3.91
 1375
 75
 20
 12.9
 6.24
 12.5
 1.67
 17.4
 
 2.35
 8.37
 5.3
 9.71
 57
 20.6
 8.55
 4.45
 185
 98.4
 5.2
 6.84
 9.5
 10.8
 10
 10.6
 141.4
 6.15
 19.3
 4.51
 12.5
 7.6
 12
 10
 1.59
 4.2
   23
 12.45

 18
 13
 11
 42
 5.65
 30
 26
 57
 5.92
 40

. . . . . . . . .

46 � 105

46 � 105

6

5

4442
2516
1135
2980
5020
2840
. . . . .
1409
2625
8730
6280
1273
4829
5250
8901
4703
4059
5125
5380
3632
9570
5430
6280
3137
2426
2025
3900

675
10040

4950
9950
7200

536
8185
6000
1400

10650
8130
1270
8850
1265

48660
4010
1638
2520
9800
1814
2655
7000
4120
5900

10706
6904
6150
5490
1663
6470

b

ª  Near 68°F (20°C)
b  Sublimes—triple point at 2028 atm.
c  Semiconductor.

Properties of Common Metals (density, Young’s modules, coefficient of thermal expansion).
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Appendix A-41

Metal

Gray cast iron, ASTM 20, med. sec.
Gray cast iron, ASTM 50, med. sec.
Nodular ductile cast iron:
      Type 60-45-10........................
      Type 120-90-02......................
      Austenitic ...............................
Malleable cast iron, ferritic 32510..
Malleable cast iron, pearlitic 60003 
Ingot iron, hot rolled......................
Ingot iron, cold drawn ...................
Wrought iron, hot rolled longit........
Cast carbon steel, normalized 70000
Cast steel, low alloy, 100,000 norm.
      and temp ...............................
Cast steel, low alloy, 200,000
      quench. and temp ...................
Wrought plain C steel:
      C1020 hot rolled ....................
      C1045 hard. and temp. 100°F 
      C1095 hard. and temp. 700°F 
Low-alloy steels:
      Wrought 1330, HT  and  temp
         1000°F...............................
      Wrought 2317, HT  and  temp
         1000°F...............................
      Wrought 4340, HT  and  temp
         800°F.................................
      Wrought 6150, HT  and  temp
         1000°F...............................
      Wrought 2317, HT  and  temp
         800°F.................................
Ultra high strength steel H11, HT
      300M HT and temp. 500°F......
      4340 HT and temp. 400°F.......
      25 Ni Maraging.....................
Austenitic Stainless Steel 302, cold
      worked ..................................
Ferritic Stainless Steel 302, cold
      worked ..................................
Martensitic Stainless Steel 410, HT
Martensitic Stainless Steel 440A,
      HT.........................................
Nitriding Steels, 135 Mod, hard
      and temp. (core properties) ......
Nitiding Steels 5Ni-2A, hard. and
      temp......................................
Structural Steel..............................
Aluminum Alloys, cast:
     195 SHT and aged ..................
     220 SHT.................................
     142 SHT and aged ..................
     355 SHT and aged ..................
     A13 as cast.............................

    

 12
 19

22–25
22–25
 18.5
 25
 28
 29.8
 29.8
 29.5
 30

29–30

29–30

29–30
29–30
29–30

29–30

29–30

29–30

29–30

29–30
 30

 30
 24

 28

 29
 29

 29

29–30

29–30
 30

 10.1
 9.5
 10.3
 10.2
 10.3

22
53

60–80
120–150
58–68
50
80–100
44
73
48
70

100

200

66
118
180

122

107

220

187

214
295–311
289
287
319

110

75–90
90–190

260

145–159

206
50–65

36
48
28–47
35–42
39

   45–60
  90–125
  32–38
 33.5
   60–80
 23
 69
 27
 38

 68

 170

 44
 88
 118

 100

 72

 200

 179

 194
241–247
 242
 270
 284

 75

  45–80
  60–145

 240

125–141

 202
  30–40

 24
 26
  25–42
  25–27
 27

 10
 25

 35
 52
 32
 28
 39–40
 28
 33
 23
 31

 45

 85

 32

 132
 116
 107

 34

 40

 45–90

 90

 8
 8
 9.5
    9–10
 19

 180
   240

140–190
240–325
140–200
110–156
197–269
 83
 142
  97–105
 140

 209

 400

 143
 277
 375

 248

 222

 445

 444

 423

 240

180–390

 510

285–320

 120

 75
 75
  75–110
  80–90

Modulus
of

elasticity
E,

million
psi

Ultimate
tensile

strength
σu,

thousand
psi

Yield
strength

σy,
thousand

psi

Endur-
ance
limit
σend,

thousand
psi

Hard-
ness

Brinell

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

ANSI Grades for Steel and Aluminum Alloys (yield strength and ultimate strength for alloys for various conditions including
Cold Rolled and Hot Rolled).
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A-42 Appendix 

Metal

Aluminum Alloys, wrought:
   EC ann ...................................
   EC H 19, hard.........................
   3003 H 18 hard......................
   2024 H T (T3) .........................
   5052 H 38, hard.....................
   7075 HT (T6) ..........................
   7079 HT (T6) ..........................
Copper alloys, cast:
   Leaded red brass BB11-4A........
   Leaded tin bronze BB11-2A ......
   Yellow brass BB11-7A ..............
   Aluminum bronze BB11-9BHT....
Copper alloys, wrought:
   Oxygen-free 102 ann...............
      Hard ...................................
   Beryllium copper, 172 HT.........
   Cartridge Brass, 260 hard ........
   Muntz metal, 280 ann..............
   Admiralty, 442 ann..................
   Manganese bronze, 675 hard ..
   Phosphor bronze, 521 spring ....
   Silicon bronze, 647 HT ............
   Cupro-Nickel, 715 hard ...........
Magnesium alloys, cast:
   AZ63A, aged..........................
   AZ92A, aged..........................
   HK31A, T6 .............................
Magnesium Alloys, wrought:
   AZ61AF, forged.......................
   ZE-10A-H24............................
   HM31A-T5..............................
Nickel-alloy castings 210.............
   Monel 411 cast .......................
   Inconel 610 cast ......................
Nickel alloys, wrought:
   200 Spring .............................
   Duranickel, 301 Spring ............
   K Monel, K500 Spring .............
Titanium alloys, wrought, unalloyed
   5A1-2.5 Sn .............................
   13V-11 Cr3A1 HT ...................
Zinc, wrought, comm. rolled.........
Zinconium, wrought:
   Reactor grade..........................
   Zircaloy 2 ...............................
Pure metals, wrought:
   Beryllium, ann .........................
   Hafnium, ann ..........................
   Thorium, ann ...........................
   Vanadium, ann ........................
   Uranium, ann ..........................

 10
 10
 10
 10.6
 10.2
 10.4
 10.3

     9–14.8
   12–16
   12–14
 15

 17

   19
   16
   15
   16
   15
   16
   18
   22

     6.5
     6.5
     6.5

      6.5
      6.5
      6.5
    21.5
    19
    23

    30
    30
    26
   15–16
   16–17
14.5–16

   14
   14
   13.8

   44
   20
   10
   20
   30

 12
 27
 29
 70
 42
 83
 78

33–46
36–48
60–78
 90

  32–35
  50–55
165–183
 76
 54
 53
 84
 112
 100
 80

  30–40
  36–40
 31

 43
  34-38
 42
  45–60
  65–90
  70–95

  90–130
155–190
145–165
  60–110
115–140
190–240
  25–31
 64
 49
 68

  60–90
 77
 34
 72
 90

 
 4
 24
 27
 50
 37
 73
 68

  17–24
  16–21
  25–40
 40

 10
 45
150–170
 63
 21
 22
 60
 70
 88
 73

  14-19
  16-21
 16

 26
  19-28
 33
  20–30
  32–45
  30–45

  70–115

130–180
  40–95
110–135
170–220

 53
 29
 61

  45–55
 32
 26
 64
 25

 7
 10
 20
 20
 23
 23

 11
 13
  35–40
 21

   11–15
  11–15
    9–11

  17–22
  20–24
  12–14

  60–70
 95
  50–55
 4.1

 55
 120
 77
 150
 145

 55
  60–72
  80–95
 180

  55–73
  80–84
 55

 55

  80–125
125–150
 190

Modulus
of

elasticity
E,

million
psi

Ultimate
tensile

strength
σu,

thousand
psi

Yield
strength

σy,
thousand

psi

Endur-
ance
limit
σend,

thousand
psi

Hard-
ness

Brinell

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . . . . . . . . . . .

ANSI Grades for Steel and Aluminum Alloys (yield strength and ultimate strength for alloys for various conditions including
Cold Rolled and Hot Rolled). (CONTINUED)
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Appendix A-43

   Babbitt has a compressive elastic limit of 1.3 to 2.5 ksi and a Brinell hardness of 20.
   Compressive yield strength of all metals, except those cold-worked = tensile yield
strength.
   Poisson’s ratio is in the range 0.25 to 0.35 for metals.
   Yield strength is determined at 0.2 per cent permanent deformation.
   Modulus of elasticity in shear for metals is approximately 0.4 of modulus of elasticity
in tension E.
   Compressive yield strength of cast iron 80,000 to 150,000 ksi.
From Materials in Design Engineering, Materials Selector Issue, vol. 56, No. 5, 1962.
   Courtesy of McGraw-Hill Companies.

Precious metals:
 Gold, ann.........................
 Silver, ann ........................
 Platinum, ann ....................
 Rhodium, ann....................
 Osmium, cast ....................
 Iridium, ann ......................

12
11
21
17
42
80
74

25
25–35
38–52

46
55–156

350
170

19
22

17–26
30
73

8
2–5.5

5

46

. . . . . . .

. . . . . . .

Metal

Modulus
of

elasticity
E,

million
psi

Ultimate
tensile

strength
σu,

thousand
psi

Yield
strength

σy,
thousand

psi

Endur-
ance
limit
σend,

thousand
psi

Hard-
ness

Brinell

ANSI Grades for Steel and Aluminum Alloys (yield strength and ultimate strength for alloys for various conditions including
Cold Rolled and Hot Rolled). (CONTINUED)

Type 

ª Short time. 

Harold A. Rothbart, Mechanical Design and Systems Handbook, © 1985, McGraw-Hill. 
Reprinted with permission of The McGraw-Hill Companies 

Acrylic, general purpose,
 type I................................
Cellulose acetnte, type I
 (med.) ..............................
Epoxy, general purpose .........
Nylon 6 ...............................
Phenolic, type I (mech.)..........
Polyester, Allyl type ...............
Silicone, general (mineral)......
Polystyrene, general purpose
Polyethylene, low density .......
Polyethylene, medium 
   density..............................
Polyethylene, high density......
Polypropylene.......................

Specific
gravity

1.17–1.19

1.24–1.34
1.12–2.4
1.13–1.14

1.31
1.30–1.45
1.80–2.0
1.04–1.07

0.92

0.93
0.96

0.89–0.91

450–530

250–600
350–550
420–485
350–400
330–500
350–400

>500
  480

  480
  480

769–820

3.5–4.5

2.5–3.4
4–5
2–3

4–5
0.22

1.4–1.7

6–9  

2.7–6.5  
2–12

10.2–12     
6–9  

4.5–7     
4.2     
5–8  

1.4–2     
     

2        
4.4     
5        

Coeffi- 
cient of 
thermal 

expansion, 
10–6 
˚F 

Volume 
resistivity, 
ohm-cm 

Dialec-
tric

strength
(a),

volts/mil

Modu-
lus of

elastic-
ity in
ten-
sion

106 psi

Thermal 
conduc- 
tivity, 

Btu/hr/ 
sq ft/ 
˚F/ft 

4.5

4.4–9.0
1.7–5.0
4.6–5.4
3.3–4.4
2.8–5.6
2.8–3.2
3.3–4.8
8.9–11 

8.3–16.7
8.3–16.7

6.2

0.12

0.1–0.19
0.1–0.8  
0.1–0.14

0.12
0.09

0.00–0.09
0.19

0.19
0.19
0.08

>1015

  1012

  1013

  1014

>1013

>1013

  1018

  1018

  
>1015

>1015

  1016

Tensile
strength,
103 psi

. . . . . . .  

. . . . . . .  

. . . . . . .  

. . . . . . .  

. . . . . . .  

. . . . . . .  

1.7 � 1012

Properties of Common Plastics (density, Young’s Modulus, coefficient of thermal expansion, strength).
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Sheet Metal and Wire Gage Designation.
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Appendix A-45

Roughness Average, Ra – Micrometers μm (Microinches μin.)

Process
50

(2000)
25

(1000)
12.5 
(500)

6.3
(250)

3.2
(125)

1.6
(63)

0.80
(32)

0.40
(16)

0.20
(8)

0.10
(4)

0.05
(2)

0.025 
(1)

0.012 
(0.5)

Flame Cutting

Snagging

Sawing

Planing, Shaping

Drilling

Chemical Milling

Elect. Discharge Mach.

Milling

Broaching

Reaming

Electron Beam

Laser

Electro-Chemical

Boring, Turning

Barrel Finishing

Electrolytic Grinding

Roller Burnishing

Grinding

Honing

Electro-Polish

Polishing

Lapping

Superfinishing

Sand Casting

Hot Rolling

Forging

Perm. Mold Casting

Investment Casting

Extruding

Cold Rolling, Drawing

Die Casting

The ranges shown above are typical of the processes listed KEY Average Application

Higher or lower values may be obtained under special conditions Less Frequent Application

Courtesy of Industrial Press, Inc.

Surface Roughness Produced by Common Production Methods.

H7

Maximum
Interference

Minimum
Interference

Hole
Tolerance

Basic
Size

Shaft
Tolerance

H7H7h6

H7

K6

g6

f7

d9

Clearance

c11

H11

H
o

le
 T

o
le

ra
n

ce
M

in
im

um
 T

ol
er

an
ce

Sh
af

t 
To

le
ra

n
ce

M
ax

im
u

m
 C

le
ar

an
ce

H9
H8

H7

H7H7

n6
p6

s6

u6

Tran-
sition

Inter-
ference

Courtesy of Industrial Press, Inc.

Standard Allowances, Tolerances, and Fits.
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h6

Maximum
interference

Minimum
interference

Hole
tolerance

Basic
size

Shaft
tolerance

h6h6h6

H7
K7

h6h7
h9

Clearance

h11

C11

H
o

le
 t

o
le

ra
n

ce
M

in
im

um
 to

le
ra

nc
e

Sh
af

t 
to

le
ra

n
ce

M
ax

im
u

m
 c

le
ar

an
ce D9

F8

G7

h6h6

N7
P7

S7

U7

Tran-
sition

Inter-
ference

Courtesy of Industrial Press, Inc.

Standard Allowances, Tolerances, and Fits. (CONTINUED)

ISO SYMBOL
DESCRIPTIONHole

Basis
Shaft
Basis

C
le

ar
an

ce
Fi

ts

H11/c11 C11/h11 Loose running fit for wide commercial tolerances or allowances on external 
members.

↑
More Clearance

H9/d9 D9/h9 Free running fit not for use where accuracy is essential, but good for large tem-
perature variations, high running speeds, or heavy journal pressures.

H8/f7 F8/h7 Close Running fit for running on accurate machines and for accurate moderate 
speeds and journal pressures.

H7/g6 G7/h6 Sliding fit not intended to run freely, but to move and turn freely and locate accu-
rately.

H7/h6 H7/h6 Locational clearance fit provides snug fit for locating stationary parts; but can be 
freely assembled and disassembled.

T
ra

ns
iti

on
Fi

ts

H7/k6 K7/h6 Locational transition fit for accurate location, a compromise between clearance 
and interferance.

More Interferance
↓

H7/n6 N7/h6 Locational transition fit for more accurate location where greater interferance is 
permissible.

In
te

rf
er

en
ce

Fi
ts

H7/p6a

a Transition fit for basic sizes in range from 0 through 3 mm. 

P7/h6 Locational interference fit for parts requiring rigidity and alignment with prime 
accuracy of location but without special bore pressure requirements.

H7/s6 S7/h6 Medium drive fit for ordinary steel parts or shrink fits on light sections, the tight-
est fit usable with cast iron.

H7/u6 U7/h6 Force fit suitable for parts which can be highly stressed or for shrink fits where 
the heavy pressing forces required are impractical.

Courtesy of Industrial Press, Inc.

Standard Allowances, Tolerances, and Fits. (CONTINUED)
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A-48 Appendix 

VALUES IN MILLIMETERS

Class RC1 Class RC2 Class RC3 Class RC4 Class RC5

Precision Sliding Sliding Fit Precision Running Close Running Medium Running

Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft

Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.

H5 g4 H6 g5 H7 f6 H8 f7 H8 e7

Over To -0 +0 -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.004 0.003 -0.003 +0.006 0.003 -0.004 +0.010 0.008 -0.006 +0.015 0.008 -0.010 +0.015 0.015 -0.010

3 6 +0.005 0.004 -0.004 +0.008 0.004 -0.005 +0.013 0.010 -0.008 +0.018 0.010 -0.013 +0.018 0.020 -0.013

6 10 +0.006 0.005 -0.004 +0.010 0.005 -0.006 +0.015 0.013 -0.010 +0.023 0.013 -0.015 +0.023 0.025 -0.015

10 18 +0.008 0.006 -0.005 +0.010 0.006 -0.008 +0.018 0.015 -0.010 +0.025 0.015 -0.018 +0.025 0.030 -0.018

18 30 +0.010 0.008 -0.006 +0.013 0.008 -0.010 +0.020 0.020 -0.013 +0.030 0.020 -0.020 +0.030 0.040 -0.020

30 50 +0.010 0.010 -0.008 +0.015 0.010 -0.010 +0.030 0.030 -0.015 +0.040 0.030 -0.030 +0.040 0.050 -0.030

50 80 +0.013 0.010 -0.008 +0.018 0.010 -0.013 +0.030 0.030 -0.020 +0.050 0.030 -0.030 +0.050 0.060 -0.030

80 120 +0.015 0.013 -0.010 +0.023 0.013 -0.015 +0.040 0.040 -0.020 +0.060 0.040 -0.040 +0.060 0.080 -0.040

120 180 +0.018 0.015 -0.013 +0.025 0.015 -0.018 +0.040 0.040 -0.030 +0.060 0.040 -0.040 +0.060 0.090 -0.040

180 250 +0.020 0.015 -0.015 +0.030 0.015 -0.020 +0.050 0.050 -0.030 +0.070 0.050 -0.050 +0.070 0.110 -0.050

250 315 +0.023 0.020 -0.015 +0.030 0.020 -0.023 +0.050 0.060 -0.030 +0.080 0.060 -0.050 +0.080 0.130 -0.050

315 400 +0.025 0.025 -0.018 +0.036 0.025 -0.025 +0.060 0.080 -0.040 +0.090 0.080 -0.060 +0.090 0.150 -0.060

Class RC6 Class RC7 Class RC8 Class RC9

Medium Running Free Running Loose Running Loose Running

Hole Shaft Hole Shaft Hole Shaft Hole Shaft

Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.

H9 e8 H9 d8 H10 e9 GR11 gr10

Over To -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.025 0.015 -0.015 +0.025 0.025 -0.015 +0.041 0.064 -0.025 +0.060 0.100 -0.040

3 6 +0.030 0.015 -0.018 +0.030 0.030 -0.018 +0.046 0.071 -0.030 +0.080 0.110 -0.050

6 10 +0.036 0.025 -0.023 +0.036 0.040 -0.023 +0.056 0.076 -0.036 +0.070 0.130 -0.060

10 18 +0.040 0.030 -0.025 +0.040 0.050 -0.025 +0.070 0.090 -0.040 +0.100 0.150 -0.070

18 30 +0.050 0.040 -0.030 +0.050 0.060 -0.030 +0.090 0.110 -0.050 +0.130 0.180 -0.090

30 50 +0.060 0.050 -0.040 +0.060 0.080 -0.040 +0.100 0.130 -0.060 +0.150 0.200 -0.100

50 80 +0.080 0.060 -0.050 +0.080 0.100 -0.050 +0.110 0.150 -0.080 +0.180 0.230 -0.120

80 120 +0.090 0.080 -0.060 +0.090 0.130 -0.060 +0.130 0.180 -0.090 +0.230 0.250 -0.130

120 180 +0.100 0.090 -0.060 +0.100 0.150 -0.060 +0.150 0.200 -0.100 +0.250 0.300 -0.150

180 250 +0.110 0.100 -0.070 +0.110 0.180 -0.070 +0.180 0.250 -0.110 +0.300 0.380 -0.180

250 315 +0.130 0.130 -0.080 +0.130 0.200 -0.080 +0.200 0.300 -0.130 +0.300 0.460 -0.200

315 400 +0.150 0.150 -0.090 +0.150 0.250 -0.090 +0.230 0.360 -0.150 +0.360 0.560 -0.230
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Appendix A-49

VALUES IN MILLIMETERS

Class LC1 Class LC2 Class LC3 Class LC4 Class LC5 Class LC6
Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft
Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.
H6 h5 H7 h6 H8 h7 H10 h9 H7 g6 H9 f8

Over To -0 +0 -0 +0 -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.006 0 -0.004 +0.010 0 -0.006 +0.015 0 -0.010 +0.041 0 -0.025 +0.010 0.002 -0.006 +0.025 0.008 -0.015

3 6 +0.008 0 -0.005 +0.013 0 -0.008 +0.018 0 -0.013 +0.046 0 -0.030 +0.013 0.004 -0.008 +0.030 0.010 -0.018

6 10 +0.010 0 -0.006 +0.015 0 -0.010 +0.023 0 -0.015 +0.056 0 -0.036 +0.015 0.005 -0.010 +0.036 0.013 -0.023

10 18 +0.010 0 -0.008 +0.018 0 -0.010 +0.025 0 -0.018 +0.070 0 -0.040 +0.018 0.006 -0.010 +0.041 0.015 -0.025

18 30 +0.013 0 -0.010 +0.020 0 -0.013 +0.030 0 -0.020 +0.090 0 -0.050 +0.020 0.008 -0.013 +0.050 0.020 -0.030

30 50 +0.015 0 -0.010 +0.025 0 -0.015 +0.041 0 -0.025 +0.100 0 -0.060 +0.025 0.010 -0.015 +0.060 0.030 -0.040

50 80 +0.018 0 -0.013 +0.030 0 -0.018 +0.046 0 -0.030 +0.110 0 -0.080 +0.030 0.010 -0.018 +0.080 0.030 -0.050

80 120 +0.023 0 -0.015 +0.036 0 -0.023 +0.056 0 -0.036 +0.130 0 -0.080 +0.036 0.013 -0.023 +0.090 0.040 -0.060

120 180 +0.025 0 -0.018 +0.041 0 -0.025 +0.064 0 -0.041 +0.150 0 -0.100 +0.041 0.015 -0.025 +0.100 0.040 -0.060

180 250 +0.030 0 -0.020 +0.046 0 -0.030 +0.071 0 -0.046 +0.180 0 -0.110 +0.046 0.015 -0.030 +0.110 0.050 -0.070

250 315 +0.020 0 -0.023 +0.051 0 -0.030 +0.076 0 -0.051 +0.200 0 -0.130 +0.051 0.018 -0.030 +0.130 0.060 -0.080

315 400 +0.036 0 -0.025 +0.056 0 -0.036 +0.089 0 -0.056 +0.230 0 -0.150 +0.056 0.018 -0.036 +0.150 0.060 -0.090

Class LC7 Class LC8 Class LC9 Class LC10 Class LC11
Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft
Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.
H10 e9 H10 d9 H11 c10 GR12 gr11 GR13 gr12

Over To -0 +0 -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.041 0.015 -0.025 +0.041 0.025 -0.025 +0.064 0.06 -0.041 +0.10 0.10 -0.06 +0.15 0.13 -0.10

3 6 +0.046 0.020 -0.030 +0.046 0.030 -0.030 +0.076 0.07 -0.46 +0.13 0.11 -0.08 +0.18 0.15 -0.13

6 10 +0.056 0.025 -0.036 +0.056 0.041 -0.036 +0.089 0.08 -0.56 +0.15 0.13 -0.09 +0.23 0.18 -0.15

10 18 +0.070 0.030 -0.040 +0.070 0.050 -0.040 +0.100 0.09 -0.70 +0.18 0.15 -0.10 +0.25 0.20 -0.18

18 30 +0.090 0.040 -0.050 +0.090 0.060 -0.050 +0.130 0.11 -0.90 +0.20 0.18 -0.13 +0.31 0.25 -0.20

30 50 +0.100 0.050 -0.060 +0.100 0.090 -0.060 +0.150 0.13 -0.100 +0.25 0.20 -0.15 +0.41 0.31 -0.25

50 80 +0.110 0.060 -0.080 +0.110 0.100 -0.080 +0.180 0.15 -0.110 +0.31 0.25 -0.18 +0.46 0.36 -0.31

80 120 +0.130 0.080 -0.090 +0.130 0.130 -0.090 +0.230 0.18 -0.130 +0.36 0.28 -0.23 +0.56 0.41 -0.36

120 180 +0.150 0.090 -0.100 +0.150 0.150 -0.100 +0.250 0.20 -0.150 +0.41 0.31 -0.25 +0.64 0.46 -0.41

180 250 +0.180 0.100 -0.110 +0.180 0.180 -0.110 +0.310 0.25 -0.180 +0.46 0.41 -0.31 +0.71 0.56 -0.46

250 315 +0.200 0.110 -0.130 +0.200 0.180 -0.130 +0.310 0.31 -0.200 +0.51 0.51 -0.31 +0.76 0.71 -0.51

315 400 +0.230 0.130 -0.150 +0.230 0.200 -0.150 +0.360 0.36 -0.230 +0.56 0.56 -0.36 +0.89 0.76 -0.56
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A-50 Appendix 

VALUES IN MILLIMETERS

Class LT1 Class LT2 Class LT3 Class LT4 Class LT5 Class LT6

Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft

Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.

H7 js6 H8 js7 H7 k6 H8 k7 H7 n6 H8 n7

Over To -0 +0 -0 +0 -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.010 0.002 -0.006 +0.015 0.005 -0.010 +0.010 0.006 -0.006 +0.015 0.010 -0.010 +0.010 0.013 -0.006 +0.015 0.016 -0.010

3 6 +0.013 0.004 -0.008 +0.018 0.006 -0.013 +0.013 0.010 -0.008 +0.018 0.015 -0.013 +0.013 0.015 -0.008 +0.018 0.020 -0.013

6 10 +0.015 0.005 -0.010 +0.023 0.008 -0.015 +0.015 0.013 -0.010 +0.023 0.018 -0.015 +0.015 0.020 -0.010 +0.023 0.025 -0.015

10 18 +0.018 0.005 -0.010 +0.025 0.008 -0.018 +0.018 0.013 -0.010 +0.025 0.020 -0.018 +0.018 0.023 -0.010 +0.025 0.030 -0.018

18 30 +0.020 0.006 -0.013 +0.030 0.010 -0.020 +0.020 0.015 -0.013 +0.030 0.023 -0.020 +0.020 0.028 -0.013 +0.030 0.036 -0.020

30 50 +0.025 0.008 -0.015 +0.041 0.013 -0.025 +0.025 0.018 -0.015 +0.041 0.028 -0.025 +0.025 0.033 -0.015 +0.041 0.044 -0.025

50 80 +0.030 0.008 -0.018 +0.046 0.015 -0.030 +0.030 0.020 -0.018 +0.046 0.033 -0.030 +0.030 0.038 -0.018 +0.046 0.051 -0.030

80 120 +0.036 0.010 -0.023 +0.056 0.018 -0.036 +0.036 0.025 -0.023 +0.056 0.038 -0.036 +0.036 0.048 -0.023 +0.056 0.062 -0.036

120 180 +0.041 0.013 -0.025 +0.064 0.020 -0.041 +0.041 0.028 -0.025 +0.064 0.044 -0.041 +0.041 0.056 -0.025 +0.064 0.071 -0.041

180 250 +0.046 0.015 -0.030 +0.071 0.023 -0.046 +0.046 0.036 -0.030 +0.071 0.051 -0.046 +0.046 0.066 -0.030 +0.071 0.081 -0.046

250 315 +0.051 0.015 -0.030 +0.076 0.025 -0.051 +0.051 0.036 -0.030 +0.076 0.056 -0.051 +0.051 0.066 -0.030 +0.076 0.086 -0.051

315 400 +0.056 0.018 -0.036 +0.089 0.025 -0.056 +0.056 0.041 -0.036 +0.089 0.062 -0.056 +0.056 0.076 -0.036 +0.089 0.096 -0.056
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Appendix A-51

Running and Sliding Fits. (CONTINUED)

VALUES IN MILLIMETERS

Class LN1 Class LN2 Class LN3
Class LN4 Class LN5 Class LN6

Light Press Fit Medium Press Fit Heavy Press Fit

Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft

Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.

GR6 gr5 H7 p6 H7 t6 GR8 gr7 GR9 gr8 GR10 gr9

Over To -0 +0 -0 +0 -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.006 -0.004 +0.010 0.016 -0.006 +0.010 0.019 -0.006 +0.015 0.030 -0.010 +0.025 0.046 -0.015 +0.041 0.076 -0.025

3 6 +0.008 -0.005 +0.013 0.020 -0.008 +0.013 0.023 -0.008 +0.018 0.038 -0.013 +0.030 0.059 -0.018 +0.046 0.091 -0.030

6 10 +0.010 -0.006 +0.015 0.025 -0.010 +0.015 0.030 -0.010 +0.023 0.046 -0.015 +0.036 0.071 -0.023 +0.056 0.112 -0.036

10 18 +0.010 -0.008 +0.018 0.028 -0.010 +0.018 0.036 -0.010 +0.025 0.056 -0.018 +0.041 0.086 -0.025 +0.071 0.142 -0.041

18 30 +0.013 -0.010 +0.020 0.033 -0.013 +0.020 0.044 -0.013 +0.030 0.066 -0.020 +0.051 0.107 -0.030 +0.089 0.178 -0.051

30 50 +0.015 -0.010 +0.025 0.041 -0.015 +0.025 0.051 -0.015 +0.041 0.086 -0.025 +0.064 0.135 -0.041 +0.102 0.216 -0.064

50 80 +0.018 -0.013 +0.030 0.054 -0.018 +0.030 0.059 -0.018 +0.046 0.102 -0.030 +0.076 0.160 -0.046 +0.114 0.254 -0.076

80 120 +0.023 -0.015 +0.036 0.064 -0.023 +0.036 0.074 -0.023 +0.056 0.122 -0.036 +0.102 0.196 -0.056 +0.127 0.292 -0.102

120 180 +0.025 -0.018 +0.041 0.071 -0.025 +0.041 0.089 -0.025 +0.064 0.142 -0.041 +0.114 0.221 -0.064 +0.152 0.343 -0.114

180 250 +0.030 -0.020 +0.046 0.081 -0.030 +0.046 0.107 -0.030 +0.071 0.168 -0.046 +0.127 0.262 -0.071 +0.178 0.419 -0.127

250 315 +0.030 -0.023 +0.051 0.086 -0.030 +0.051 0.119 -0.030 +0.076 0.191 -0.051 +0.152 0.305 -0.076 +0.203 0.483 -0.152

315 400 +0.036 -0.025 +0.056 0.099 -0.036 +0.056 0.150 -0.036 +0.089 0.221 -0.056 +0.152 0.368 -0.089 +0.229 0.584 -0.152
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A-52 Appendix 

VALUES IN MILLIMETERS

Class FN1 Class FN2 Class FN3 Class FN4 Class FN5
Light Drive Fit Medium Drive Fit Heavy Drive Fit Shrink Fit Heavy Shrink Fit

Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft
Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol. Tol.
GR6 gr5 H7 s6 H7 t6 GR8 gr7 H8 t7

Over To -0 +0 -0 +0 -0 +0 -0 +0 -0 +0

0 3 +0.006 0.013 -0.004 +0.010 0.216 -0.006 +0.010 0.024 -0.006 +0.015 0.033 -0.010
3 6 +0.007 0.015 -0.005 +0.013 0.025 -0.007 +0.013 0.030 -0.007 +0.018 0.043 -0.013
6 10 +0.010 0.019 -0.006 +0.015 0.036 -0.010 +0.015 0.041 -0.010 +0.023 0.051 -0.015

10 14 +0.010 0.020 -0.008 +0.018 0.041 -0.010 +0.018 0.046 -0.010 +0.025 0.058 -0.018
14 18 +0.010 0.023 -0.008 +0.018 0.041 -0.010 +0.018 0.046 -0.010 +0.025 0.064 -0.018
18 24 +0.013 0.028 -0.010 +0.020 0.048 -0.013 +0.020 0.053 -0.013 +0.030 0.076 -0.020
24 30 +0.013 0.030 -0.010 +0.020 0.048 -0.013 +0.020 0.053 -0.013 +0.020 0.058 -0.013 +0.030 0.084 -0.020
30 40 +0.015 0.033 -0.010 +0.025 0.061 -0.015 +0.025 0.066 -0.015 +0.025 0.079 -0.015 +0.041 0.102 -0.025
40 50 +0.015 0.036 -0.010 +0.025 0.061 -0.015 +0.025 0.071 -0.015 +0.025 0.086 -0.015 +0.041 0.127 -0.025
50 65 +0.018 0.046 -0.013 +0.030 0.069 -0.018 +0.030 0.082 -0.018 +0.030 0.107 -0.018 +0.046 0.157 -0.030
65 80 +0.018 0.048 -0.013 +0.030 0.074 -0.018 +0.030 0.094 -0.018 +0.030 0.119 -0.018 +0.046 0.183 -0.030
80 100 +0.023 0.061 -0.015 +0.035 0.094 -0.023 +0.035 0.112 -0.023 +0.036 0.150 -0.023 +0.056 0.213 -0.036
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Appendix A-53

Table 1–1

W Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
tf kdes kdet

k1

in.

T
Work-
able
Gage

in.2 in. in. in. in. in. in. in. in.

k

in.

c Shape is slender for compression with Fy = 50 ksi.
h Flange thickness greater than 2 in. Special requirements may apply per AISC Specification Section A3.1c.
v Shape does not meet the h/tw limit for shear in Specification Section G2.1a with Fy = 50 ksi.

W36×800h 236 42.6 421/2 2.38 23/8 13/16 18.0 18 4.29 45/16 5.24 59/16 23/8 313/8 71/2

×652h 192 41.1 41 1.97 2 1 17.6 175/8 3.54 39/16 4.49 413/16 23/16

×529h 156 39.8 393/4 1.61 15/8 13/16 17.2 171/4 2.91 215/16 3.86 43/16 2
×487h 143 39.3 393/8 1.50 11/2 3/4 17.1 171/8 2.68 211/16 3.63 4 115/16

×441h 130 38.9 387/8 1.36 13/8 11/16 17.0 17 2.44 27/16 3.39 33/4 17/8

×395h 116 38.4 383/8 1.22 11/4 5/8 16.8 167/8 2.20 23/16 3.15 37/16 113/16

×361h 106 38.0 38 1.12 11/8 9/16 16.7 163/4 2.01 2 2.96 35/16 13/4

×330 97.0 37.7 375/8 1.02 1 1/2 16.6 165/8 1.85 17/8 2.80 31/8 13/4

×302 88.8 37.3 373/8 0.945 15/16 1/2 16.7 165/8 1.68 111/16 2.63 3 111/16

×282c 82.9 37.1 371/8 0.885 7/8 7/16 16.6 165/8 1.57 19/16 2.52 27/8 15/8

×262c 77.0 36.9 367/8 0.840 13/16 7/16 16.6 161/2 1.44 17/16 2.39 23/4 15/8

×247c 72.5 36.7 365/8 0.800 13/16 7/16 16.5 161/2 1.35 13/8 2.30 25/8 15/8

×231c 68.1 36.5 361/2 0.760 3/4 3/8 16.5 161/2 1.26 11/4 2.21 29/16 19/16

W36×256 75.4 37.4 373/8 0.960 15/16 1/2 12.2 121/4 1.73 13/4 2.48 25/8 15/16 321/8 51/2

×232c 68.1 37.1 371/8 0.870 7/8 7/16 12.1 121/8 1.57 19/16 2.32 27/16 11/4

×210c 61.8 36.7 363/4 0.830 13/16 7/16 12.2 121/8 1.36 13/8 2.11 25/16 11/4

×194c 57.0 36.5 361/2 0.765 3/4 3/8 12.1 121/8 1.26 11/4 2.01 23/16 13/16

×182c 53.6 36.3 363/8 0.725 3/4 3/8 12.1 121/8 1.18 13/16 1.93 21/8 13/16

×170c 50.1 36.2 361/8 0.680 11/16 3/8 12.0 12 1.10 11/8 1.85 2 13/16

×160c 47.0 36.0 36 0.650 5/8 5/16 12.0 12 1.02 1 1.77 115/16 11/8

×150c 44.2 35.9 357/8 0.625 5/8 5/16 12.0 12 0.940 15/16 1.69 17/8 11/8

×135c,v 39.7 35.6 351/2 0.600 5/8 5/16 12.0 12 0.790 13/16 1.54 111/16 11/8

W33×387h 114 36.0 36 1.26 11/4 5/8 16.2 161/4 2.28 21/4 3.07 33/16 17/16 295/8 51/2

×354h 104 35.6 351/2 1.16 13/16 5/8 16.1 161/8 2.09 21/16 2.88 215/16 13/8

×318 93.6 35.2 351/8 1.04 11/16 9/16 16.0 16 1.89 17/8 2.68 23/4 15/16

×291 85.7 34.8 347/8 0.960 15/16 1/2 15.9 157/8 1.73 13/4 2.52 25/8 15/16

×263 77.5 34.5 341/2 0.870 7/8 7/16 15.8 153/4 1.57 19/16 2.36 27/16 11/4

×241c 71.0 34.2 341/8 0.830 13/16 7/16 15.9 157/8 1.40 13/8 2.19 21/4 11/4

×221c 65.2 33.9 337/8 0.775 3/4 3/8 15.8 153/4 1.28 11/4 2.06 21/8 13/16

×201c 59.2 33.7 335/8 0.715 11/16 3/8 15.7 153/4 1.15 11/8 1.94 2 13/16

W33×169c 49.5 33.8 337/8 0.670 11/16 3/8 11.5 111/2 1.22 11/4 1.92 21/8 13/16 295/8 51/2

×152c 44.8 33.5 331/2 0.635 5/8 5/16 11.6 115/8 1.06 11/16 1.76 115/16 11/8

×141c 41.6 33.3 331/4 0.605 5/8 5/16 11.5 111/2 0.960 15/16 1.66 113/16 11/8

×130c 38.3 33.1 331/8 0.580 9/16 5/16 11.5 111/2 0.855 7/8 1.56 13/4 11/8

×118c,v 34.7 32.9 327/8 0.550 9/16 5/16 11.5 111/2 0.740 3/4 1.44 15/8 11/8

Copyright © American Institute of Steel Construction, Inc. Reprinted with permission.
All rights reserved.

Structural Metal Shape Designations.

42496_27_AppA  12/27/07  10:25 AM  Page 53



A-54 Appendix 

Table 1–1 (continued)

W Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
tf kdes kdet

k1

in.

T
Work-
able
Gage

in.2 in. in. in. in. in. in. in. in.

k

in.

c Shape is slender for compression with Fy = 50 ksi.
g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-section

to ensure compatibility.
h Flange thickness greater than 2 in. Special requirements may apply per AISC Specification Section A3.1c.
v Shape does not meet the h/tw limit for shear in Specification Section G2.1a with Fy = 50 ksi.

W30×391h 115 33.2 331/4 1.36 13/8 11/16 15.6 155/8 2.44 27/16 3.23 33/8 11/2 261/2 51/2

×357h 105 32.8 323/4 1.24 11/4 5/8 15.5 151/2 2.24 21/4 3.03 31/8 17/16

×326h 95.8 32.4 323/8 1.14 11/8 9/16 15.4 153/8 2.05 21/16 2.84 215/16 13/8

×292 85.9 32.0 32 1.02 1 1/2 15.3 151/4 1.85 17/8 2.64 23/4 15/16

×261 76.9 31.6 315/8 0.930 15/16 1/2 15.2 151/8 1.65 15/8 2.44 29/16 15/16

×235 69.2 31.3 311/4 0.830 13/16 7/16 15.1 15 1.50 11/2 2.29 23/8 11/4

×211 62.2 30.9 31 0.775 3/4 3/8 15.1 151/8 1.32 15/16 2.10 21/4 13/16

×191c 56.3 30.7 305/8 0.710 11/16 3/8 15.0 15 1.19 13/16 1.97 21/16 13/16

×173c 51.0 30.4 301/2 0.655 5/8 5/16 15.0 15 1.07 11/16 1.85 2 11/8

W30×148c 43.5 30.7 305/8 0.650 5/8 5/16 10.5 101/2 1.18 13/16 1.83 21/16 11/8 261/2 51/2

×132c 38.9 30.3 301/4 0.615 5/8 5/16 10.5 101/2 1.00 1 1.65 17/8 11/8

×124c 36.5 30.2 301/8 0.585 9/16 5/16 10.5 101/2 0.930 15/16 1.58 113/16 11/8

×116c 34.2 30.0 30 0.565 9/16 5/16 10.5 101/2 0.850 7/8 1.50 13/4 11/8

×108c 31.7 29.8 297/8 0.545 9/16 5/16 10.5 101/2 0.760 3/4 1.41 111/16 11/8

×99c 29.1 29.7 295/8 0.520 1/2 1/4 10.5 101/2 0.670 11/16 1.32 19/16 11/16

×90c,v 26.4 29.5 291/2 0.470 1/2 1/4 10.4 103/8 0.610 5/8 1.26 11/2 11/16

W27×539h 159 32.5 321/2 1.97 2 1 15.3 151/4 3.54 39/16 4.33 47/16 113/16 235/8 51/2g

×368h 108 30.4 303/8 1.38 13/8 11/16 14.7 145/8 2.48 21/2 3.27 33/8 11/2 51/2

×336h 98.9 30.0 30 1.26 11/4 5/8 14.6 141/2 2.28 21/4 3.07 33/16 17/16

×307h 90.4 29.6 295/8 1.16 13/16 5/8 14.4 141/2 2.09 21/16 2.88 3 17/16

×281 82.9 29.3 291/4 1.06 11/16 9/16 14.4 143/8 1.93 115/16 2.72 213/16 13/8

×258 76.0 29.0 29 0.980 1 1/2 14.3 141/4 1.77 13/4 2.56 211/16 15/16

×235 69.4 28.7 285/8 0.910 15/16 1/2 14.2 141/4 1.61 15/8 2.40 21/2 15/16

×217 64.0 28.4 283/8 0.830 13/16 7/16 14.1 141/8 1.50 11/2 2.29 23/8 11/4

×194 57.2 28.1 281/8 0.750 3/4 3/8 14.0 14 1.34 15/16 2.13 21/4 13/16

×178 52.5 27.8 273/4 0.725 3/4 3/8 14.1 141/8 1.19 13/16 1.98 21/16 13/16

×161c 47.6 27.6 275/8 0.660 11/16 3/8 14.0 14 1.08 11/16 1.87 2 13/16

×146c 43.1 27.4 273/8 0.605 5/8 5/16 14.0 14 0.975 1 1.76 17/8 11/8

W27×129c 37.8 27.6 275/8 0.610 5/8 5/16 10.0 10 1.10 11/8 1.70 2 11/8 235/8 51/2

×114c 33.5 27.3 271/4 0.570 9/16 5/16 10.1 101/8 0.930 15/16 1.53 113/16 11/8

×102c 30.0 27.1 271/8 0.515 1/2 1/4 10.0 10 0.830 13/16 1.43 13/4 11/16

×94c 27.7 26.9 267/8 0.490 1/2 1/4 10.0 10 0.745 3/4 1.34 15/8 11/16

×84c 24.8 26.7 263/4 0.460 7/16 1/4 10.0 10 0.640 5/8 1.24 19/16 11/16
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Table 1–1 (continued)

W Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
tf kdes kdet

k1

in.

T
Work-
able
Gage

in.2 in. in. in. in. in. in. in. in.

k

in.

c Shape is slender for compression with Fy = 50 ksi.
g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-section

to ensure compatibility.
h Flange thickness greater than 2 in. Special requirements may apply per AISC Specification Section A3.1c.
v Shape does not meet the h/tw limit for shear in Specification Section G2.1a with Fy = 50 ksi.

W24×370h 109 28.0 28 1.52 11/2 3/4 13.7 135/8 2.72 23/4 3.22 35/8 19/16 203/4 51/2

×335h 98.4 27.5 271/2 1.38 13/8 11/16 13.5 131/2 2.48 21/2 2.98 33/8 11/2

×306h 89.8 27.1 271/8 1.26 11/4 5/8 13.4 133/8 2.28 21/4 2.78 33/16 17/16

x279h 82.0 26.7 263/4 1.16 13/16 5/8 13.3 131/4 2.09 21/16 2.59 3 17/16

×250 73.5 26.3 263/8 1.04 11/16 9/16 13.2 131/8 1.89 17/8 2.39 213/16 13/8

×229 67.2 26.0 26 0.960 15/16 1/2 13.1 131/8 1.73 13/4 2.23 25/8 15/16

×207 60.7 25.7 253/4 0.870 7/8 7/16 13.0 13 1.57 19/16 2.07 21/2 11/4

×192 56.3 25.5 251/2 0.810 13/16 7/16 13.0 13 1.46 17/16 1.96 23/8 11/4

×176 51.7 25.2 251/4 0.750 3/4 3/8 12.9 127/8 1.34 15/16 1.84 21/4 13/16

×162 47.7 25.0 25 0.705 11/16 3/8 13.0 13 1.22 11/4 1.72 21/8 13/16

×146 43.0 24.7 243/4 0.650 5/8 5/16 12.9 127/8 1.09 11/16 1.59 2 11/8

×131 38.5 24.5 241/2 0.605 5/8 5/16 12.9 127/8 0.960 15/16 1.46 17/8 11/8

×117c 34.4 24.3 241/4 0.550 9/16 5/16 12.8 123/4 0.850 7/8 1.35 13/4 11/8

×104c 30.6 24.1 24 0.500 1/2 1/4 12.8 123/4 0.750 3/4 1.25 15/8 11/16

W24×103c 30.3 24.5 241/2 0.550 9/16 5/16 9.00 9 0.980 1 1.48 17/8 11/8 203/4 51/2

×94c 27.7 24.3 241/4 0.515 1/2 1/4 9.07 91/8 0.875 7/8 1.38 13/4 11/16

×84c 24.7 24.1 241/8 0.470 1/2 1/4 9.02 9 0.770 3/4 1.27 111/16 11/16

×76c 22.4 23.9 237/8 0.440 7/16 1/4 8.99 9 0.680 11/16 1.18 19/16 11/16

×68c 20.1 23.7 233/4 0.415 7/16 1/4 8.97 9 0.585 9/16 1.09 11/2 11/16

W24×62c 18.2 23.7 233/4 0.430 7/16 1/4 7.04 7 0.590 9/16 1.09 11/2 11/16 203/4 31/2g

×55c,v 16.2 23.6 235/8 0.395 3/8 3/16 7.01 7 0.505 1/2 1.01 17/16 1 203/4 31/2g

W21×201 59.2 23.0 23 0.910 15/16 1/2 12.6 125/8 1.63 15/8 2.13 21/2 15/16 18 51/2

×182 53.6 22.7 223/4 0.830 13/16 7/16 12.5 121/2 1.48 11/2 1.98 23/8 11/4

×166 48.8 22.5 221/2 0.750 3/4 3/8 12.4 123/8 1.36 13/8 1.86 21/4 13/16

×147 43.2 22.1 22 0.720 3/4 3/8 12.5 121/2 1.15 11/8 1.65 2 13/16

×132 38.8 21.8 217/8 0.650 5/8 5/16 12.4 121/2 1.04 11/16 1.54 115/16 11/8
×122 35.9 21.7 215/8 0.600 5/8 5/16 12.4 123/8 0.960 15/16 1.46 113/16 11/8

×111 32.7 21.5 211/2 0.550 9/16 5/16 12.3 123/8 0.875 7/8 1.38 13/4 11/8

×101c 29.8 21.4 213/8 0.500 1/2 1/4 12.3 121/4 0.800 13/16 1.30 111/16 11/16
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Table 1–1 (continued)

W Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
tf kdes kdet

k1

in.

T
Work-
able
Gage

in.2 in. in. in. in. in. in. in. in.

k

in.

c Shape is slender for compression with Fy = 50 ksi.
g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-section

to ensure compatibility.
h Flange thickness greater than 2 in. Special requirements may apply per AISC Specification Section A3.1c.
v Shape does not meet the h/tw limit for shear in Specification Section G2.1a with Fy = 50 ksi.

W16×100 29.5 17.0 17 0.585 9/16 5/16 10.4 103/8 0.985 1 1.39 17/8 11/8 131/4 51/2

×89 26.2 16.8 163/4 0.525 1/2 1/4 10.4 103/8 0.875 7/8 1.28 13/4 11/16

×77 22.6 16.5 161/2 0.455 7/16 1/4 10.3 101/4 0.760 3/4 1.16 15/8 11/16

×67c 19.7 16.3 163/8 0.395 3/8 3/16 10.2 101/4 0.665 11/16 1.07 19/16 1

W16×57 16.8 16.4 163/8 0.430 7/16 1/4 7.12 71/8 0.715 11/16 1.12 13/8 7/8 135/8 31/2g

×50c 14.7 16.3 161/4 0.380 3/8 3/16 7.07 71/8 0.630 5/8 1.03 15/16 13/16

×45c 13.3 16.1 161/8 0.345 3/8 3/16 7.04 7 0.565 9/16 0.967 11/4 13/16

×40c 11.8 16.0 16 0.305 5/16 3/16 7.00 7 0.505 1/2 0.907 13/16 13/16

×36c 10.6 15.9 157/8 0.295 5/16 3/16 6.99 7 0.430 7/16 0.832 11/8 3/4

W16×31c 9.13 15.9 157/8 0.275 1/4 1/8 5.53 51/2 0.440 7/16 0.842 11/8 3/4 135/8 31/2

×26c,v 7.68 15.7 153/4 0.250 1/4 1/8 5.50 51/2 0.345 3/8 0.747 11/16 3/4 135/8 31/2

W14×730h 215 22.4 223/8 3.07 31/16 19/16 17.9 177/8 4.91 415/16 5.51 63/16 23/4 10 3-71/2-3g

×665h 196 21.6 215/8 2.83 213/16 17/16 17.7 175/8 4.52 41/2 5.12 513/16 25/8 3-71/2-3g

×605h 178 20.9 207/8 2.60 25/8 15/16 17.4 173/8 4.16 43/16 4.76 57/16 21/2 3-71/2-3
×550h 162 20.2 201/4 2.38 23/8 13/16 17.2 171/4 3.82 313/16 4.42 51/8 23/8

×500h 147 19.6 195/8 2.19 23/16 11/8 17.0 17 3.50 31/2 4.10 413/16 25/16

×455h 134 19.0 19 2.02 2 1 16.8 167/8 3.21 33/16 3.81 41/2 21/4

×426h 125 18.7 185/8 1.88 17/8 15/16 16.7 163/4 3.04 31/16 3.63 45/16 21/8

×398h 117 18.3 181/4 1.77 13/4 7/8 16.6 165/8 2.85 27/8 3.44 41/8 21/8

×370h 109 17.9 177/8 1.66 15/8 13/16 16.5 161/2 2.66 211/16 3.26 315/16 21/16

×342h 101 17.5 171/2 1.54 19/16 13/16 16.4 163/8 2.47 21/2 3.07 33/4 2
×311h 91.4 17.1 171/8 1.41 17/16 3/4 16.2 161/4 2.26 21/4 2.86 39/16 115/16

×283h 83.3 16.7 163/4 1.29 15/16 11/16 16.1 161/8 2.07 21/16 2.67 33/8 17/8

×257 75.6 16.4 163/8 1.18 13/16 5/8 16.0 16 1.89 17/8 2.49 33/16 113/16

×233 68.5 16.0 16 1.07 11/16 9/16 15.9 157/8 1.72 13/4 2.32 3 13/4

×211 62.0 15.7 153/4 0.980 1 1/2 15.8 153/4 1.56 19/16 2.16 27/8 111/16

×193 56.8 15.5 151/2 0.890 7/8 7/16 15.7 153/4 1.44 17/16 2.04 23/4 111/16

×176 51.8 15.2 151/4 0.830 13/16 7/16 15.7 155/8 1.31 15/16 1.91 25/8 15/8

×159 46.7 15.0 15 0.745 3/4 3/8 15.6 155/8 1.19 13/16 1.79 21/2 19/16

×145 42.7 14.8 143/4 0.680 11/16 3/8 15.5 151/2 1.09 11/16 1.69 23/8 19/16
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Table 1–1 (continued)

W Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
t f kdes kdet

k1

in.

T
Work-
able
Gage

in.2 in. in. in. in. in. in. in. in.

k

in.

c Shape is slender for compression with Fy = 50 ksi.
f Shape exceeds compact limit for flexure with Fy = 50 ksi.
g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-section

to ensure compatibility.
h Flange thickness greater than 2 in. Special requirements may apply per AISC Specification Section A3.1c.

W14×132 38.8 14.7 145/8 0.645 5/8 5/16 14.7 143/4 1.03 1 1.63 25/16 19/16 10 51/2

×120 35.3 14.5 141/2 0.590 9/16 5/16 14.7 145/8 0.940 15/16 1.54 21/4 11/2

×109 32.0 14.3 143/8 0.525 1/2 1/4 14.6 145/8 0.860 7/8 1.46 23/16 11/2

×99f 29.1 14.2 141/8 0.485 1/2 1/4 14.6 145/8 0.780 3/4 1.38 21/16 17/16

×90f 26.5 14.0 14 0.440 7/16 1/4 14.5 141/2 0.710 11/16 1.31 2 17/16

W14×82 24.0 14.3 141/4 0.510 1/2 1/4 10.1 101/8 0.855 7/8 1.45 111/16 11/16 107/8 51/2

×74 21.8 14.2 141/8 0.450 7/16 1/4 10.1 101/8 0.785 13/16 1.38 15/8 11/16

×68 20.0 14.0 14 0.415 7/16 1/4 10.0 10 0.720 3/4 1.31 19/16 11/16

×61 17.9 13.9 137/8 0.375 3/8 3/16 10.0 10 0.645 5/8 1.24 11/2 1

W14×53 15.6 13.9 137/8 0.370 3/8 3/16 8.06 8 0.660 11/16 1.25 11/2 1 107/8 51/2

×48 14.1 13.8 133/4 0.340 5/16 3/16 8.03 8 0.595 5/8 1.19 17/16 1
×43c 12.6 13.7 135/8 0.305 5/16 3/16 8.00 8 0.530 1/2 1.12 13/8 1

W14×38c 11.2 14.1 141/8 0.310 5/16 3/16 6.77 63/4 0.515 1/2 0.915 11/4 13/16 115/8 31/2g

×34c 10.0 14.0 14 0.285 5/16 3/16 6.75 63/4 0.455 7/16 0.855 13/16 3/4 31/2

×30c 8.85 13.8 137/8 0.270 1/4 1/8 6.73 63/4 0.385 3/8 0.785 11/8 3/4 31/2

W14×26c 7.69 13.9 137/8 0.255 1/4 1/8 5.03 5 0.420 7/16 0.820 11/8 3/4 115/8 23/4g

×22c 6.49 13.7 133/4 0.230 1/4 1/8 5.00 5 0.335 5/16 0.735 11/16 3/4 115/8 23/4g

W12×336h 98.8 16.8 167/8 1.78 13/4 7/8 13.4 133/8 2.96 215/16 3.55 37/8 111/16 91/8 51/2

×305h 89.6 16.3 163/8 1.63 15/8 13/16 13.2 131/4 2.71 211/16 3.30 35/8 15/8

×279h 81.9 15.9 157/8 1.53 11/2 3/4 13.1 131/8 2.47 21/2 3.07 33/8 15/8

×252h 74.0 15.4 153/8 1.40 13/8 11/16 13.0 13 2.25 21/4 2.85 31/8 11/2

×230h 67.7 15.1 15 1.29 15/16 11/16 12.9 127/8 2.07 21/16 2.67 215/16 11/2

×210 61.8 14.7 143/4 1.18 13/16 5/8 12.8 123/4 1.90 17/8 2.50 213/16 17/16

×190 55.8 14.4 143/8 1.06 11/16 9/16 12.7 125/8 1.74 13/4 2.33 25/8 13/8

×170 50.0 14.0 14 0.960 15/16 1/2 12.6 125/8 1.56 19/16 2.16 27/16 15/16

×152 44.7 13.7 133/4 0.870 7/8 7/16 12.5 121/2 1.40 13/8 2.00 25/16 11/4

×136 39.9 13.4 133/8 0.790 13/16 7/16 12.4 123/8 1.25 11/4 1.85 21/8 11/4

×120 35.3 13.1 131/8 0.710 11/16 3/8 12.3 123/8 1.11 11/8 1.70 2 13/16

×106 31.2 12.9 127/8 0.610 5/8 5/16 12.2 121/4 0.990 1 1.59 17/8 11/8

×96 28.2 12.7 123/4 0.550 9/16 5/16 12.2 121/8 0.900 7/8 1.50 113/16 11/8

×87 25.6 12.5 121/2 0.515 1/2 1/4 12.1 121/8 0.810 13/16 1.41 111/16 11/16

×79 23.2 12.4 123/8 0.470 1/2 1/4 12.1 121/8 0.735 3/4 1.33 15/8 11/16

×72 21.1 12.3 121/4 0.430 7/16 1/4 12.0 12 0.670 11/16 1.27 19/16 11/16

×65f 19.1 12.1 121/8 0.390 3/8 3/16 12.0 12 0.605 5/8 1.20 11/2 1
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Table 1–1 (continued)

W Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
t f kdes kdet

k1

in.

T
Work-
able
Gage

in.2 in. in. in. in. in. in. in. in.

k

in.

c Shape is slender for compression with Fy = 50 ksi.
f Shape exceeds compact limit for flexure with Fy = 50 ksi.
g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-section

to ensure compatibility.
v Shape does not meet the h/tw limit for shear in Specification Section G2.1a with Fy = 50 ksi.

W12×58 17.0 12.2 121/4 0.360 3/8 3/16 10.0 10 0.640 5/8 1.24 11/2 15/16 91/4 51/2

×53 15.6 12.1 12 0.345 3/8 3/16 10.0 10 0.575 9/16 1.18 13/8 15/16 91/4 51/2

W12×50 14.6 12.2 121/4 0.370 3/8 3/16 8.08 81/8 0.640 5/8 1.14 11/2 15/16 91/4 51/2

×45 13.1 12.1 12 0.335 5/16 3/16 8.05 8 0.575 9/16 1.08 13/8 15/16

×40 11.7 11.9 12 0.295 5/16 3/16 8.01 8 0.515 1/2 1.02 13/8 7/8

W12×35c 10.3 12.5 121/2 0.300 5/16 3/16 6.56 61/2 0.520 1/2 0.820 13/16 3/4 101/8 31/2

×30c 8.79 12.3 123/8 0.260 1/4 1/8 6.52 61/2 0.440 7/16 0.740 11/8 3/4

×26c 7.65 12.2 121/4 0.230 1/4 1/8 6.49 61/2 0.380 3/8 0.680 11/16 3/4

W12×22c 6.48 12.3 121/4 0.260 1/4 1/8 4.03 4 0.425 7/16 0.725 15/16 5/8 103/8 21/4g

×19c 5.57 12.2 121/8 0.235 1/4 1/8 4.01 4 0.350 3/8 0.650 7/8 9/16

×16c 4.71 12.0 12 0.220 1/4 1/8 3.99 4 0.265 1/4 0.565 13/16 9/16

×14c,v 4.16 11.9 117/8 0.200 3/16 1/8 3.97 4 0.225 1/4 0.525 3/4 9/16

W10×112 32.9 11.4 113/8 0.755 3/4 3/8 10.4 103/8 1.25 11/4 1.75 115/16 1 71/2 51/2

×100 29.4 11.1 111/8 0.680 11/16 3/8 10.3 103/8 1.12 11/8 1.62 113/16 1
×88 25.9 10.8 107/8 0.605 5/8 5/16 10.3 101/4 0.990 1 1.49 111/16 15/16

×77 22.6 10.6 105/8 0.530 1/2 1/4 10.2 101/4 0.870 7/8 1.37 19/16 7/8

×68 20.0 10.4 103/8 0.470 1/2 1/4 10.1 101/8 0.770 3/4 1.27 17/16 7/8

×60 17.6 10.2 101/4 0.420 7/16 1/4 10.1 101/8 0.680 11/16 1.18 13/8 13/16

×54 15.8 10.1 101/8 0.370 3/8 3/16 10.0 10 0.615 5/8 1.12 15/16 13/16

×49 14.4 10.0 10 0.340 5/16 3/16 10.0 10 0.560 9/16 1.06 11/4 13/16

W10×45 13.3 10.1 101/8 0.350 3/8 3/16 8.02 8 0.620 5/8 1.12 15/16 13/16 71/2 51/2

×39 11.5 9.92 97/8 0.315 5/16 3/16 7.99 8 0.530 1/2 1.03 13/16 13/16

×33 9.71 9.73 93/4 0.290 5/16 3/16 7.96 8 0.435 7/16 0.935 11/8 3/4

W10×30 8.84 10.5 101/2 0.300 5/16 3/16 5.81 53/4 0.510 1/2 0.810 11/8 11/16 81/4 23/4g

×26 7.61 10.3 103/8 0.260 1/4 1/8 5.77 53/4 0.440 7/16 0.740 11/16 11/16

×22c 6.49 10.2 101/8 0.240 1/4 1/8 5.75 53/4 0.360 3/8 0.660 15/16 5/8

W10×19 5.62 10.2 101/4 0.250 1/4 1/8 4.02 4 0.395 3/8 0.695 15/16 5/8 83/8 21/4g

×17c 4.99 10.1 101/8 0.240 1/4 1/8 4.01 4 0.330 5/16 0.630 7/8 9/16

×15c 4.41 10.0 10 0.230 1/4 1/8 4.00 4 0.270 1/4 0.570 13/16 9/16

×12c,f 3.54 9.87 97/8 0.190 3/16 1/8 3.96 4 0.210 3/16 0.510 3/4 9/16
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Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
tf

k T
Workable 

Gage

in.2 in. in. in. in. in. in. in. in.

Table 1–3

S Shapes
Dimensions

g The actual size, combination, and orientation of fastener components should be compared with the geometry of the 
cross-section to ensure compatibility.

— Flange is too narrow to establish a workable gage.

S24×121 35.5 24.5 241/2 0.800 13/16 7/16 8.05 8 1.09 11/16 2 201/2 4
×106 31.1 24.5 241/2 0.620 5/8 5/16 7.87 77/8 1.09 11/16 2 201/2 4

S24×100 29.3 24.0 24 0.745 3/4 3/8 7.25 71/4 0.870 7/8 13/4 201/2 4
×90 26.5 24.0 24 0.625 5/8 5/16 7.13 71/8 0.870 7/8 13/4 201/2 4
×80 23.5 24.0 24 0.500 1/2 1/4 7.00 7 0.870 7/8 13/4 201/2 4

S20×96 28.2 20.3 201/4 0.800 13/16 7/16 7.20 71/4 0.920 15/16 13/4 163/4 4
×86 25.3 20.3 201/4 0.660 11/16 3/8 7.06 7 0.920 15/16 13/4 163/4 4

S20×75 22.0 20.0 20 0.635 5/8 5/16 6.39 63/8 0.795 13/16 15/8 163/4 31/2
g

×66 19.4 20.0 20 0.505 1/2 1/4 6.26 61/4 0.795 13/16 15/8 163/4 31/2g

S18×70 20.5 18.0 18 0.711 11/16 3/8 6.25 61/4 0.691 11/16 11/2 15 31/2g

×54.7 16.0 18.0 18 0.461 7/16 1/4 6.00 6 0.691 11/16 11/2 15 31/2g

S15×50 14.7 15.0 15 0.550 9/16 5/16 5.64 55/8 0.622 5/8 13/8 121/4 31/2g

×42.9 12.6 15.0 15 0.411 7/16 1/4 5.50 51/2 0.622 5/8 13/8 121/4 31/2g

S12×50 14.6 12.0 12 0.687 11/16 3/8 5.48 51/2 0.659 11/16 17/16 91/8 3g

×40.8 11.9 12.0 12 0.462 7/16 1/4 5.25 51/4 0.659 11/16 17/16 91/8 3g

S12×35 10.2 12.0 12 0.428 7/16 1/4 5.08 51/8 0.544 9/16 13/16 95/8 3g

×31.8 9.31 12.0 12 0.350 3/8 3/16 5.00 5 0.544 9/16 13/16 95/8 3g

S10×35 10.3 10.0 10 0.594 5/8 5/16 4.94 5 0.491 1/2 11/8 73/4 23/4g

×25.4 7.45 10.0 10 0.311 5/16 3/16 4.66 45/8 0.491 1/2 11/8 73/4 23/4g

S8×23 6.76 8.00 8 0.441 7/16 1/4 4.17 41/8 0.425 7/16 1 6 21/4g

×18.4 5.40 8.00 8 0.271 1/4 1/8 4.00 4 0.425 7/16 1 6 21/4g

S6×17.2 5.06 6.00 6 0.465 7/16 1/4 3.57 35/8 0.359 3/8 13/16 43/8 —
×12.5 3.66 6.00 6 0.232 1/4 1/8 3.33 33/8 0.359 3/8 13/16 43/8 —

S5×10 2.93 5.00 5 0.214 3/16 1/8 3.00 3 0.326 5/16 3/4 31/2 —

S4×9.5 2.79 4.00 4 0.326 5/16 3/16 2.80 23/4 0.293 5/16 3/4 21/2 —
×7.7 2.26 4.00 4 0.193 3/16 1/8 2.66 25/8 0.293 5/16 3/4 21/2 —

S3×7.5 2.20 3.00 3 0.349 3/8 3/16 2.51 21/2 0.260 1/4 5/8 13/4 —
×5.7 1.66 3.00 3 0.170 3/16 1/8 2.33 23/8 0.260 1/4 5/8 13/4 —
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Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
t f

k k1 T
Workable 

Gage

in.2 in. in. in. in. in. in. in. in. in.

Table 1–4

HP Shapes
Dimensions

c Shape is slender for compression with Fy = 50 ksi.
f Shape exceeds compact limit for flexure with Fy = 50 ksi.

HP14×117f 34.4 14.2 14 1/4 0.805 13/16 7/16 14.9 147/8 0.805 13/16 11/2 11/16 111/4 51/2

×102f 30.0 14.0 14 0.705 11/16 3/8 14.8 143/4 0.705 11/16 13/8 1
×89f 26.1 13.8 137/8 0.615 5/8 5/16 14.7 143/4 0.615 5/8 15/16 15/16

×73c,f 21.4 13.6 135/8 0.505 1/2 1/4 14.6 145/8 0.505 1/2 13/16 7/8

HP12×84 24.6 12.3 121/4 0.685 11/16 3/8 12.3 121/4 0.685 11/16 13/8 1 91/2 51/2

×74f 21.8 12.1 121/8 0.605 5/8 5/16 12.2 121/4 0.610 5/8 15/16 15/16

×63f 18.4 11.9 12 0.515 1/2 1/4 12.1 121/8 0.515 1/2 11/4 7/8

×53f 15.5 11.8 113/4 0.435 7/16 1/4 12.0 12 0.435 7/16 11/8 7/8

HP10×57f 16.8 9.99 10 0.565 9/16 5/16 10.2 101/4 0.565 9/16 11/4 15/16 71/2 51/2

×42f 12.4 9.70 93/4 0.415 7/16 1/4 10.1 101/8 0.420 7/16 11/8 13/16 71/2 51/2

HP8×36f 10.6 8.02 8 0.445 7/16 1/4 8.16 81/8 0.445 7/16 11/8 7/8 53/4 51/2

Copyright © American Institute of Steel Construction, Inc. Reprinted with permission.
All rights reserved.

Structural Metal Shape Designations. (CONTINUED)

42496_27_AppA  12/27/07  10:25 AM  Page 63



A-64 Appendix 

Table 1–5

C Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Thickness,
tf

k T
Work-
able
Gage

in.

rts ho

in.2 in. in. in. in. in. in. in. in. in.

g The actual size, combination, and orientation of fastener components should be compared with the geometry of the 
cross-section to ensure compatibility.

— Flange is too narrow to establish a workable gage.

C15×50 14.7 15.0 15 0.716 11/16 3/8 3.72 33/4 0.650 5/8 17/16 121/8 21/4 1.17 14.4
×40 11.8 15.0 15 0.520 1/2 1/4 3.52 31/2 0.650 5/8 17/16 121/8 2 1.15 14.4
×33.9 10.0 15.0 15 0.400 3/8 3/16 3.40 33/8 0.650 5/8 17/16 121/8 2 1.13 14.4

C12×30 8.81 12.0 12 0.510 1/2 1/4 3.17 31/8 0.501 1/2 11/8 93/4 13/4g 1.01 11.5
×25 7.34 12.0 12 0.387 3/8 3/16 3.05 3 0.501 1/2 11/8 93/4 13/4g 1.00 11.5
×20.7 6.08 12.0 12 0.282 5/16 3/16 2.94 3 0.501 1/2 11/8 93/4 13/4g 0.983 11.5

C10×30 8.81 10.0 10 0.673 11/16 3/8 3.03 3 0.436 7/16 1 8 13/4g 0.925 9.56
×25 7.34 10.0 10 0.526 1/2 1/4 2.89 27/8 0.436 7/16 1 8 13/4g 0.911 9.56
×20 5.87 10.0 10 0.379 3/8 3/16 2.74 23/4 0.436 7/16 1 8 11/2g 0.894 9.56
×15.3 4.48 10.0 10 0.240 1/4 1/8 2.60 25/8 0.436 7/16 1 8 11/2g 0.869 9.56

C9×20 5.87 9.00 9 0.448 7/16 1/4 2.65 25/8 0.413 7/16 1 7 11/2g 0.848 8.59
×15 4.41 9.00 9 0.285 5/16 3/16 2.49 21/2 0.413 7/16 1 7 13/8g 0.824 8.59
×13.4 3.94 9.00 9 0.233 1/4 1/8 2.43 23/8 0.413 7/16 1 7 13/8g 0.813 8.59

C8×18.7 5.51 8.00 8 0.487 1/2 1/4 2.53 21/2 0.390 3/8 15/16 61/8 11/2g 0.800 7.61
×13.7 4.04 8.00 8 0.303 5/16 3/16 2.34 23/8 0.390 3/8 15/16 61/8 13/8g 0.774 7.61
×11.5 3.37 8.00 8 0.220 1/4 1/8 2.26 21/4 0.390 3/8 15/16 61/8 13/8g 0.756 7.61

C7×14.7 4.33 7.00 7 0.419 7/16 1/4 2.30 21/4 0.366 3/8 7/8 51/4 11/4g 0.738 6.63
×12.2 3.60 7.00 7 0.314 5/16 3/16 2.19 21/4 0.366 3/8 7/8 51/4 11/4g 0.721 6.63
×9.8 2.87 7.00 7 0.210 3/16 1/8 2.09 21/8 0.366 3/8 7/8 51/4 11/4g 0.698 6.63

C6×13 3.81 6.00 6 0.437 7/16 1/4 2.16 21/8 0.343 5/16 13/16 4 /8 13/8g 0.689 5.66
×10.5 3.08 6.00 6 0.314 5/16 3/16 2.03 2 0.343 5/16 13/16 43/8 11/8g 0.669 5.66
×8.2 2.39 6.00 6 0.200 3/16 1/8 1.92 17/8 0.343 5/16 13/16 43/8 11/8g 0.643 5.66

C5×9 2.64 5.00 5 0.325 5/16 3/16 1.89 17/8 0.320 5/16 3/4 31/2 11/8g 0.617 4.68
×6.7 1.97 5.00 5 0.190 3/16 1/8 1.75 13/4 0.320 5/16 3/4 31/2 — 0.584 4.68

C4×7.2 2.13 4.00 4 0.321 5/16 3/16 1.72 13/4 0.296 5/16 3/4 21/2 1g 0.563 3.70
×5.4 1.58 4.00 4 0.184 3/16 1/8 1.58 15/8 0.296 5/16 3/4 21/2 — 0.528 3.70
×4.5 1.38 4.00 4 0.125 1/8 1/16 1.58 15/8 0.296 5/16 3/4 21/2 — 0.524 3.70

C3×6 1.76 3.00 3 0.356 3/8 3/16 1.60 15/8 0.273 1/4 11/16 15/8 — 0.519 2.73
×5 1.47 3.00 3 0.258 1/4 1/8 1.50 11/2 0.273 1/4 11/16 15/8 — 0.495 2.73
×4.1 1.20 3.00 3 0.170 3/16 1/8 1.41 13/8 0.273 1/4 11/16 15/8 — 0.469 2.73
×3.5 1.09 3.00 3 0.132 1/8 1/16 1.37 13/8 0.273 1/4 11/16 15/8 — 0.455 2.73
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Table 1–6

MC Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Average
Thickness,

tf

k T
Work-
able
Gage

in.

rts ho

in.2 in. in. in. in. in. in. in. in. in.

c Shape is slender for compression with Fy = 36 ksi.
g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-

section to ensure compatibility.
— Flange is too narrow to establish a workable gage.

MC18×58 17.1 18.0 18 0.700 11/16 3/8 4.20 41/4 0.625 5/8 17/16 151/8 21/2 1.35 17.4
×51.9 15.3 18.0 18 0.600 5/8 5/16 4.10 41/8 0.625 5/8 17/16 1.35 17.4
×45.8 13.5 18.0 18 0.500 1/2 1/4 4.00 4 0.625 5/8 17/16 1.34 17.4
×42.7 12.6 18.0 18 0.450 7/16 1/4 3.95 4 0.625 5/8 17/16 1.34 17.4

MC13×50 14.7 13.0 13 0.787 13/16 7/16 4.41 43/8 0.610 5/8 17/16 101/8 21/2 1.41 12.4
×40 11.8 13.0 13 0.560 9/16 5/16 4.19 41/8 0.610 5/8 17/16 1.38 12.4
×35 10.3 13.0 13 0.447 7/16 1/4 4.07 41/8 0.610 5/8 17/16 1.35 12.4
×31.8 9.35 13.0 13 0.375 3/8 3/16 4.00 4 0.610 5/8 17/16 1.34 12.4

MC12×50 14.7 12.0 12 0.835 13/16 7/16 4.14 41/8 0.700 11/16 15/16 93/8 21/2 1.37 11.3
×45 13.2 12.0 12 0.710 11/16 3/8 4.01 4 0.700 11/16 15/16 1.35 11.3
×40 11.8 12.0 12 0.590 9/16 5/16 3.89 37/8 0.700 11/16 15/16 1.33 11.3
×35 10.3 12.0 12 0.465 7/16 1/4 3.77 33/4 0.700 11/16 15/16 1.30 11.3
×31 9.12 12.0 12 0.370 3/8 3/16 3.67 35/8 0.700 11/16 15/16 21/4 1.28 11.3

MC12×10.6c 3.10 12.0 12 0.190 3/16 1/8 1.50 11/2 0.309 5/16 3/4 101/2 — 0.477 11.7

MC10×41.1 12.1 10.0 10 0.796 13/16 7/16 4.32 43/8 0.575 9/16 15/16 73/8 21/2g 1.44 9.43
×33.6 9.87 10.0 10 0.575 9/16 5/16 4.10 41/8 0.575 9/16 15/16 73/8 21/2g 1.40 9.43
×28.5 8.37 10.0 10 0.425 7/16 1/4 3.95 4 0.575 9/16 15/16 73/8 21/2g 1.36 9.43

MC10×25 7.35 10.0 10 0.380 3/8 3/16 3.41 33/8 0.575 9/16 15/16 73/8 2g 1.17 9.43
×22 6.45 10.0 10 0.290 5/16 3/16 3.32 33/8 0.575 9/16 15/16 73/8 2g 1.14 9.43

MC10×8.4c 2.46 10.0 10 0.170 3/16 1/8 1.50 11/2 0.280 1/4 3/4 81/2 — 0.486 9.72
×6.5c 1.95 10.0 10 0.152 1/8 1/16 1.17 11/8 0.202 3/16 9/16 87/8 — 0.364 9.80

MC9×25.4 7.47 9.00 9 0.450 7/16 1/4 3.50 31/2 0.550 9/16 11/4 61/2 2g 1.20 8.45
×23.9 7.02 9.00 9 0.400 3/8 3/16 3.45 31/2 0.550 9/16 11/4 61/2 2g 1.18 8.45

MC8×22.8 6.70 8.00 8 0.427 7/16 1/4 3.50 31/2 0.525 1/2 13/16 55/8 2g 1.20 7.48
×21.4 6.28 8.00 8 0.375 3/8 3/16 3.45 31/2 0.525 1/2 13/16 55/8 2g 1.18 7.48

MC8×20 5.88 8.00 8 0.400 3/8 3/16 3.03 3 0.500 1/2 11/8 53/4 2g 1.03 7.50
×18.7 5.50 8.00 8 0.353 3/8 3/16 2.98 3 0.500 1/2 11/8 53/4 2g 1.02 7.50

MC8×8.5 2.50 8.00 8 0.179 3/16 1/8 1.87 17/8 0.311 5/16 13/16 63/8 11/8g 0.624 7.69
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Table 1–6 (continued)

MC Shapes
Dimensions

Shape
Area,

A
Depth,

d

Web Flange Distance

Thickness,
tw

tw

2
Width,

bf

Average
Thickness,

tf

k T
Work-
able
Gage

in.

rts ho

in.2 in. in. in. in. in. in. in. in. in.

g The actual size, combination, and orientation of fastener components should be compared with the geometry of the cross-
section to ensure compatibility.

— Flange is too narrow to establish a workable gage.

MC7×22.7 6.67 7.00 7 0.503 1/2 1/4 3.60 35/8 0.500 1/2 11/8 43/4 2g 1.23 6.50
×19.1 5.61 7.00 7 0.352 3/8 3/16 3.45 31/2 0.500 1/2 11/8 43/4 2g 1.18 6.50

MC6×18 5.29 6.00 6 0.379 3/8 3/16 3.50 31/2 0.475 1/2 11/16 37/8 2g 1.20 5.53
×15.3 4.49 6.00 6 0.340 5/16 3/16 3.50 31/2 0.385 3/8 7/8 41/4 2g 1.20 5.62

MC6×16.3 4.79 6.00 6 0.375 3/8 3/16 3.00 3 0.475 1/2 11/16 37/8 13/4g 1.03 5.53
×15.1 4.44 6.00 6 0.316 5/16 3/16 2.94 3 0.475 1/2 11/16 37/8 13/4g 1.01 5.53

MC6×12 3.53 6.00 6 0.310 5/16 3/16 2.50 21/2 0.375 3/8 7/8 41/4 11/2g 0.856 5.63

MC6×7 2.09 6.00 6 0.179 3/16 1/8 1.88 17/8 0.291 5/16 3/4 41/2 — 0.638 5.71
×6.5 1.95 6.00 6 0.155 1/8 1/16 1.85 17/8 0.291 5/16 3/4 41/2 — 0.630 5.71

MC4×13.8 4.03 4.00 4 0.500 1/2 1/4 2.50 21/2 0.500 1/2 1 2 — 0.852 3.50

MC3×7.1 2.11 3.00 3 0.312 5/16 3/16 1.94 2 0.351 3/8 13/16 13/8 — 0.657 2.65
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active animation An animation in which the
observer (camera) as well as objects in the scene actively
move around and through the scene.
additive color model The RGB color system in
which the primary colors of red, green, and blue are
added together to create white.
adjacent views Orthogonal views created immedi-
ately next to each other, aligned side by side to share a
common dimension, and presented on a single plane.
agenda The list of topics for discussion/action at a
team meeting.
algebraic constraints Constraint that define the
value of a selected variable as the result of an algebraic
expression containing other variables from the 
solid model.
allowance The difference between the maximum
material limits of mating parts. It is the minimum clear-
ance or maximum interference between parts.
alpha channel An optional layer of image data con-
taining an additional 8 bits of grayscale data that can be
used to control transparency affecting the entire image.
ambient light Indirect light in a scene that does not
come directly from a light source, but arrives at a surface
by bouncing around or reflecting off other surfaces in
the scene.
analysis The study of the behavior of a physical sys-
tem under certain imposed conditions.
anchor edge The same edge that can be easily and
confidently located on multiple views and on a pictorial
for an object.
anchor point The same point, usually a vertex, that
can be easily and confidently located on multiple views
and on a pictorial for an object.
anchor surface The same surface that can be easily
and confidently located on multiple views and on a pic-
torial for an object.
angle of thread The angle between the side of a
thread and a line perpendicular to the axis of the thread.
ANSI Y14.5 (ASME Y14.5M-1994) Industry stan-
dard document that outlines uniform practices for dis-
playing and interpreting dimensions and related
information on drawings and other forms of engineer-
ing documentation.

approval signatures The dated signatures or initials
of the people responsible for certain aspects of a formal
drawing, such as the people who did the drafting or the
engineer responsible for the function of the part.
arc A curved entity that represents a portion of a circle.
architects Professionals who complete conceptual
designs for civil engineering projects.
Architect’s scale A device used to measure or draw
lines in the English system of units with a base unit of
inches and fractions of an inch.
arrowhead A small triangle at the end of dimension
lines and leaders to indicate the direction and extent of a
dimension.
as-built drawings The marked-up drawings from a
civil engineering project that show any modifications
implemented in the field during construction.
as-built plans Drawings that show exactly how
buildings were constructed, especially when variations
exist between the final building and the plans created
during the design phase.
aspect A quantitative measure of the direction of a
slope face.
assembly A collection of parts and/or subassemblies
that have been put together to make a device or struc-
ture that performs a specific function.
assembly constraints Used to establish relation-
ships between instances in the development of a flexible
assembly model.
assembly dimensions Dimensions that show where
parts must be placed relative to other parts when the
device is being put together.
associative constraints See algebraic constraints.
associativity The situation whereby parts can be
modified and the components referenced to the parts
will be modified accordingly.
attribute Spatial information that describes the char-
acteristics of spatial features.
auxiliary views Views on any projection plane other
than a primary or principal projection plane.
axis The longitudinal centerline that passes through 
a screw.

glossary of key terms
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axonometric drawing A drawing in which all three
dimensional axes on an object can be seen, with the scal-
ing factor constant in each direction. Usually, one axis is
shown as being vertical.
back light A scene light, usually located behind
objects in the scene, which is used to create a defining
edge that visually separates foreground objects from the
background.
balloons Closed geometric shapes, usually circles,
containing identification numbers and placed beside
parts on a layout or assembly drawing to help identify
those parts.
bar chart A chart using bars of varying heights and
widths to represent quantitative data.
base feature The first feature created for a part, usu-
ally a protrusion.
base instance The one fixed instance within an
assembly.
baseline dimensioning A method for specifiying the
location of features on a part whereby all the locations
are relative to a common feature or edge.
basic dimension A dimension that is theoretically
exact. It is identified by a box around the dimension. It
locates the perfect position of features from clearly iden-
tified datums.
bearing The angle that a line makes with a North-
South line as seen in a plan view.
benchmarks Points established by the U.S.
Geological Survey that can be used to accurately locate
control points on a construction site.
bill of materials (BOM) A drawing or table in a
drawing that lists all of the parts needed to build a
device by (at least) the part number, part name, type of
material used, and number of times the part is used in
the device.
bitmap textures Texture mapping routines that are
based on referencing external image files.
black box diagram A diagram that shows the major
inputs and outputs from a system.
blend A solid formed by a smooth transition between
two or more profiles.
blind extrusion An extrusion made to a specified
length in a selected direction.
blind hole A hole that does not pass completely
through a part.
blueprints The name sometimes given to construc-
tion drawings based on historical blue-on-white draw-
ings that were produced from ink drawings.
bolt A threaded fastener that passes completely
through parts and holds them together using a nut.
Boolean operations In early versions of 3-D CAD
software, commands used to combine solids.

border A thick line that defines the perimeter of a
drawing.
boring The general process of making a hole in a part
by plunging a rotating tool bit into a part, moving a
rotating part into a stationary tool bit, or moving a part
into a rotating tool bit.
bottom-up modeling The process of creating indi-
vidual parts and then creating an assembly from them.
boundary conditions The constraints and loads
added to the boundaries of a finite element model.
boundary representation (b-rep) A method used
to build solid models from their bounding surfaces.
bounding box A square box used to sketch circles or
ellipses.
brainstorming The process of group creative think-
ing used to generate as many ideas as possible for
consideration.
brainwriting A process of group creative thinking
where sketching is the primary mode of communication
between team members.
brazing A method for joining separate metal parts by
heating the parts, flowing a molten metal (solder)
between them, and allowing the unit to cool and harden.
brief A small graphic using word content alone.
broach A long, shaped cutting tool that moves along
the length of a part when placed against it. It is used to
create uniquely shaped holes and slots.
broaching A process of creating uniquely shaped
holes and slots using a long, shaped cutting tool that
moves along the length of a part in a single stroke when
placed against the part.
broken-out section The section view produced when
the cutting plane is partially imbedded into the object,
requiring an irregular portion of the object to be removed
before the hypothetically cut surface can be seen.
buffer Measured in units of distance or time, a zone
around a map feature. A buffer is useful for proximity
analysis.
bump mapping A technique used to create the illu-
sion of rough or bumpy surface detail through surface
normal perturbation.
business diagram A diagram used in an organiza-
tion to show organizational hierarchy, task planning or
analysis, or relationships between different groups or
sets of information.
butt joint A joint between two parts wherein the
parts are butted, or placed next to each other.
CAD Computer-aided drawing. The use of computer
hardware and software for the purpose of creating,
modifying, and storing engineering drawings in an
electronic format.
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CAD designers Designers who create 3-D computer
models for analysis and detailing.
cabinet oblique drawing An oblique drawing where
one half the true length of the depth dimension is meas-
ured along the receding axes.
caliper A handheld device used to measure objects
with a fair degree of accuracy.
cap screw A small threaded fastener that mates with
a threaded hole.
casting A method of creating a part by pouring or
injecting molten material into the cavity of a mold,
allowing it to harden, and then removing it from 
the mold.
cavalier oblique drawing An oblique drawing
where the true length of the depth dimension is meas-
ured along the receding axes.
center-of-mass (centroid) The origin of the 
coordinate axes for which the first moments are zero.
centerline A series of alternating long and short
dashed lines used to identify an axis of rotational
symmetry.
centermark A small right-angle cross that is used to
identify the end view of an axis of rotational symmetry.
Central Meridian The line of longitude that defines
the center and is often the x-origin of a projected coordi-
nate system.
Central Parallel The line of latitude that divides a
map into north and south halves and is often the 
y-origin of a projected coordinate system.
chain dimensioning A method for specifiying the
location of features on a part whereby the location of
each feature is successively specified relative to the loca-
tion of the previous feature.
chamfers Angled cut transitions between two inter-
secting surfaces.
charts Charts, graphs, tables, and diagrams of ideas
and quantitative data.
child feature A feature that is dependent upon the
existence of a previously created feature.
chief designer The individual who oversees other
members of the design team and manages the overall
project.
circle A closed curved figure where all points on it are
equidistant from its center point.
Clarke Ellipsoid of 1866 A reference ellipsoid hav-
ing a semimajor axis of approximately 6,378,206.4
meters and a flattening of 1/294.9786982. It is the basis
for the North American Datum of 1927 (NAD27) and
other datums.
clearance A type of fit where space exists between
two mating parts.
clearances The minimum distances between two
instances in an assembly.

clip A geoprocessing command that extracts the fea-
tures from a coverage that reside entirely within a
boundary defined by features in another coverage.
clipping plane A 3-D virtual camera technique that
allows you to selectively exclude, and not view or render,
unnecessary objects in a scene that are either too close or
too far away.
CODEC Video compression-decompression
algorithm.
collision detection A built-in software capability for
calculating and graphically animating the results of col-
lisions between multiple objects based on object proper-
ties of speed, mass, and gravity.
color mapping Sometimes called diffuse mapping,
color mapping replaces the main surface color of a
model with an external image map or texture.
combining solids The process of cutting, joining, or
intersecting two objects to form a third object.
components References of object geometry used in
assembly models.
compositing The technique and art of rendering in
layers or passes, editing the image on each layer as
needed, and compiling the edited layers or images into a
single unified final image.
computer-aided design (CAD) The process by
which computers are used to model and analyze
designed products.
computer-aided manufacturing (CAM) The
process by which parts are manufactured directly from
3-D computer models.
concept mapping The creative process by which the
central idea is placed in the middle of a page and related
concepts radiate out from that central idea.
conceptual design The initial idea for a design
before analysis has been performed.
concurrent engineering The process by which
designers, analysts, and manufacturers work together
from the start to design a product.
consensus A process of decision making where an
option is chosen that everyone supports.
constraint A boundary condition applied to a 
finite element model to prevent it from moving 
through space.
constraints Geometric relationships, dimensions, or
equations that control the size, shape, and/or orienta-
tion of entities in a sketch or solid model.
constructive solid geometry (CSG) A method used
to build solid models from primitive shapes based on
Boolean set theory.
construction drawings Working drawings, often
created by civil engineers, that are used to build large-
scale, one-of-a-kind structures.
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construction line A faint line used in sketching to
align items and define shapes.
continuation blocks Header blocks used on the sec-
ond and subsequent pages of multipage drawings.
contour dimensioning Placing each dimension in
the view where the contour or shape of the feature
shows up best.
contour interval The vertical distance between
contours.
contour rule A drawing practice where each dimen-
sion should be placed in the view where the contour
shape is best shown.
contours Lines or curves that represent the same ele-
vation across the landscape.
control points Points at a construction site that are
referenced to an origin by north, south, east, or west
coordinates.
coordinate measuring machine A computer-based
tool used to digitize object geometry for direct input to a
3-D CAD system.
corner views An isometric view of an object created
from the perspective at a given corner of the object.
cosmetic features Features that modify the appear-
ance of the surface but do not alter the size or shape of
the object.
cover sheet The first page in a set of construction
drawings showing a map of the location of the project
and possibly an index.
crest The top surface or point joining the sides of 
a thread.
critical path The sequence of activities in a project
that have the longest duration.
critical path method (CPM) A tool for determining
the least amount of time in which a project can be
completed.
cross-section The intersection between a cutting
plane and a 3-D object.
curved surface Any nonflat surface on an object.
cut (noun) A feature created by the removal of solid
volume from a model.
cut (verb) To remove the volume of interference
between two objects from one of the objects.
cutaway diagram A diagram that allows the reader
to see a slice of an object.
cutting-plane An imaginary plane that intersects
with an object to form a cross section.
cutting plane A theoretical plane used to hypotheti-
cally cut and remove a portion of an object to reveal its
interior details.
cutting plane line On an orthographic view of an
object, the presentation of the edge view of a cutting

plane used to hypothetically cut and remove a portion of
that object for viewing.
cutting segment On a stepped cutting plane for an
offset section view, that portion of the plane that hypo-
thetically cuts and reveals the interior detail of a feature
of interest.
data structure The organization of data within a
specific computer system that allows the information to
be stored and manipulated effectively.
database A collection of information for a computer
and a method for interpretation of the information
from which the original model can be re-created.
datum A theoretical plane or axis established by real
features on an object for the purpose of defining the
datum reference frame.
datum geometries Geometric entities such as
points, axes, and planes that do not actually exist on
real parts, but are used to help locate and define other
features.
datum planes The planes used to define the loca-
tions of features and entities in the construction of a
solid model.
datum reference frame A system of three mutually
perpendicular planes used as the coordinate system for
geometric dimensioning.
decimal degrees (DD) A measuring system in
which values of latitude and longitude are expressed in
decimal format rather than in degrees, minutes, and sec-
onds, such as 87.5o.
deep drawing Creating a thin-shelled part by press-
ing sheet metal into a deep cavity mold.
default tolerances Usually appearing in the drawing
header, the tolerances to be assumed for any dimension
show on a part when that dimension does not specify
any tolerances.
degrees, minutes, seconds (DMS) A measuring
system for longitude and latitude values, such as 87o 30'
00", in which 60 seconds equals 1 minute and 60 min-
utes equals 1 degree.
density The mass per unit volume for a given
material.
depiction An illustration describing and simplifying
factual information on a real-world system.
depth of thread The distance between the crest and
the root of a thread, measured normal to the axis.
depth-mapped shadows Also called shadow-
mapped shadows, depth-mapped shadows use a precal-
culated depth map to determine the location, density,
and edge sharpness of shadows.
descriptive geometry A two-dimensional graphical
construction technique used for geometric analysis of
three-dimensional objects.
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design (noun) An original manifestation of a device 
or method created for performing one or more useful
functions.
design (verb) The process of creating a design (noun).
design analysts Individuals who analyze design con-
cepts by computer methods to determine their struc-
tural, thermal, or vibration characteristics.
design documentation The set of drawings and
specifications that illustrate and thoroughly describe a
designed product.
design process The multistep, iterative process by
which products are conceived and produced.
design table A table or spreadsheet that lists all of
the versions of a family model, the dimensions or
features that may change, and the values in any of its
versions.
design tree See model tree.
detail designers The individuals who create engi-
neering drawings, complete with annotation, from 3-D
computer models or from engineering sketches.
detail drawing A formal drawing that shows the
geometry, dimensions, tolerances, materials, and any
processes needed to fabricate a part.
detail sections Drawings included in a set of con-
struction plans that show how the various components
are assembled.
devil’s advocate The team member who challenges
ideas to ensure that all options are considered by 
the group.
diagram An illustration that explains information,
represents a process, or shows how pieces are put
together.
diametric drawing An axonometric drawing in
which the scaling factor is the same for two of the axes.
die A special tool made specifically to deform raw or
stock material into a desired outline of a part or feature
in a single operation.
die casting A method of casting where the mold is
formed by cutting a cavity into steel or another hard
material. See casting.
digital elevation model (DEM) The representation
of continuous elevation values over a topographic
surface by a regular array of z-values referenced to a
common datum. It is typically used to represent 
terrain relief.
dimension A numerical value expressed in appropri-
ate units of measure and used to define the size, loca-
tion, geometric characteristic, or surface texture of a
part or part feature.
dimension line A thin, dark, solid line that termi-
nates at each end with arrowheads. The value of a
dimension typically is shown in the center of the
dimension line.

dimension name The unique alphanumeric designa-
tion of a variable dimension.
dimensional constraints Measurements used to
control the size or position of entities in a sketch.
direct dimensioning Dimensioning between two key
points to minimize tolerance accumulation.
directional light A computer-generated light source
designed to simulate the effect of light sources, such as
the sun, that are so far away from objects in the scene
that lighting and shadow patterns in the scene appear to
be parallel.
displacement A change in the location of points on
an object after it has been subjected to external loads.
dissolve A geoprocessing command that removes
boundaries between adjacent polygons that have the
same value for a specified attribute.
draft The slight angling of the walls of a cast, forged,
drawn, or stamped part to enable the part to be removed
from the mold more easily.
drawing A collection of images and other detailed
graphical specifications intended to represent physical
objects or processes for the purpose of accurately 
re-creating those objects or processes.
drill bit A long, rotating cutting tool with a sharp-
ened tip used to make holes.
drilling A process of making a hole by plunging a
rotating tool bit into a part.
drill press A machine that holds, spins, and plunges
a rotating tool bit into a part to make holes.
driven dimension A variable connected to an alge-
braic constraint that can be modified only by user
changes to the driving dimensions.
driving dimension A variable used in an algebraic
constraint to control the values of another (driven)
dimension.
double-sided extrusion A solid formed by the
extrusion of a profile in both directions from its
sketching plane.
EC Level A number included in the title block of a
drawing indicating that the part has undergone a
revision.
edge tracking A procedure by which successive edges
on an object are simultaneously located on a pictorial
image and on a multiview image of that object.
edge view (of a plane) A view in which the given
plane appears as a straight line.
EDM Electric discharge machining; a process by
which material is eroded from a part by passing an elec-
tric current between the part and an electrode (or a wire)
through an electrolytic fluid.
electrical plan A plan view showing the layout of
electrical devices on a floor in a building.
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elevation view In the construction of a perspective
view, the object as viewed from the front, as if created by
orthogonal projection.
elevation views Views of a structure that show
changes in elevation (side or front views).
ellipse A closed curve figure where the sum of the dis-
tance between any point on the figure and its two foci is
constant.
end mill A rotating cutting tool that, when placed in
the spindle of a milling machine, can remove material in
directions parallel or perpendicular to its rotation axis.
engineer (noun) A person who engages in the art of
engineering.
engineer (verb) To plan and build a device that does
not occur naturally within the environment.
Engineer’s scale A device used to measure or draw
lines in the English system of units with a base unit of
inches and tenths of an inch.
engineering The profession in which knowledge of
mathematical and natural sciences gained by study,
experience, and practice is applied with judgment to
develop and utilize economically the materials and
forces of nature for the benefit of humanity.
engineering animation A dynamic virtual 3-D pro-
totype of a mechanism or system that can be assembled
(usually from preexisting or newly created 3-D CAD
part models) and/or shown in operation over a period
of time.
engineering change (EC) number A dated number
that defines the degree to which the specifications of a
part have been updated.
engineering design The process by which many
competing factors of a product are weighed to select the
best alternative in terms of cost, sustainability, and
function.
engineering scale A device used to make measure-
ments in much the same way a ruler is used.
explanation diagram An illustration explaining the
way something works; a basic process; or the decon-
struction of an object, a plan, or a drawing.
exploded assembly drawing A formal drawing, usu-
ally in pictorial form, that shows the orientation and
sequence in which parts are put together to make a device.
exploded configuration A configuration of an
assembly that shows instances separated from one
another. An exploded configuration is used as the basis
for an assembly drawing.
extension line A thin, dark, solid line extending
from a point on an object, perpendicular to a dimension
line used to indicate the extension of a surface or point
to a location preferably outside the part outline.
external thread Threads that are formed on the out-
side of a cylindrical feature, such as on a bolt or stud.

extrude through all An extrusion that begins on the
sketching plane and protrudes or cuts through all por-
tions of the solid model that it encounters.
extrude to selected surface An extrusion where the
protrusion or cut begins on the sketching plane and
stops when it intersects a selected surface.
extrusion (in fabrication) A process for making
long, solid shapes with a constant cross section by squeez-
ing raw material under elevated temperatures and pres-
sure through an orifice shaped with that cross section.
extrusion (in 3D modeling) A solid that is bounded
by the surfaces swept out in space by a planar profile as
it is pulled along a path perpendicular to the plane of
the profile.
fabricate To make something from existing materials.
family model A collection of different versions of a
part in a single model that can display any of the versions.
false easting A value applied to the origin of a coor-
dinate system to modify the x-coordinate readings, usu-
ally to make all of the coordinate values positive.
false northing A value applied to the origin of a
coordinate system to modify the y-coordinate readings,
usually to make all of the coordinate values positive.
fastener A manufactured part whose primary func-
tion is to join two or more parts.
feature array A method for making additional fea-
tures by placing copies of a master feature on the model
at a specified equal spacing.
feature generalization The process of going from
the specific to the general in analyzing data.
features Distinctive geometric shapes on solid parts;
3-D geometric entities that exist to serve some function.
feature-based solid modeling A solid modeling
system that uses features to build models.
feature control frame The main alphabet of the
language of geometric dimensioning and tolerancing.
These boxes contain the geometric characteristic sym-
bol, the geometric tolerances, and the relative datums.
feature pattern See feature array.
feature tree See model tree.
feature with size A cylindrical or spherical surface 
or a set of two opposed elements or opposed parallel
surfaces associated with a size dimension. Typical fea-
tures with size are holes, cylinders, spheres, and opposite
sides of a rectangular block.
feature without size A planar surface or a feature
where the normal vectors point in the same direction.
field A column in a table that stores the values for a
single attribute.
fill light A light that softens and extends the illumi-
nation of the objects provided by the key light.
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fillets Smooth transitions of the internal edge created
by two intersecting surfaces and tangent to both inter-
secting surfaces.
Finite Element Analysis An advanced computer-
based design analysis technique that involves subdivid-
ing an object into several small elements to determine
stresses, displacements, pressure fields, thermal distri-
butions, or electromagnetic fields.
first-angle projection The process of creating a view
of an object by imprinting its image, using orthogonal
projection, on an opaque surface behind that object.
fishbone diagram A diagram that shows the various
subsystems in a device and the parts that make up 
each subsystem.
fixture A mechanical device, such as a clamps or
bracket, used for holding a workpiece in place while it is
being modified.
flash Bits of material that are left on a part from a
casting or molding operation and found along the
seams where the mold pieces separate to allow removal
of the part.
floor plan A plan view of a single floor in a building
that shows the layout of the rooms.
flowchart A quality improvement tools used to docu-
ment, plan, or analyze a process or series of tasks.
foreshortened (line or plane) Appearing shorter
than its actual length in one of the primary views.
forging A process of deforming metal with a com-
mon shape at room temperature into a new but similar
shape by pressing it into a mold under elevated pressure.
form The shape of the thread cross section when cut
through the axis of the thread cylinder.
form feature A recognizable area on a solid model
that has a specific function.
forward kinematics In a hierarchical link, total
motion in which the motion of the parent is transferred
to the motion of the child.
foundation plan A plan view of the foundation of a
building showing footings and other support structures.
foundation space The rectilinear volume that repre-
sents the limits of the volume occupied by an object.
foundation space The rectilinear volume that repre-
sents the limits of the volume occupied by an object.
frame rate The rate of speed, usually in frames per
second, in which individual images or frames are played
when an animation is viewed.
frontal surface A surface on an object being viewed
that is parallel to the front viewing plane.
full section The section view produced when a single
cutting plane is used to hypothetically cut an object
completely into two pieces.

function curve A graphical method of displaying and
controlling an object’s transformations.
functional gage An inspection tool built uniquely
for the purpose of quickly checking a specific dimension
or geometric condition on a part to determine whether
or not it fall within tolerance limits. 
fused deposition A process where parts are gradually
built up by bits of molten plastic that are deposited by a
heated tip at selected locations and then solidified by
cooling.
Gantt chart A tool for scheduling a project timeline.
general sections Sections through entire structures
that show the layout of rooms but provide little detail.
geographic coordinate system A spatial reference
system using a grid network of parallels and meridians
to locate spatial features on the earth’s surface.
geographically referenced data Information that
is referenced to a specific geographic location, usually
on the earth’s surface.
geometric constraints Definitions used to control
the shape of a profile sketch through geometric
relationships.
geometric dimensioning and tolerancing (GD&T)
A 3-D mathematical system that allows a designer to
describe the form, orientation, and location of features
on a part within precise tolerance zones.
geometric transformation Transformations used
to alter the position, size, or orientation of a part, cam-
era, or light over a specified period of time.
georeferenced data See geographically 
referenced data.
glass box A visualization aid for understanding the
locations and orientations of images of an object pro-
duced by third-angle projection on a drawing. The
images of an object are projected, using orthogonal pro-
jection, on the sides of a hypothetical transparent box
that is then unfolded into a single plane.
global positioning systems (GPS) A system of geo-
synchronous, radio-emitting and receiving satellites
used for determining positions on the earth.
graphical user interface (GUI) The format of
information on the visual display of a computer, giving
its user control of the input, output, and editing of the
information.
green engineering The process by which environ-
mental and life cycle considerations are examined from
the outset in design.
grinding A method of removing small amounts of
material from a part using a rotation abrasive wheel,
thus creating surfaces of very accurate planar or cylin-
drical geometries.
ground constraint A constraint usually applied to a
new sketch to fix the location of the sketch in space.
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ground line (GL) In the construction of a perspec-
tive view, a line on the elevation view that represents the
height of the ground.
GRS80 spheroid The satellite-based spheroid for the
Geodetic Reference System 1980.
half section The section view produced when a single
cutting plane is used to hypothetically cut an object up
to a plane or axis of symmetry, leaving that portion
beyond the plane or axis intact.
header A premade outline on which working draw-
ings are created to ensure that all information required
for fabrication and record keeping is entered.
heating and ventilation plan A plan view of the ven-
tilation systems on a specific floor of a building, includ-
ing ductwork and devices such as air 
conditioning units.
hidden lines The representation, using dashed lines,
on a drawing of an object of the edges that cannot be
seen because the object is opaque.
hierarchy The parent-child relationships between
instances in an assembly.
hierarchical link A series of user-defined or linked
objects that have a parent-child-grandchild relationship.
history tree See model tree.
holes A cut feature added to a model that will often
receive a fastener for system assembly.
horizon line (HL) In the construction of a perspec-
tive view, the line that represent the horizon, which is
the separation between the earth and the sky at a long
distance. The left and right vanishing points are located 
on the HL. The PP and the HL are usually parallel to
each other.
horizontal modeling A strategy for creating solid
models that reduces parent-child relationships within
the feature tree.
horizontal surface A surface on an object being
viewed that is parallel to the top viewing plane.
identity A geometric integration of spatial datasets
that preserves only the geographic features from the
first input layer; the second layer merely adds more
information to the dataset.
image A collection of printed, displayed, or imagined
patterns intended to represent real objects, data, or
processes.
inclined surface A flat surface on an object being
viewed that is perpendicular to one primary view and
angled with respect to the other two views.
index A list of all sheets of drawings contained in a
set of construction plans.
industrial designers The individuals who use their
creative abilities to develop conceptual designs of poten-
tial products.

infographic A shortened form of informational graphic
or information graphic.
information graphics Often referred to as
infographic, visual explanations.
injection molding A process for creating a plastic
part by injecting molten plastic into a mold under pres-
sure, allowing the material to solidify, and removing the
part from the mold.
instances Copies of components that are included
within an assembly model.
instructional diagram A diagram showing how a
specific action within an object occurs.
instruments In engineering drawing, mechanical
devices used to aid in creating accurate and 
precise images.
interchangeable manufacturing A process by
which parts are made at different locations and brought
together for assembly. For many industries, this process
opens the door for third-party companies to produce
replacement parts or custom parts.
interference A fit where two mating parts have inter-
secting nominal volumes, requiring the deformation of
the parts . For example, the diameter of the shaft is
larger than the diameter of the hole. When assembled,
the intent is that the shaft will not spin in the hole.
interference The amount of overlap between two
instances in an assembly.
internal thread Threads that are formed on the
inside of a hole.
international sheet sizes The internationally
accepted paper dimensions used when drawings are cre-
ated or printed to their full intended size.
intersect To create a new object that consists of the
volume of interference between two objects.
intersection A geometric integration of spatial
datasets that preserves features or portions of features
that fall within areas common to all input datasets.
inverse kinematics A bidirectional set of constraints
that allows motion of a set of linked objects by moving
the very end of the hierarchically linked chain and hav-
ing the rest of the links move in response.
investment casting A method of casting where the
mold is formed by successive dipping of a master form
into progressively coarser slurries, allowing each layer to
harden between each dipping. See casting.
isometric axes A set of three coordinate axes that are
portrayed on the paper at 120 degrees relative to one
another.
isometric dot paper Paper used for sketching pur-
poses that includes dots located along lines that meet at
120 degrees.
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isometric drawing An axonometric drawing in
which the scaling factor is the same for all three axes.
isometric grid paper Paper used for sketching pur-
poses that includes grid lines at 120 degrees relative to
one another.
isometric lines Lines on an isometric drawing that
are parallel or perpendicular to the front, top, or profile
viewing planes.
isometric pictorial A sketch of an object that shows its
three dimensions where isometric axes were used as the
basis for defining the edges of the object.
item number A number used to identify a part on a
layout or assembly drawing.
join To absorb the volume of interference between
two objects to form a third object.
key A small removable part similar to a wedge that
provides a positive means of transferring torque
between a shaft and a hub.
key light A light that creates an object’s main illumi-
nation, defines the dominant angle of the lighting, and
is responsible for major highlights on objects in a scene.
keyframe A specific frame located at a specified time
within an animation where an object’s location, orienta-
tion, and scale are defined perfectly.
keyseat A rectangular groove cut in a shaft to posi-
tion a key.
keyway A rectangular groove cut in a hub to position 
a key.
landscape The drawing orientation in which the hor-
izontal size is larger than the vertical size.
lap joint A joint between two parts wherein the parts
are overlapped.
laser scanning (three-dimensional) A process where
cameras and lasers are used to digitize an object based
on the principle of triangulation.
lathe A machine used to make axially symmetric parts
or features using a material removal process known as
turning.
latitude An imaginary line around the Earth’s surface
in which all of the points on the line are equidistant
from the Equator.
layout drawing A formal drawing that shows a
device in its assembled state with all of its parts
identified.
lead The distance a screw thread advances axially in
one full turn.
leader A thin, dark, solid line terminating with an
arrowhead at one end and a dimension, note, or symbol
at the other end.
left-handed system Any 3-D coordinate system that is
defined by the left-hand rule.

level of detail The number of polygon mesh trian-
gles used to define the surface shape of a 3-D model.
For rendering speed, as a general case, objects close to
the camera in a scene require a higher number of poly-
gons to more accurately define their surfaces while
more distant objects can be effectively rendered with
fewer polygons.
life cycle The amount of time a product will be used
before it is no longer effective.
line A spatial feature that has location and length but
no area and is represented by a series of nodes, points,
and arcs.
line chart A graph showing the relationship between
two sets of data, where line segments are used to link the
data to show trends in their changes.
list A boxed series of components, definitions, 
tips, etc.
location A dimension associated with the position of
a feature on a part.
location grid An imaginary alphanumeric grid, simi-
lar to that of a street map, on a drawing that is used to
specify area locations on the drawing.
longitude An imaginary north-south line on the
Earth’s surface that extends from the North Pole to the
South Pole. 
machine screw A threaded fastener wherein the
threads are cut along the entire length of the cylindrical
shaft. Machine screws can mate with a threaded hole 
or nut.
major diameter The largest diameter on an internal
or external thread.
main assembly A completed device usually com-
posed of multiple smaller parts and/or subassemblies.
main title block A bordered area of a drawing (and
part of the drawing header) that contains important
information about the identification, fabrication, his-
tory, and ownership of the item shown on the drawing.
manufacturing drawings Working drawings, often
created by mechanical engineers, that are used to mass-
produce products for consumers.
map A diagram of the location of events with
geography.
map projection A systematic arrangement of paral-
lels and meridians on a plane surface representing the
geographic coordinate system.
mapping coordinates Also called UVW coordinates,
mapping coordinates are special coordinate systems
designed to correctly place and control the shape of
external and procedurally generated images on the sur-
faces of 3-D models.
mass A property of an object’s ability to resist a
change in acceleration.
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mass properties analysis A computer-generated
document that gives the mechanical properties of a 3-D
solid model.
master feature A feature or collection of features
that is to be copied for placement at other locations in
a model.
master model In a collection of similar parts, the
model that includes all of the features that may appear
in any of the other parts.
matt object An object with a combined material and
alpha channel map.
maximum material condition The condition in
which a feature of size contains the maximum amount
of material within the stated limits of size.
measuring line (ML) In the construction of a per-
spective view, a vertical line used in conjunction with the
elevation view to locate vertical points on the perspective
drawing.
measuring wall In the construction of a perspective
view, a line that extends from the object to the vanishing
point to help establish the location of horizontal points
on the drawing.
mechanical dissection The process of taking apart a
device to determine the function of each part.
mechanical stress Developed force applied per unit
area that tries to deform an object.
mental rotations The ability to mentally turn an
object in space.
meridian A line of longitude through the North and
South Poles that measure either E or W in a geographic
coordinate system.
mesh The series of elements and nodal points on a
finite element model.
Metric scale A device used to measure or draw lines
in the metric system of units with drawings scales
reported as ratios.
metrology The practice of measuring parts.
milling A process of removing material from a part
using a rotating tool bit that can remove material in
directions parallel or perpendicular to the tool bit’s rota-
tion axis.
milling machine A machine used to make parts
through a material removal process known as milling.
minor diameter The smallest diameter on an inter-
nal or external thread.
mirrored feature A feature that is created as a mir-
ror image of a master feature.
model A mathematical representation of an object or
a device from which information about its function,
appearance, or physical properties can be extracted.
model builders Engineers who make physical mock-
ups of designs using modern rapid prototyping and
CAM equipment.

model tree A list of all of the features of a solid
model in the order in which they were created, providing
a “history” of the sequence of feature creation.
mold A supported cavity shaped like a desired part
into which molten material is poured or injected.
moment-of-inertia The measure of an object’s abil-
ity to resist rotational acceleration about an axis.
morphological chart A chart used to generate ideas
about the desirable qualities of a product and all of the
possible options for achieving them.
motion blur The amount of movement of a high-
speed object recorded as it moves through a single frame.
motion path Spline curves that serve as a trajectory
for the motion of objects in animation.
multiple thread A thread made up of two or more
continuous ridges side by side.
multiple views The presentation of an object using
more than one image on the same drawing, each image
representing a different orientation of the object.
multiview Refers to a drawing that contains more
than one image of an object and whose adjacent images
are generated from orthogonal viewing planes.
node A point at the beginning and end of a line fea-
ture or a point that defines a polygon feature.
normal surface A surface on an object being viewed
that is parallel to one of the primary viewing planes.
note taker The person who records the actions dis-
cussed and taken at team meetings and then prepares
the formal written notes for the meeting.
notes Additional information or instructions placed
on a drawing that are not contained on the dimensions,
tolerances, or header.
nut The threaded mate to a bolt used to hold two or
more pieces of material together.
oblate ellipsoid An ellipsoid created by rotating an
ellipse around its minor axis.
oblique axes A set of three coordinate axes that are
portrayed on the paper as two perpendicular lines, 
with the third axis meeting them at an angle, typically 
45 degrees.
oblique pictorial A sketch of an object that shows
one face in the plane of the paper and the third dimen-
sion receding off at an angle relative to the face.
oblique surface A flat surface on an object being
viewed that is neither parallel nor perpendicular to any
of the primary views.
offset section The section view produced by a
stepped cutting plane that is used to hypothetically cut
an object completely into two pieces. Different portions
of the plane are used to reveal the interior details of dif-
ferent features of interest.
one-off A one-of-a-kind engineering project for
which no physical prototypes are created.

G-10 Glossary of Key Terms

42496_28_Glossary  12/21/07  3:48 PM  Page 10



optimization Modification of shapes, sizes, and
other variables to achieve the best performance based on
predefined criteria.
organizational chart A chart representing the rela-
tionships of entities of an organization in terms of
responsibility or authority.
orthogonal projection The process by which the
image of an object is created on a viewing plane by rays
from the object that are perpendicular to that plane.
outline assembly drawing See layout drawing.
parallel An imaginary line parallel to the equator that
corresponds to a measurement of latitude either N or S
in a geographic coordinate system.
parameters The attributes of features, such as
dimensions, that can be modified.
parametric solid modeling A solid modeling sys-
tem that allows the user to vary the dimensions and
other parameters of the model.
parametric techniques Modeling techniques where
all driven dimensions in algebraic expressions must be
known for the value of the dependent variables to be
calculated.
parent feature A feature used in the creation of
another feature, which is called its child feature.
part An object expected to be delivered from a fabri-
cator as a single unit with only its external dimensions
and functional requirements specified.
part name A very short descriptive title given to a
part, subassembly, or device.
part number Within a company, a string of alphanu-
meric characters used to identify a part, a subassembly,
an assembly, or a device.
particle system Specialized software modules used
to generate, control, and animate very large numbers of
small objects involved in complex events.
parts list See bill of materials.
path The specified curve on which a profile is placed
to create a swept solid.
passive animation An animation in which the
observer remains still while the action occurs around
him or her.
patents A formal way to protect intellectual property
rights for a new product.
pattern A master part from which molds can be
made for casting final parts.
perspective drawing A drawing in which all three-
dimensional axes on an object can be seen, with the scal-
ing factor linearly increasing or decreasing in each
direction. Usually one axis is shown as being vertical.
This type of drawing generally offers the most realistic
presentation of an object.
pictorial A drawing that shows the 3-D aspects and
features of an object.

picture plane (PP) In the construction of a perspec-
tive view, the viewing plane through which the object is
seen. The PP appears as a line (edge view of the viewing
plane) in the plan view.
pie chart A circular chart that is divided into wedges
like a pie, representing a piece of the whole.
pin A cylindrical (or slightly tapered) fastener typically
used to maintain a desired position or orientation
between parts.
pitch The distance from one point on a thread to the
corresponding point on the adjacent thread as measured
parallel to its axis.
pitch diameter The diameter of an imaginary cylin-
der that is halfway between the major and minor diame-
ters of the screw thread.
pivot point An independent, movable coordinate sys-
tem on an object that can be used for location, orienta-
tion, and scale transformations.
pixel The contraction for “picture element”; the
smallest unit of information within a grid or raster 
data set.
plan and profile drawings Construction drawings
typically used for roads or other linear entities that
show the road from above as well as from the side, with
the profile view usually drawn with an exaggerated
vertical scale.
plan view In the construction of a perspective view,
the object as viewed from the top, as if created by
orthogonal projection.
plan views Drawings created from a viewpoint above
the structure (top view).
planar coordinate system A 2-D measurement sys-
tem that locates features on a plane based on their dis-
tance from an origin (0,0) along two perpendicular axes.
point A spatial feature that has only location, has nei-
ther length nor area, and is represented by a pair of xy
coordinates.
point light A computer-generated light source, also
called an omni light, that emits light rays and casts
shadows uniformly in all directions. Also called an
omnidirectional light.
point tracking A procedure by which successive 
vertices on an object are simultaneously located on a
pictorial image and a multiview image of that object.
polygon A spatial feature that has location, area, and
perimeter and is represented by a series of nodes, points,
and arcs that must form a closed boundary.
portrait The drawing orientation in which the verti-
cal size is larger than the horizontal size.
preferred configuration The drawing presentation
of an object using its top, front, and right-side views.
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primary modeling planes The planes representing
the XY-, XZ-, and YZ-planes in a Cartesian 
coordinate system.
primitives The set of regular shapes, such as boxes,
spheres, or cylinders that are used to build solid models
with constructive solid geometry methods (CSG).
principal viewing planes The planes in space on
which the top, bottom, front, back, and right and left
side views are projected.
problem identification The first stage in the design
process where the need for a product or a product modi-
fication is clearly defined.
procedural textures Texture mapping routines
based on algorithms written into the rendering software
that can generate a specialized colored pattern such as
wood, water, a checker pattern, a tile pattern, stucco, and
many others without reference to external image files.
process check A method for resolving differences
and making adjustments in team performance.
process diagram An illustration that explains how
system elements work and how interactions occur.
professional engineer (PE) An individual who has
received an engineering degree, who has worked under
the supervision of a PE for a number of years, and who
has passed two examinations certifying knowledge of
engineering practice.
profile A planar sketch that is used to create a solid.
profile surface A surface on an object being viewed
that is parallel to a side viewing plane.
profile views Views of a structure that show horizon-
tal surfaces in edge view (side or front views).
project In engineering, a collection of tasks that 
must be performed to create, operate, or retire a system
or device.
projection ray A line perpendicular to the projection
plane. It transfers the 2-D shape from the object to an
adjacent view. Projection rays are drawn lightly or are
not shown at all on a finished drawing.
prototype The initial creation of a product for test-
ing and analysis before it is mass-produced.
protrusion A feature created by the addition of solid
volume to a model.
qualitative data Information collected using words
and ideas.
quantitative data Numeric information.
quantity per machine (Q/M) The number of times
a part is required to build its next highest assembly.
radius-of-gyration The distance from an axis where
all of the mass can be concentrated and still produce the
same moment-of-inertia.
rapid prototyping Various methods for creating a
part quickly by selective hardening of a powder or liquid
raw material at room temperature.

raster data model A representation of the geo-
graphic location as a surface divided into a regular grid
of cells or pixels.
raytraced shadows Shadows calculated by a process
called raytracing, which traces the path that a ray of
light would take from the light source to illuminate or
shade each point on an object.
raytracing A method of rendering that builds an
image by tracing rays from the observer, bouncing them
off the surfaces of objects in the scene, and tracing 
them back to the light sources that illuminate the scene.
reaming A process for creating a hole with a very
accurate final diameter using an accurately made cylin-
drical cutting tool similar to a drill bit to remove final
bits of material after a smaller initial hole is created.
rebars Steel bars added to concrete for reinforcement
or for temperature control.
receding dimension The portion of the object that
appears to go back from the plane of the paper in an
oblique pictorial.
record A set of related data fields, often a row in a
database, containing the attribute values for a single
feature.
reference dimensions Unneeded dimensions shown
for the convenience of the reader used to show overall
dimensions that could be extracted from other dimen-
sions on the part or from other drawings.
reference line Edges of the glass box or the intersec-
tion of the perpendicular planes. The reference line is
drawn only when needed to aid in constructing addi-
tional views. The reference line should be labeled in
constructing auxiliary views to show its association
between the planes it is representing; for example, H/F
for the hinged line between the frontal and horizontal
planes. A reference line is also referred to as a fold line
or a hinged line.
reflection The process of obtaining a mirror image of
an object from a plane of reflection.
reflection mapping Mapping that allows the use of
grayscale values in an image file to create the illusion 
of a reflection on the surface of a part. White creates
reflective highlights, while black is transparent to the
underlying color of the surface.
regeneration The process of updating the profile or
part to show its new shape after constraints are added or
changed.
related views Views adjacent to the same view that
share a common dimension that must be transferred in
creating auxiliary views.
removed section The section view produced when a
cutting plane is used to hypothetically remove an infini-
tesimally thin slice of an object for viewing.
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rendering The process where a software program
uses all of the 3-D geometric object and lighting data to
calculate and display a finished image of a 3-D scene in a
2-D viewport.
retaining rings Precision-engineered fasteners that
provide removable shoulders for positioning or limiting
movement in an assembly.
reverse engineering A systematic methodology for
analyzing the design of an existing device.
revolved section The section view produced when a
cutting plane is used to hypothetically create an infini-
tesimally thin slice, which is rotated 90 degrees for view-
ing, on an object.
revolved solid A solid formed when a profile curve is
rotated about an axis.
ribs Constant thickness protrusions that extend from
the surface of a part and are used to strengthen or
stiffen the part.
right-hand rule Used to define a 3-D coordinate sys-
tem whereby by pointing the fingers of the right hand
down the x-axis and curling them in the direction of the
y-axis, the thumb will point down the z-axis.
right-handed system Any 3-D coordinate system that
is defined by the right-hand-rule.
rivet A cylindrical pin with heads at both ends, one
head being formed during the assembly process, form-
ing a permanent fastener often used to hold sheet metal
together.
rolling A process for creating long bars with flat,
round, or rectangular cross sections by squeezing solid
raw material between large rollers. This can be done
when the material is in a hot, soft state (hot rolling) or
when the material is near room temperature (cold
rolling).
root The bottom surface or point of a screw thread.
rounds Smooth radius transitions of external edges
created by two intersecting surfaces and tangent to both
intersecting surfaces.
sand casting A casting process where the mold is
made of sand and binder material hardened around a
master pattern that is subsequently removed to form the
cavity. See casting.
sawing A cutting process that uses a multitoothed
blade that moves rapidly across and then through 
the part.
scatter plot A graph using a pattern of dots showing
the relationship between two sets of data.
schedule of materials A list of the materials, such as
doors and windows, necessary for a construction project.
schematic diagram A diagram explaining how com-
ponents work together, what the measurements are, how
components are set up, or how pieces are connected.

screw thread A helix or conical spiral formed on the
external surface of a shaft or on the internal surface of a
cylindrical hole.
scripting A programming capability that allows a
user to access and write code at or near the source code
level of the software.
secondary title block An additional bordered area
of a drawing (and part of the drawing header) that con-
tains important information about the identification,
fabrication, and history of the item shown on the
drawing.
section lines Shading used to indicate newly formed
or cut surfaces that result when an object is hypotheti-
cally cut.
section view A general term for any view that pres-
ents an object that has been hypothetically cut to reveal
the interior details of its features, with the cut surfaces
perpendicular to the viewing direction and filled with
section lines for improved presentation.
sectioned assembly drawing A formal drawing,
usually in pictorial form, that shows the device in its
assembled form but with sections removed from obscur-
ing parts to reveal formerly hidden parts.
selective laser sintering A process where a high-
powered laser is used to selectively melt together the par-
ticles on a bed of powdered metal to form the shape of a
desired part.
self-tapping screw A fastener that creates its own
mating thread.
sequence diagram A group of diagrams that
includes process diagrams, timelines, and step-by-step
diagrams.
set of construction plans A collection of drawings,
not necessarily all of them plan views, needed to con-
struct a building or infrastructure project.
set screw A small screw used to prevent parts from
moving due to vibration or rotation, such as to hold a
hub on a shaft.
shading Marks added to surfaces and features of a
sketch to highlight 3-D effects.
shading algorithms Algorithms designed to deal
with the diffuse and specular light transmission on the
surface of an object.
shelling Removing most of the interior volume of a
solid model, leaving a relatively thin wall of material
that closely conforms to the outer surfaces of the origi-
nal model.
sidebar Small infographics used within a body of text
that are subdivided into briefs, lists, and bio profiles.
single thread A thread that is formed as one
continuous ridge.
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sintering A process where a part is formed by placing
powdered metal into a mold and then applying heat and
pressure to fuse the powder into a single solid shape.
site plan A plan view showing the construction site
for an infrastructure project.
site survey Data regarding the existing topography
and structures gathered during the preliminary design
stages by trained surveying crews.
six standard views (or six principal views) The
drawing presentation of an object using the views pro-
duced by the glass box (i.e., the top, front, bottom, rear,
left-side, and right-side views).
size The general term for the size of a feature, such as
a hole, cylinder, or set of opposed parallel surfaces.
sketches Collections of 2-D entities.
sketching editor A software tool used to create and
edit sketches.
sketching plane A plane where 2-D sketches and
profiles can be created.
slope The rate of change of elevation (rise) over a
specified distance (run). Measured in percent or degrees.
solid model A mathematical representation of a
physical object that includes the surfaces and the inte-
rior material, usually including a computer-based simu-
lation that produces a visual display of an object as if it
existed in three dimensions.
solid modeling Three-dimensional modeling of
parts and assemblies originally developed for mechani-
cal engineering use but presently used in all engineering
disciplines.
spatial data A formalized schema for representing
data that has both geographic location and descriptive
information.
spatial orientation The ability of a person to men-
tally determine his own location and orientation within
a given environment.
spatial perception The ability to identify horizontal
and vertical directions.
spatial relations The ability to visualize the relation-
ship between two objects in space, i.e., overlapping or
nonoverlapping.
spatial visualization The ability to mentally trans-
form (rotate, translate, or mirror) or to mentally alter
(twist, fold, or invert) 2-D figures and/or 3-D objects.
specifications (specs) The written instructions that
accompany a set of construction plans used to build an
infrastructure project.
spheroid See oblate ellipsoid.
spindle That part of a production cutting machine 
that spins rapidly, usually holding a cutting tool or a
workpiece.
splines Polynomial curves that pass through multiple
data points.

split line The location where a mold can be disassem-
bled for removal of a part once the molten raw material
inside has solidified.
spotlight A computer-generated light that simulates
light being emitted from a point in space through a cone
or beam, with the angle and direction of light controlled
by the user.
spring pin A hollow pin that is manufactured by
cold-forming strip metal in a progressive roll-forming
operation. Spring pins are slightly larger in diameter
than the hole into which they are inserted and must be
radially compressed for assembly.
sprue Bits of material that are left on the part from a
casting or molding operation and found at the ports
where the molten material is injected into the mold or at
the ports where air is allowed to escape.
stage That part of a machine that secures and slowly
moves a cutting tool or workpiece in one or more
directions.
stamping A process for cutting and shaping sheet
metal by shearing and bending it inside forms with
closely fitting cutouts and protrusions.
standard commercial shape A common shape for
raw material as would be delivered from a material
manufacturer.
State Plane Coordinate System The planar coordi-
nate system developed in the 1930s for each state to per-
manently record the locations of the original land
survey monuments in the United States.
station point (SP) In the construction of a perspec-
tive view, the theoretical location of the observer who
looks at the object through the picture plane.
statistical tolerancing A way to assign tolerances
based on sound statistical practices rather than conven-
tional tolerancing practices.
step segment On a stepped cutting plane for an off-
set section view, that portion of the plane that connects
the cutting segments and is usually perpendicular to
them but does not intersect any interior features.
step-by-step diagram An illustration that visually
explains a complex process; it is a type of a sequence
diagram.
stereolithography A process for creating solid parts
from a liquid resin by selectively focusing heat or ultra-
violet light into a pool of the resin, causing it to harden
and cure in the selected areas.
storyboard A sequential set of keyframe sketches or
drawings, including brief descriptions, indications of
object and camera movement, lighting, proposed frame
numbers, and timelines sufficient to produce a complete
animation project.
stud A fastener that is a steel rod with threads at 
both ends.
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subassembly A logical grouping of assembly
instances that is treated as a single entity within the
overall assembly model.
subassemblies Collections of parts that have been
put together for the purpose of installing the collections
as single units into larger assemblies.
successive cuts A method of forming an object with a
complex shape by starting with a basic shape and remov-
ing parts of it through subtraction of other 
basic shapes.
suppressed Refers to the option for not displaying a
selected feature.
surface area The total area of the surfaces that
bound an object.
surface model A CAD-generated model created to
show a part as a collection of intersecting surfaces that
bound a solid.
surface modeling The technique of creating a 3-D
computer model to show a part or an object as a col-
lection of intersecting surfaces that bound the part’s
solid shape.
surface normal A vector that is perpendicular to
each polygon contained in a polygon mesh model.
surface tracking A procedure by which successive
surfaces on an object are simultaneously located on a
pictorial image and a multiview image of that object.
sustainable design A paradigm for making design
decisions based on environmental considerations and
life cycle analysis.
swept feature A solid that is bound by the surfaces
swept out in space as a profile is pulled along a path.
symmetry The characteristic of an object in which
one half of the object is a mirror image of the other half.
system A collection of parts, assemblies, structures,
and processes that work together to perform one or
more prescribed functions.
table Data organized in columns and rows.
tangent edge The intersection line between two sur-
faces that are tangent to each other.
tap The machine tool used to form an interior thread.
Tapping is the process of making an internal thread.
tap drill A drill used to make a hole in material
before the internal threads are cut.
tapped hole A hole that has screw threads inside it.
task credit matrix A table that lists all team mem-
bers and their efforts on project tasks.
team contract The rules under which a team agrees
to operate (also known as a code of conduct, an agree-
ment to cooperate, or rules of engagement).
team leader The person who calls the meetings, sets
the agenda, and maintains the focus of team meetings.

team roles The roles that team members fill to
ensure maximum effectiveness for a team.
technical diagram A diagram depicting a technical
illustration’s measurements, movement, dissection, or
relationship of parts.
telephoto As seen through a camera lens with a focal
length longer than 80 degrees, creating a narrow field of
view and resulting in a flattened perspective.
texture mapping The technique of adding variation
and detail to a surface that goes beyond the level of
detail modeled in the geometry of an object.
thematic layer Features of one type that are gener-
ally placed together in a single georeferenced data layer.
thematic layer overlay The process of combining
spatial information from two thematic layers.
third-angle projection The process of creating a view
of an object by imprinting its image, using orthogonal
projection, on translucent surface in 
front of that object.
thread note Information on a drawing that clearly
and completely identifies a thread.
thread series The number of threads per inch on a
standard thread.
3-D coordinate system A set of three mutually per-
pendicular axes used to define 3-D space.
3-D printing A process for creating solid objects
from a powder material by spraying a controlled stream
of a binding fluid into a bed of that powder, thus fusing
the powder in the selected areas.
three-axis mill A milling machine whose spindle,
which holds the rotating cutting tool, can be oriented
along any one of three Cartesian axes.
three-dimensional (3-D) modeling Mathematical
modeling where the appearance, volumetric, and inertial
properties of parts, assemblies, or structures are created
with the assistance of computers and display devices.
through hole A hole that extends all the way through
a part.
tick mark A short dash used in sketching to locate
points on the paper.
timekeeper The person who keeps track of the meet-
ing agenda, keeping the team on track to complete all
necessary items within the alotted time frame.
timeline A specific type of sequence diagram used to
highlight significant moments in history.
title block Usually the main title block, which is a
bordered area of the drawing (and part of the drawing
header) that contains important information about the
identification, fabrication, history, and ownership of the
item shown on the drawing.
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tolerance The total amount a specific dimension is
permitted to vary. It is the difference between the upper
and lower limits of the dimension.
tool bit A fixed or moving replaceable cutting imple-
ment with one or more sharpened edges used to remove
material from a part.
tool runout The distance a tool may go beyond the
required full thread length.
tooling Tools and fixtures used to hold, align, create,
or transport a part during its production.
top-down modeling The process of establishing the
assembly and hierarchy before individual components
are created.
trail Dashed lines on an assembly drawing that show
how various parts or subassemblies are inserted to create
a larger assembly.
trajectory See path.
transparency/opacity mapping A technique used 
to create areas of differing transparency on a surface or
an object.
trimetric drawing An axonometric drawing in which
the scaling factor is different for all three axes.
true shape (of a plane) The actual shape and size of a
plane surface as seen in a view that is parallel to the sur-
face in question.
two-dimensional (2-D) drawing Mathematical
modeling or drawing where the appearance of parts,
assemblies, or structures are represented by a collection
of two-dimensional geometric shapes.
tumbling A process for removing sharp external
edges and extraneous bits of material from a part by sur-
rounding it in a pool of fine abrasive pellets and then
shaking the combination.
turning A process for making axially symmetric parts
or features by rotating the part on a spindle and apply-
ing a cutting to the part.
undercut feature A concave feature in which the
removed material expands outward anywhere along
its depth.
union A topological overlay of two or more polygon
spatial datasets that preserves the features that fall
within the spatial extent of either input dataset; that is,
all features from both datasets are retained and
extracted into a new polygon dataset.
Universal Transverse Mercator (UTM) The pla-
nar coordinate system that divides the earth’s surface
between 84o N and 80o S into 60 zones, each 6o

longitude wide.
unsuppressed Refers to the option for displaying a
selected feature.
US sheet sizes The accepted paper dimensions used
in the United States when drawings are created or
printed to their intended size.

vanishing point (VP) In the construction of a per-
spective view, the point on the horizon where all parallel
lines in a single direction converge.
variational techniques Modeling techniques in
which algebraic expressions or equations that express
relationships between a number of variables and con-
stants, any one of which can be calculated when all of
the others are known.
vector data model A data model that uses nodes
and their associated geographic coordinates to con-
struct and define spatial features.
Venn diagram A type of business diagram that
shows the mathematical or logical relationships and
overlapping connections between different groups or
sets of information.
vertex A point that is used to define the endpoint of
an entity such as a line segment or the intersection of
two geometric entities.
video compression One of a number of algorithms
designed to reduce the size and storage requirements of
video content.
viewing direction The direction indicated by arrows
on the cutting plane line from the eye to the object of
interest that corresponds to the tail and point of the
arrow, respectively.
viewing plane A hypothetical plane between an
object and its viewer onto which the image of the object,
as seen by the viewer, is imprinted.
visual storytelling diagram An illustration that dis-
plays empirical data or clarification of ideas.
visual thinking A method for creative thinking, usu-
ally through sketching, where visual feedback assists in
the development of creative ideas.
visualization The ability to create and manipulate
mental images of devices or processes.
volume The quantity of space enclosed within an
object’s boundary surfaces.
volume of interference The volume that is common
between two overlapping objects.
wall sections Sectional views of walls from founda-
tion to roof for a construction project.
washer A flat disk with a center hole to allow a fas-
tener to pass through it.
webs Small, thin protrusions that connect two or
more thicker regions on a part.
weighted decision table A matrix used to weigh
design options to determine the best possible design
characteristics.
welding A method for joining two or more separate
parts by applying heat to the edges where they meet and
melting the edges together along with a filler of essen-
tially the same material composition as the parts.

G-16 Glossary of Key Terms
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wide-angle As seen through a camera lens with a
focal length shorter than 30 degrees, creating a wide
field of view and resulting in a distorted and exagger-
ated perspective.
wire drawing The process of reducing the diameter
of a solid wire by pulling it through a nozzle with a
reducing aperture.
wireframe models CAD models created using lines,
arcs, and other 2-D entities to represent the edges of the
part; surfaces or solid volumes are not defined.
working drawings A collection of all drawings
needed to fabricate and put together a device or
structure.

workpiece A common name for a part while it is
still in the fabrication process, that is, before it is a
finished part.
z-buffer rendering A scene-rendering technique that
uses visible-surface determination in which each pixel
records (in addition to color) its distance from the cam-
era, its angle, light source orientation, and other infor-
mation defining the visible structure of the scene.
z-value The value for a given surface location that
represents an attribute other than position. In an eleva-
tion or terrain model, the z-value represents elevation.

Glossary of Key Terms G-17
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index

24-bit color, 19-8
2-D drawings, extraction of, 6-70–6-71
2-D sketching, 6-10–6-11. See also

sketching
2-D spatial skills, 3-3
3-D animation software, 19-5, 19-7–19-18.

See also animation
3-D CAD models. See also computer-

aided design
developing, 8-10–8-11
physical properties of, 8-12
thread representations in, 

17-11–17-12
3-D computer modeling. See solid

modeling
3-D coordinate system, 2-8–2-12, 2-30
3-D pie charts, 21-14–21-15
3-D printing, 9-16–9-17, 9-59
3-D spatial skills. See spatial skills
3-D tolerance zone, 16-32
3-D visualization. See visualization
6-3-5 method, 5-6–5-7

A
acceleration, 19-23
accountability, 18-9, 18-11–18-12
Acme thread forms, 17-7–17-8, 17-13
action lines, 2-22
active animation, 19-6, 19-31
additive color model, 19-7–19-8, 19-31
adjacent views, 10-10, 10-65, 14-6–14-8,

14-17
AeroTec bow, 5-18–5-19, 9-54–9-56, 14-15
agenda, 4-5, 4-15
airflow analysis, 8-19
algebraic constraints, 6-19–6-20, 6-79
allowances, 16-8, 16-53, A-45–A-46
alpha channel, 19-28–19-29, 19-31
aluminum alloys, A-41–A-43
ambient light, 19-9–19-10, 19-31
American National Standards Institute

(ANSI), 17-6
American National thread, 17-6–17-7
American Society of Mechanical

Engineers (ASME), 15-5
American Standard thread, 17-6
analysis, 8-2, 8-29. See also design analy-

sis; finite element analysis
engineering graphics and, 1-2,

1-24–1-27, 1-30–1-31

finite element, 8-18–8-28
geometric properties, 8-12–8-18
mass properties, 5-12–5-13, 5-20, 

8-13–8-18
measurement, 8-13

anchor edge, 10-31–10-32, 10-65
anchor point, 10-25, 10-65, 11-21, 11-45
anchor surface, 10-33, 10-65, 11-35, 

11-45
angle beams, 9-5
angled lines, 2-4
angle of thread, 17-3, 17-31
angles, distortion of, 10-3
angular dimensional constraints, 6-18
angularity, 16-37–16-38
animation

active, 19-6
animation stage, 19-3, 19-18–19-27
audio component, 19-27–19-28
introduction to, 19-2–19-3
keyframe, 19-19–19-22
lighting, 19-8–19-13
modeling stage, 19-3, 19-5–19-6
motion path, 19-19, 19-22–19-24
output stage, 19-3, 19-27–19-29
passive, 19-6
planning stage, 19-3, 19-4
processes and techniques, 19-3–19-29
realism in, 19-17
scene development stage, 19-3, 

19-6–19-18
ANSI. See American National Standards

Institute
ANSI title blocks, 18-12–18-14
ANSI Y14-5, 15-5, 15-25
approval signatures, 18-11–18-12, 18-72
approximations, 10-44–10-50
aqueducts, 1-4, 1-5
arches, Roman, 1-4–1-5
Archimedes screw, 1-5
architects, 5-4, 5-20
Architect’s scale, 18-56–18-57, 18-72
architecture, medieval, 1-5–1-7
arcs, 2-30, 20-4, 20-21

dimensioning, 15-11, 15-18–15-19
isometric sketches of, 2-14–2-16
sketching, 2-4–2-6

arrays, 6-44–6-45
arrowhead, 15-7, 15-25
as-built drawings, 5-15, 5-20, 18-42, 

18-72

ASME. See American Society of
Mechanical Engineers

ASME Y14-54-1994, 15-5, 15-23–15-24,
15-25

aspect, 20-16, 20-17, 20-21
assemblies, 1-11, 1-32, 18-3

defined, 18-72
fasteners for, 17-1–17-31
main, 18-17
manufacturing drawings of, 

18-16–18-23
section views of, 13-39

assembly dimensions, 18-20, 18-72
assembly drawings, 18-17–18-18

detail dimensions on, 18-70
exploded, 18-19
outline, 18-19–18-20
sectioned, 18-21

assembly modeling, 7-1–7-35
bill of materials, 7-17–7-18
bottom-up, 7-18, 7-19–7-30
cautions for, 7-30–7-31
clearances, 7-15–7-16
constraints, 7-8–7-14, 7-21–7-24, 7-31
exploded configurations, 7-14–7-15
hierarchy, 7-7, 7-20, 7-30
interferences, 7-15–7-16
terminology, 7-2–7-6
top-down, 7-19

associative constraints, 6-19–6-20, 6-79
associativity, 7-6, 7-31
ASTM grade markings, A-13
ATDI, 20-18
atmospheric effects, 19-17
attributes, 20-3, 20-21
audio component, of animation, 

19-27–19-28
Audio/Video Interleave (AVI) format,

19-29
AutoCAD software, 1-22
Autodesk, 1-22
automatic constraints, 6-75
auxiliary views, 14-17

common errors in, 14-13–14-14
creation of, 14-4–14-13
of curved surfaces, 14-8–14-9
of inclined surfaces, 14-2–14-17
introduction to, 14-2
of irregular surfaces, 14-8–14-9
oblique surfaces, 14-16
sketching techniques, 14-16–14-17
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solid modeling considerations in,
14-14–14-16

for solid objects, 14-2–14-8
strategies for, 14-9–14-13
transferring distances in, 14-11, 

14-13-14-14
uses of, 14-2

axes, 17-3, 17-31
coordinate, 10-24
datum, 6-38, 6-40–6-41
dependent, 21-5
independent, 21-5
isometric, 12-5–12-6
object rotations about single, 

3-11–3-20, 3-34–3-36
pivot point, 19-24
rotations about multiple, 3-20–3-23,

3-36–3-38
x-axis, 2-8–2-12, 3-15–3-16, 3-20–3-23,

21-5
y-axis, 2-8–2-12, 3-15–3-16, 3-20–3-23,

21-5
z-axis, 2-8–2-12, 3-12–3-14, 3-20–3-23

axonometric drawings, 12-2–12-17, 
12-29

dimetric drawings, 12-4–12-5
inclined surfaces, 12-6–12-8
isometric drawings, 12-4–12-17
trimetric drawings, 12-4–12-5

B
background edges, 13-45–13-46
background images, in animations, 

19-28–19-29
back lights, 19-10, 19-31
balloons, 18-17, 18-72
bar charts, 21-6–21-11, 21-31
base feature, 6-29–6-30, 6-72, 6-79
base instances, 7-8, 7-31
baseline dimensioning, 15-13, 15-25, 

16-5, 16-53
base profiles, improperly positioned, 6-72
basic dimensions, 16-26, 16-53
basic hole system, 16-8, 16-9
basic shaft system, 16-8, 16-9
basic size, 16-8
bearings, 18-40, 18-41, 18-72
benchmarks, 18-40, 18-72
Bezier weighted keyframes, 19-22
bilateral-equal distribution, 16-32
bilateral tolerance, 16-4
bilateral-unequal distribution, 16-32,

16-34
bill of materials (BOM), 7-17–7-18, 7-31,

18-21–18-23, 18-72
bioengineering, 1-13
bird’s-eye views, 3-9–3-10, 11-12–11-14
bitmap textures, 19-14, 19-31
black box diagram, 8-7, 8-29

blends, 6-46–6-47, 6-79
blind extrusions, 6-25, 6-79
blind holes, 6-33, 9-8, 9-59, 15-19–15-20,

17-8, 17-31
Blinn, Jim, 19-14–19-15
blocks, isometric sketches of, 2-12–2-14
blueprints, 18-38–18-39, 18-72. See also

construction drawings
bodily-kinesthetic ability, 3-2
body, of screw, 17-3
bolts, 17-15, 17-16, 17-31
Boolean operations, 3-30–3-31, 3-46–3-47,

3-51, 6-9
borders, 18-9, 18-57, 18-58, 18-61, 18-72
boring, 9-7, 9-59
boss feature, 6-36
bottom-up modeling, 7-18–7-31
bottom view, 10-11–10-13
boundary conditions, 8-22, 8-29
boundary representation (b-rep), 6-7, 6-79
bounding boxes, 2-4–2-5, 2-7, 2-30
box, 6-8
boxing-in technique, for oblique drawings,

12-19–12-20
box mapping, 19-17
brainstorming, 5-5–5-6, 5-20
brainwriting, 5-6–5-7, 5-20
brazing, 9-18–9-19, 9-21, 9-59
briefs, 21-29, 21-31
broach, 9-14, 9-59
broaching, 9-14, 9-21, 9-59
broken-out sections, 13-37–13-38, 13-52
buffer creation, 20-12
buffers, 20-12, 20-21
bump mapping, 19-14–19-15, 19-31
burr removal, 9-33–9-34
business diagrams, 21-22–21-25, 21-31
butt joints, 17-20, 17-31
buttress thread forms, 17-7–17-8

C
cabinet oblique drawings, 12-17–12-18,

12-29
CAD. See computer-aided design
CAD designers, 5-4, 5-20
CAD models. See 3-D CAD models
calipers, 8-3–8-4, 8-29
CAM. See computer-aided manufacturing
cameras, for animations, 19-6–19-7
cannons, 1-9
cantilever joints, 17-29–17-30
cap screws, 17-17, 17-31
cap screw specifications, A-18–A-21
Cartesian coordinate system, 6-3, 10-24
case studies

Hoyt AeroTec Target Bow, 5-18–5-19
TiLite Wheelchairs, A-2–A-4

casting, 9-15, 9-59
castles, 1-5–1-6

cathedrals, 1-5–1-6
Catmull, Ed, 19-11
cavalier oblique drawings, 12-17–12-18,

12-29
cave paintings, 1-2–1-3
centerlines, 10-14, 10-57, 10-65
centermarks, 10-14, 10-57, 10-65
center-of-mass, 8-12, 8-15, 8-29
Central Meridian, 20-8, 20-21
Central Parallel, 20-8, 20-21
centroid, 8-15, 8-29
Century Gothic, 15-18
chain dimensioning, 15-14, 15-25, 16-53

tolerance building problems with,
16-5

chain of responsibility, for manufacturing
drawings, 18-11–18-12

chamfers, 6-31–6-32, 6-79, 15-19, 17-3
channel beams, 9-5
charts, 1-27–1-28, 21-2, 21-31

bar, 21-6–21-11
components of, 21-4–21-5
flowcharts, 21-22, 21-23
Gnatt, 4-7–4-8, 21-22, 21-31
lines, 21-11–21-14
morphological, 5-7, 5-20
organizational, 21-22, 21-23, 21-31
pie, 21-14–21-17, 21-31

chat rooms, 4-11
chemical engineering, 1-13, 5-3
chief designer, 5-4, 5-20
child features, 6-51, 6-79
circles

area of, A-8
defined, 2-30
dimensioning, 15-11, 15-18–15-19
isometric sketches of, 2-14–2-16
sketching, 2-4–2-5
trigonometric formulas for, A-8

circular features, oblique drawings of,
12-19–12-20

circular holes
isometric sketches of, 2-17–2-18, 2-28
oblique pictorial sketches of, 

2-20–2-21
circularity, 16-29–16-30
circular runout, 16-41
circumference, A-8
civil engineering, 1-7, 1-10–1-11, 5-3, 

18-37
Clarke Ellipsoid of 1866, 20-8, 20-21
classes of threads, 17-4
clearance fit, 16-7, 16-44
clearances, 7-15–7-16, 7-23, 7-31, 16-8,

16-53
clip function, 20-13–20-14
clipping planes, 19-7, 19-31
clips, 20-22
clockwise (CW) rotation, 3-12
close running fits, 16-11

I-2 index

42496_25_Index  12/28/07  12:38 PM  Page 2



CNC machines. See computer numerical
control (CNC) machines

CODECs, 19-29, 19-31
coded plans, 3-8–3-10, 3-32–3-34, 

11-12–11-14
coincident constraints, 6-16, 7-11–7-12,

7-21–7-24
colinear constraint, 6-16, 6-17
collision detection, 19-2, 19-31
color mapping, 19-14, 19-31
colors, 19-7–19-8
combining solids, 3-30–3-32, 3-46–3-48,

3-51
communication. See also graphical

communication
engineering graphics and, 1-2, 1-30
in team environment, 4-10–4-12
through graphical images, 10-2

compass, 1-21
complex objects

sketching, 2-22–2-23
two-point perspective drawings of,

12-27–12-28
components, 7-2–7-3, 7-5, 7-8, 7-31
composites, 5-3
compositing, 19-27–19-28, 19-31
computational sciences, 1-13
computer-aided design (CAD), 1-32, 5-4,

5-20. See also solid modeling
2-D, 6-3–6-4
tools, 1-21–1-22, 6-2
wireframe, 6-4–6-7

computer-aided manufacturing (CAM),
5-4, 5-20

computer animation. See animation
computer graphics stations, 1-22
computer numerical control (CNC)

machines, 5-13–5-14
concentric constraints, 6-16, 6-17, 

7-8–7-9, 7-22–7-24
concentricity, 16-40
concept generation, 5-5–5-10
concept mapping, 5-7–5-8, 5-20
concept phase, of project, 1-17
concept selection, 5-10–5-11
conceptual design, 5-4, 5-20
concurrent engineering, 1-15, 1-18–1-20,

5-16, 5-20
cones, 6-8, 20-8–20-9
consensus, 4-5, 4-15
constraints, 8-29

adding to assembly, 7-13–7-14
algebraic, 6-19–6-20, 6-79
applying, in finite element analysis,

8-24–8-25
assembly, 7-8–7-14, 7-21–7-24, 7-31
associative, 6-19–6-20, 6-79
automatic, 6-75
coincident, 7-11–7-12, 7-21–7-24
colinear, 6-16, 6-17

concentric, 6-16, 6-17, 7-8–7-9,
7-22–7-24

defined, 6-79
dimensional, 6-17–6-24, 6-74–6-77,

6-80
distance, 7-13
geometric, 6-15–6-17, 6-21–6-24, 

6-74–6-77, 6-80
ground, 6-21, 6-80
insert, 7-9
mating surfaces, 7-9–7-11
misused, 6-74–6-77
offset, 7-10, 7-11
on projects, 4-7
strategies for combining, 6-20–6-24
uniqueness of, 6-18–6-19

construction drawings, 18-2, 18-36–18-42,
18-72

detail, 18-51
elevation views, 18-45
floor plans, 18-47
foundation plans, 18-45–18-46
versus manufacturing drawings, 

18-37–18-38, 18-38–18-42
plan and profile drawing, 18-51–18-52
sections, 18-47–18-51
site plans, 18-44
site-specific considerations, 

18-40–18-41
size considerations, 18-39–18-40
terminology, 18-38–18-39
title blocks, 18-42

construction lines, 2-6–2-7, 2-30
construction plans, 18-42–18-43. See also

construction drawings
cover sheets, 18-43
set of, 18-38

construction projects
one-of-a-kind considerations, 

18-41–18-42
scheduling, 18-38
site-specific considerations,

18-40–18-41
tolerances in, 18-40

constructive solid geometry (CSG), 6-8,
6-79

constructive solids, 6-25–6-28
continuation blocks, 18-12, 18-72
contour dimensioning, 15-8, 15-15–15-17,

15-25
contour interval, 20-18, 20-22
contour rule, 15-8, 15-15, 15-25
contours, 20-16, 20-17–20-18, 20-22
contractors, 18-3
control points, 18-40, 18-72
conventional tolerances, 16-15–16-20,

16-25–16-27
coordinate axes, 2-8–2-12, 10-24
coordinate measuring machine (CMM),

8-4, 8-29

coordinate systems, 2-8–2-12, 6-3
Cartesian, 6-3, 10-24
geographic, 20-6–20-7
local, 19-24
planar, 20-8–20-11
State Plane Coordinate System, 

20-9–20-11
UTM, 20-9–20-10

coplanar surfaces, 16-34
copyright issues, 19-5
corners

inside, 9-49
outside, 9-50

corner views, 3-9–3-10, 11-12–11-13
defined, 3-51
sketching, 3-32–3-34, 3-48–3-49

cosmetic features, 6-37, 6-79
cost overruns, 18-4
counter-bored holes, 6-33
counterbores, 15-19–15-20
counterclockwise (CCW) rotation, 

3-11–3-12
countersinks, 15-19–15-20
counter-sunk holes, 6-33, 6-34
coupling, fabrication of, 9-41–9-45
cover sheets, 18-43, 18-72
creativity, 3-2

brainstorming, 5-5–5-6
in design, 5-4–5-8
visual thinking, 5-5

crest, 17-3, 17-31
critical dimensions, 15-11–15-13
critical path, 4-8–4-9, 4-15
critical path method (CPM), 4-8–4-10,

4-15
cross-hatch patterns, 13-12, 13-49–13-51
cross-sections. See also section views

defined, 3-51
of solids, 3-27–3-30
visualization of, 3-7, 3-44–3-46

cubes, cross-sections of, 3-30
curvature, 2-21
curve distortion, 10-4–10-5
curved surfaces, 11-2, 11-4–11-5, 11-45

auxiliary views of, 14-8–14-9
cutouts on, 10-46–10-47
inverse tracking, 11-30–11-34
multiview representations of, 

10-40–10-42
small cutouts on, 13-39–13-40
small intersections with, 10-48

customer’s/client’s perspective, in
design process, 5-9

cut, 3-51
cutaway diagrams, 21-26, 21-31
cut features, 6-25, 6-77–6-78, 6-79
Cut operation, 3-31
cutouts, on curved surfaces, 10-46–10-47,

13-39–13-40

index I-3
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cutting objects, 3-31, 3-32, 3-47
cutting plane lines, 13-5–13-8, 13-51,

13-52
cutting planes, 3-7, 3-44–3-46, 3-51, 

13-5–13-8, 13-51, 13-52
cutting segments, 13-28–13-29, 13-52
cylinders, 6-8

cross-sections of, 3-28–3-30
dimensioning, 15-18–15-19
for map projections, 20-8–20-9

cylindrical joints, 17-29
cylindrical mapping, 19-17
cylindrical surfaces, isometric drawings

of, 12-11–12-15
cylindrical tolerance zone, 16-26, 16-29
cylindricity, 16-30

D
databases, 6-2–6-3, 6-79
data presentation. See information

graphics
data structures, 20-4, 20-22
datum axes, 6-38, 6-40–6-41
datum features, 16-21, 16-46–16-48
datum feature symbols, 16-46–16-48
datum geometries, 6-38–6-43, 6-80
datum planes, 6-10, 6-38, 6-41–6-42, 6-43,

6-80, 16-21, 16-24
datum points, 6-38, 6-39–6-40
datum reference frame, 16-20–16-22,

16-53
datum requirement table, 16-45
datums, 6-38–6-43, 16-20–16-22, 16-53

chaining, 6-43–6-44
errors with, 16-45–16-46
multiple, 16-43–16-44
order of precedence for, 16-23–16-25

datum simulators, 16-21–16-22
da Vinci, Leonardo, 1-7–1-8, 1-20, 5-4–5-5
deceleration, 19-23
decimal degrees (DD), 20-7, 20-22
decimal inches, 15-5, 15-6
decisions, by consensus, 4-5
deep drawing, 9-26–9-27, 9-59
default tolerances, 18-12, 18-72
deflectors, 19-26
degrees, minutes, seconds (DMS), 20-7,

20-22
degrees of freedom (DOFs), 7-8, 16-21
deliverables, defining, 4-5–4-6
density, 8-13, 8-15, 8-29
dependent axis, 21-5
depictions, 21-28, 21-31
depth-mapped shadows, 19-11, 19-31
depth of thread, 17-3, 17-31
descriptive geometry, 1-10, 1-24, 1-32
descriptive model, 5-2
design, 1-5, 1-32, 5-20. See also com-

puter-aided design (CAD)
computers in, 5-4

conceptual, 5-4
defined, 5-2–5-4
sustainable, 5-3, 5-20

design analysis, 5-12–5-13, 8-1–8-35
finite element analysis, 8-18–8-28
geometric properties analysis, 

8-12–8-18
introduction to, 8-2
reverse engineering, 8-2–8-12

design analysts, 5-4, 5-20
design documentation, 5-4, 5-14–5-15,

5-20
designers

responsibilities of, 1-18
types of, 5-4

design evaluation, 5-12–5-13
design function, 1-17
design history, 1-30
design modification, after finite element

analysis, 8-27–8-28
design phase, of project, 1-17
design process, 5-4, 5-20

case study, 5-18–5-19
conceptual, 5-20
concurrent engineering, 5-16
creativity in, 5-4–5-8
engineering, 5-8–5-15
introduction to, 5-2–5-4
patents and, 5-16–5-17
prototyping, 5-3
sketching in, 2-2–2-3
stage 1: problem identification, 5-9
stage 2: concept generation, 5-9–5-10
stage 3: concept selection and

refinement, 5-10–5-11
stage 4: design evaluation and

analysis, 5-12–5-13
stage 5: physical prototyping, 

5-13–5-14
stage 6: design documentation, 

5-14–5-15
stage 7: production, 5-15

design table, 6-52, 6-53–6-54, 6-80
design tree, 6-49–6-51
detail designers, 5-4, 5-20
detail drawings, 18-18, 18-22–18-25, 

18-51, 18-68–18-70, 18-72
detail sections, 18-47, 18-72
deviation bar chart, 21-9
devil’s advocate, 4-4, 4-15
diagrams, 21-2, 21-22–21-30

black box, 8-7
business, 21-22–21-25, 21-31
cutaway, 21-26, 21-31
defined, 21-31
explanation, 21-28, 21-31
fishbone, 8-7–8-8, 8-29
instructional, 21-25–21-26, 21-31
process, 21-28–21-29, 21-31
schematic, 21-25, 21-31
sequence, 21-28–21-29, 21-31

step-by-step, 21-29, 21-31
technical, 21-25–21-27, 21-31
Venn, 21-24, 21-31
visual storytelling, 21-27–21-30, 21-31

diameter, 15-18, A-8
diametral dimensional constraints, 6-18
die casting, 9-27–9-29, 9-32, 9-59
dies, 9-59, 17-8–17-9, 17-31
Differential Aptitude Test: Space

Relations, 3-6
diffuse mapping, 19-14
diffuse shading, 19-13
digital elevation models (DEMs), 

20-20–20-21, 20-22
digital line graph (DLG) data, 

20-19–20-20
dimensional constraints, 6-17–6-24, 

6-74–6-77, 6-80
dimensioning, 15-1–15-35. See also

tolerances/tolerancing
3-D modeling and, 15-22
arcs, 15-18–15-19
baseline, 15-25, 16-5, 16-53
baseline versus chain, 15-13–15-14
chain, 15-25, 16-5, 16-53
chamfers, 15-19
checking dimensions, 15-14
circles, 15-18–15-19
contour, 15-8, 15-15–15-17, 15-25
critical dimensions, 15-11–15-13
cylinders, 15-18–15-19
definitions, 15-7–15-8
direct, 16-6, 16-53
fonts, 15-18
guidelines for, 15-15–15-18
holes, 15-18–15-19
introduction to, 15-2–15-3
machined holes, 15-19–15-20
notes, 15-21
placement and spacing, 15-17–15-18
plate example, 15-22–15-23
redundancy avoidance and, 

15-8–15-10
rules for, 15-5–15-7, 15-23–15-24
shortcuts, 15-18–15-21
slots, 15-20–15-21
solid lines, 15-17
specifying geometry, 15-11
symbols, 15-18–15-19
tolerances and, 15-4–15-5, 15-7
types of, 15-5–15-6
units of measure, 15-5–15-6

dimension lines, 15-7, 15-17, 15-25
dimension names, 6-53, 6-80
dimensions, 15-7, 15-25. See also

dimensioning
assembly, 18-20
basic, 16-26, 16-53
of keys, A-31–A-36
limit, 16-4
reference, 18-20

I-4 index
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of slots, A-31–A-36
in working drawings, 18-60

dimetric drawings, 12-4–12-5, 12-29
direct dimensioning, 16-6, 16-53
directional lights, 19-9, 19-10, 19-31
displacement fields, 8-19
displacements, 8-24, 8-26–8-27, 8-29
disposal phase, of project, 1-17
dissection notes, 8-7–8-8
dissolve function, 20-13, 20-22
distance constraints, 7-13
distortion

in pictorials, 10-3–10-5
of reality, 10-6–10-7

documentation
design, 5-4, 5-14–5-15
of meetings, 4-11

double-sided extrusion, 6-25–6-26, 6-80
dowel pins, 17-21, 17-22
draft, 9-22, 9-59
drafters, responsibilities of, 1-18
draft feature, 6-36
drafting boards, 1-21
drafting machine, 1-21
drawing area, on manufacturing draw-

ings, 18-14–18-16
drawing instruments, mechanical, 

1-20-1-21
drawing process, 9-24–9-27, 9-32
drawings, 1-5, 1-32. See also engineering

drawings; pictorial drawings;
sketching; working drawings

as-built, 5-15, 5-20, 18-42, 18-72
assembly, 18-17–18-21, 18-70
axonometric, 12-2–12-17, 12-29
detail, 18-18, 18-22–18-25, 18-51,

18-68–18-70, 18-72
extraction of 2-D, 6-70–6-71
informal, 18-4–18-5
instruments for, 1-20–1-21
layout, 18-19–18-20, 18-73
patent, 1-12, 1-13, 5-16–5-17
perspective, 12-2–12-29
plan and profile, 18-51–18-52, 18-73
from Renaissance, 1-8, 1-9, 1-20

drawing to scale, 18-52–18-54
drawing vellum, 1-21
drill bits, 9-7, 9-59
drill holes, 15-19
drilling, 9-7–9-9, 9-21, 9-59
drill press, 9-8, 9-59
driven dimension, 6-19, 6-80
driving dimensions, 6-19, 6-80

E
earth, shape of, 20-8
ease from functions, 19-23
ease to functions, 19-23
EC (Engineering Change) levels, 

18-10–18-11, 18-72

edge tracking, 10-31–10-32, 10-65, 
11-22–11-23, 11-45

for curved surfaces, 11-30–11-34
for inclined surfaces, 11-24–11-28
inverse, 11-20–11-34
for normal surfaces, 11-21–11-24
for oblique surfaces and hidden 

features, 11-28–11-30
edge views, 14-3, 14-4, 14-17
EDM. See electric discharge machine
E-Government Initiative, 20-18
Egyptian hieroglyphics, 1-4
Egyptian pyramids, 1-3
electrical engineering, 1-12–1-13, 5-3
electrical plans, 18-38, 18-48, 18-72
electric discharge machine (EDM), 

9-12–9-14, 9-21, 9-59
electromagnetic fields, 8-21–8-22
elevations, 18-40
elevation views, 12-22, 12-29, 18-38, 

18-45, 18-73
ellipses

defined, 2-30
on inclined surfaces, 12-15–12-17
isometric sketches of, 2-14, 2-16
on isometric surfaces, 12-11–12-13
in multiview representations, 

10-42–10-43
sketching, 2-5–2-6

ellipsoid, 6-8
e-mail, 4-11
emitters, 19-26
end mills, 9-9, 9-59
engineering. See also specific types

concurrent, 1-15, 1-18–1-20, 5-16, 5-20
defined, 1-2, 1-33
as design oriented, 5-2

engineering animation, 19-2, 19-31. 
See also animation

engineering change (EC) number, 18-73
engineering design. See design
engineering designers, 1-18, 5-4
engineering drawings. See also working

drawings
common errors in, 10-51–10-62
creating from pictorials, 10-22–10-44
fonts for, 15-18
full sections on, 13-5–13-10
generating from CAD models, 8-11
introduction to, 10-2
as legal documents, 18-2, 18-3
modern, 1-12
necessary details, 10-13–10-19
notes, 15-21
precursors to, 1-5
role of, 1-31
scale, 18-52–18-57
shortcuts for, 10-44–10-50
thread notes in, 17-13–17-14
units of measure for, 15-5
uses of, 18-2

using orthogonal projection, 
10-6–10-22

view layout for, 11-4–11-7
engineering graphics

as analysis tool, 1-24–1-27, 1-30–1-31
as design tool, 1-23–1-24
history of, 1-2–1-14
as presentation tool, 1-27–1-30
role of, 1-2, 1-30–1-32

engineering graphics technology, 
1-20–1-30

computer-based, 1-21–1-30
early years, 1-20

engineering personnel
functional groups, 1-17
organization of skills, 1-18

engineering projects
complex, 1-14
flow of communication in, 1-15
functional groups on, 1-17
life phases, 1-16–1-17
people involved in, 1-15

engineering scales, 8-3, 8-29, 18-52–18-57
engineering schools, 1-11
engineering specialties, 1-12–1-14
engineers, 1-33, 18-3

functions of, 5-2
problem of inexperience in new, 

16-2–16-4
responsibilities of, 1-18
versus scientists, 5-2

Engineer’s scale, 18-54–18-55, 18-73
English fits, 16-9–16-11, 16-44
English units, 18-37
entities, geometric, 6-4
environmental impact, 5-3, 5-9
equal length constraint, 6-17
experience, lack of, 16-2–16-4
explanation diagrams, 21-28, 21-31
exploded assembly drawings, 18-19, 

18-73
exploded configurations, 7-14–7-15, 

7-31
exploded pie chart, 21-14–21-15
extension lines, 15-7–15-8, 15-17, 15-25
external threads, 17-3, 17-8–17-9, 17-31
extrude through all, 6-25, 6-80
extrude to a selected surface, 6-25, 6-80
extrude to the next surface, 6-25
extrusions, 6-11–6-12, 6-25–6-28, 6-80,

9-24, 9-32, 9-59

F
fabricate, 1-19, 1-33
fabrication phase, of project, 1-17
fabrication processes

3-D modeling considerations, 9-53
brazing, 9-18–9-19, 9-21
broaching, 9-14, 9-21
burr removal, 9-33–9-34
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combined, 9-34–9-39
die casting, 9-27–9-29, 9-32
drawing, 9-24–9-27, 9-32
drilling, 9-7–9-9, 9-21
electric discharge machine (EDM),

9-12–9-14, 9-21
examples

coupling, 9-41–9-45
motor plate, 9-45–9-47
retainer, 9-40–9-41

extrusion, 9-24, 9-32
forging, 9-29–9-30, 9-32
geometries to avoid and, 9-47–9-52
grinding, 9-19–9-20, 9-21
higher-volume, 9-21–9-33
for Hoyt AreoTec bow, 9-54–9-56
introduction to, 9-2–9-4
investment casting, 9-22, 9-24, 9-32,

9-41–9-45
for low-volume production, 9-4–9-21
milling, 9-9–9-12, 9-21
molding, 9-27–9-29, 9-32
need for familiarity with, 9-2
rapid prototyping, 9-15–9-17, 9-21
reaming, 9-21
rolling, 9-27, 9-32
sand casting, 9-22–9-24, 9-32
sawing, 9-6, 9-21
sintering, 9-32, 9-33
stamping, 9-31, 9-32
standard commercial shapes, 9-4–9-5
surface roughness produced by, A-45
tumbling, 9-33–9-34
turning, 9-7, 9-21
welding, 9-18, 9-21

fabricators, 1-18, 18-3
false easting, 20-9, 20-22
false northing, 20-9, 20-22
family models, 6-52–6-55, 6-80
fasteners, 17-1–17-36

bolts, 17-15, 17-16
cap screws, 17-17
defined, 17-31
design considerations, 17-18
grooved, 17-22–17-24
introduction to, 17-2
keys, 17-27–17-28
machine screws, 17-15–17-17
nuts, 17-15, 17-16
permanent, 17-2
pins, 17-21–17-25
retaining rings, 17-25–17-27
rivets, 17-20–17-21
screw threads, 17-2–17-8

modeling, 17-9–17-12
thread notes, 17-12–17-14

self-tapping screws, 17-19
set screws, 17-19
snap-fit, 17-2, 17-29–17-30
studs, 17-17
temporary, 17-2

thread cutting, 17-8–17-9
threaded, 17-15–17-19
washers, 17-21

feature arrays, 6-44–6-45, 6-80
feature-based solid modeling, 6-9, 6-80
feature control frames, 16-22–16-23, 

16-26, 16-36, 16-37, 16-53
feature generalization, 20-12–20-14, 20-22
feature patterns, 6-44–6-45
features, 6-28–6-37

base, 6-29–6-30, 6-72, 6-79
blends, 6-46–6-47, 6-79
boss, 6-36
built-in, 6-77–6-78
chamfers, 6-31–6-32
child, 6-51, 6-79
circular, 12-19–12-20
copying, 6-44–6-45
cosmetic, 6-37, 6-79
cut, 6-77–6-78, 6-79
datum, 16-21, 16-46–16-48
defined, 6-80
draft, 6-36
editing, 6-50
fillets, 6-31–6-32
form, 6-29–6-30, 6-80
groove, 6-36
in hard-to-reach-locations, 9-51
holes, 6-32–6-34
island, 6-36
keyway, 6-36
keyway seat, 6-36
master, 6-44, 6-80
mirrored, 6-46, 6-80
at odd angles, 10-63
order of creation, 6-50
parent, 6-51, 6-80
representations of, 11-10–11-11
ribs, 6-35
rounds, 6-31–6-32
shells, 6-34–6-35
with size, 16-15–16-16, 16-53
slot, 6-36
with small radii, 10-46
spotface, 6-36
suppressed, 6-54, 6-81
swept, 6-48–6-49, 6-81
symmetrical, 10-49
taper, 6-36
thin, 13-41–13-42
undercut, 9-51–9-52
understanding, 6-37
unsuppressed, 6-54, 6-81
webs, 6-35
without size, 16-15–16-16, 16-53

feature tree, 6-49–6-51
Federal Geographic Data Committee

(FGDC), 20-18
fields, 20-6, 20-22
fillets, 6-31–6-32, 6-80
fill lights, 19-10, 19-31

finite element analysis (FEA), 1-29–1-30,
5-4, 5-20, 8-18–8-29

about, 8-18–8-19
applications of, 8-19–8-23
applying constraints, 8-24–8-25
applying loads, 8-25
computing results, 8-26
creation of model geometry for, 

8-23–8-24
design modification and, 8-27–8-28
investigating results, 8-26–8-27
meshing, 8-26
process, 8-23–8-28

fins, 13-43
first-angle projection, 10-65

versus third-angle, 10-19–10-22
fishbone diagrams, 8-7–8-8, 8-29
fits. See also tolerances/tolerancing

clearance, 16-44
English, 16-9–16-11, 16-44
metric, 16-11–16-13, A-47
running, A-48–A-52
sliding, A-48–A-52
specifying, 16-48–16-49
standard, A-45–A-46
tables, 16-13–16-14, 16-44
terminology, 16-8
thread, 17-4
types of, 16-7

fixtures, 9-4, 9-59
flash, 9-28, 9-59
flat hierarchy, 7-30–7-31
flatness tolerance, 16-27
flat patterns, 3-6
floor plans, 18-38, 18-47, 18-73
flowcharts, 21-22, 21-23, 21-31
fluid flow, 8-19
flying buttress, 1-5–1-6
fold lines. See reference lines
fonts

for dimensioning, 15-18
for working drawings, 18-68

force (FN) fits, 16-10, 16-11, 16-13
foreshortened, 14-2, 14-17
forging, 9-29–9-30, 9-32, 9-59
form, 16-16–16-17, 17-31
formal drawings. See working drawings
form features, 6-29–6-30, 6-80
forms, 17-3
form tolerances, 16-27–16-30
Fort McHenry, 1-10, 1-11
fortresses, 1-9–1-10
forward kinematics, 19-24, 19-31
foundation plans, 18-38, 18-45–18-46,

18-73
foundation space, 10-24, 10-29, 10-65,

11-21, 11-45
four-center method, 12-12–12-14
frame rate, 19-4, 19-31
framing technique, for oblique drawings,

12-18–12-19
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France, 1-10
free running fits, 16-11
French curve, 1-21
front-adjacent views, 14-8
frontal surfaces, 11-2, 11-45, 14-2
front views, 10-11–10-13, 14-2, 14-3
full indicator movement (FIM), 16-27
full sections, 13-5–13-10, 13-18–13-21,

13-52
functional gage, 16-29, 16-53
functional groups, 1-17
function curves, 19-18–19-21, 19-31
functions, 6-37
fused deposition (FD) process, 9-15, 9-16,

9-59

G
Gantt charts, 4-7–4-8, 4-15, 21-22, 21-31
Gardner, Howard, 3-2
general notes, 15-21
general sections, 18-47–18-49, 18-73
geographically referenced data. See

spatial data
geographic coordinate systems, 

20-6–20-7, 20-22
geographic information systems (GISs)

buffer creation, 20-12
data analysis functions, 20-12–20-18
date entry in, 20-11
defined, 20-2
feature generalization, 20-12–20-14
introduction to, 20-2–20-4
spatial data, 20-2–20-6, 20-18–20-19
terrain mapping and analysis, 

20-16–20-18
thematic layer overlay, 20-14–20-16
types of digital data used in, 

20-19–20-21
geometric constraints, 6-15–6-17, 

6-21–6-24, 6-74–6-77, 6-80
geometric dimensioning and tolerancing

(GD&T), 16-4, 16-20–16-44
adding geometric dimensions, 

16-50–16-52
advantages of, 16-20
datum reference frame, 16-20–16-22
defined, 16-53
feature control frames, 16-22–16-23,

16-26
form tolerances, 16-27–16-30
geometry characteristic symbols, 

16-22–16-23
location tolerances, 16-39–16-41
order of precedence for datums, 

16-23–16-25
orientation tolerances, 16-35–16-38
position tolerances, 16-25–16-27
profile tolerances, 16-30–16-34
runout tolerances, 16-41–16-43

geometric entities, 6-4
geometric properties analysis, 8-12–8-18

mass properties analysis, 8-13–8-18
measurement analysis, 8-13

geometric transformations, 19-22–19-24,
19-31

geometries, to avoid, 9-47–9-52
geometry

constructive solid, 6-8, 6-79
descriptive, 1-10, 1-24, 1-32

geometry characteristic symbols, 
16-22–16-23

geometry presentation, on manufacturing
drawings, 18-14–18-15

georeferenced data. See spatial data
Geospatial One-Stop, 20-18
GIS Data Depot, 20-18
glass box, 10-11–10-13, 10-19–10-20, 

10-65
labeling, 14-6
reference lines, 14-6
view layouts, 11-5–11-7

global positioning systems (GPS), 20-8,
20-22

Goldstein, Bob, 19-12
gothic lettering, 15-18
graphical calculus, 1-24
graphical communication

history of, 1-2–1-14
ancient, 1-2–1-5
industrial revolution, 1-11–1-12
medieval period, 1-5–1-7
modern period, 1-12–1-14
Renaissance, 1-7–1-11

need for, 1-15
using animations, 19-2

graphical images, communication
through, 10-2

graphical user interface (GUI), 6-10, 6-80
graphical vector analysis, 1-24–1-25
graphics. See also engineering graphics

as analysis tool, 1-24–1-27
as design tool, 1-23–1-24
as presentation tool, 1-27–1-30

graphs, 1-27–1-28, 21-4–21-5
grayscale axis, 19-8
Great Wall of China, 1-7
Greek Empire, 1-5
green engineering, 5-9, 5-20
gridlines, 21-5
grid paper, 2-12
grids, isometric, 10-23
grinding, 9-19–9-20, 9-21, 9-59
grooved fasteners, 17-22–17-24
groove feature, 6-36
ground constraints, 6-21, 6-80
ground line (GL), 12-23, 12-29
grouped bar chart, 21-7–21-8
groups. See team environments
GRS80 spheroid, 20-8, 20-22

guide blocks, modeling example, 
6-56–6-60

gunpowder, 1-9

H
half sections, 13-14–13-16, 13-21, 13-52
handheld calipers, 8-3–8-4
handwheel, modeling example, 6-66–6-70
handwritten notes, 18-70–18-71
headers, 18-8–18-14, 18-57–18-58, 

18-66, 18-73
headlines, 21-4
heating and ventilation plans, 18-73
hex nut specifications, A-25
hidden features, inverse tracking, 

11-28–11-30
hidden lines, 10-13–10-14, 10-17–10-19,

10-55–10-57, 10-65
in orthographic views, 12-10–12-11
replacing with section views, 13-11,

13-16–13-17
use of, to show interior details, 

13-3–13-4
hierarchical links, 19-24, 19-31
hierarchy, 7-7, 7-20, 7-30–7-31, 7-32
hieroglyphics, 1-4
high-volume production processes, 

9-21–9-33
history tree, 6-49–6-51
hole basis, 16-8, 16-9, 16-12
holes, 6-9, 6-32–6-34, 6-80

blind, 9-8, 9-59, 17-8
conventional tolerancing when

locating, 16-18–16-20
dimensioning, 15-18–15-19
long and skinny, 9-48
machined, 15-19–15-20
in multiview representations, 

10-42–10-44
position tolerances for, 16-25–16-27
tapped, 9-8, 9-60
through, 9-8, 17-8

Holland, windmills in, 1-7, 1-8
horizon line (HL), 12-22, 12-29
horizontal modeling, 6-51, 6-80
horizontal surfaces, 11-2, 11-45, 14-2,

14-3
horizontal/vertical constraints, 6-16
Hoyt AeroTec Target Bow, 5-18–5-19, 

9-54–9-56, 14-15
human intelligence, 3-2–3-3

I
I beams, 9-5
idea generation, 4-2–4-3, 5-5–5-8
identity function, 20-16, 20-22
images, 1-23, 1-33

multiple views of, 10-9
rendered, 19-2

index I-7
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size and alignment of, 10-9–10-10
viewing through glass box, 

10-11–10-13
imagining, 5-5
imperfections, 16-16–16-17
inches, 15-5, 15-6, A-10
inch/metric equivalents, A-11–A-12
inch system, for fits, 16-9–16-11
inclined surfaces, 11-2, 11-3, 11-4, 11-45

auxiliary views of, 14-2–14-17
defined, 14-17
ellipses on, 12-15–12-17
inverse tracking, 11-24–11-28
isometric drawings of, 12-6–12-8
multiview representations of, 

10-37–10-40, 10-42–10-44
visualization of, 11-14–11-15

independent axis, 21-5
index, 18-43, 18-73
index of refraction, 19-16–19-17
industrial designers, 5-4, 5-20
industrial engineering, 1-13
industrial revolution, 1-11–1-12, 12-2
inertia, 19-22–19-32
infographics, 21-2, 21-31
informal drawings, 18-4–18-5
information graphics, 1-27–1-30, 21-31

bar charts, 21-6–21-11
components of, 21-4–21-5
diagrams, 21-22–21-30
history of, 21-2–21-3
introduction to, 21-2
line charts, 21-11–21-14
maps, 21-27
pie charts, 21-14–21-17
for qualitative data, 21-22–21-30
for quantitative data, 21-6–21-22
scatter plots, 21-17–21-19
tables, 21-20–21-22

information sciences, 1-13
injection molding, 9-27–9-29, 9-59
insert constraints, 7-9
inside corners, 9-49
inspectors, 1-18, 18-3
installation phase, of project, 1-17
instances, 7-3, 7-4–7-6, 7-8, 7-31, 7-32
instructional diagrams, 21-25–21-26,

21-31
instrument drawing, 1-20–1-21
instruments, 1-10, 1-33
intellectual property rights, 19-5
intelligences, 3-2–3-3
interchangeable manufacturing, 16-2,

16-53. See also also tolerances/
tolerancing

interference fit, 16-7
interferences, 7-15–7-16, 7-23, 7-32, 16-8,

16-53
internal features. See also section views

errors in section views of, 13-44–13-45
representation of, 10-63

internal measurements, distortion of,
10-4, 10-5

internal threads, 17-8–17-9, 17-31
International Organization for

Standards (ISO), 17-6
international sheet sizes, 18-6, 18-73
International System of Units (SI), 15-5
interpersonal ability, 3-2
intersect, 3-52
intersect function, 3-31, 20-14–20-15
intersecting objects, 3-31
intersection, 20-22
intrapersonal ability, 3-2
invalid profiles, 6-72–6-73
inventors

during industrial revolution, 1-12
during Renaissance, 1-7, 1-9

inverse kinematics, 19-24, 19-31
inverse tracking

constructing pictorials by, 
11-20–11-34

with edges and vertices for curved
surfaces, 11-30–11-34

with edges and vertices for inclined
services, 11-24–11-28

with edges and vertices for normal
surfaces, 11-21–11-24

with edges and vertices for oblique
surfaces and hidden lines, 
11-28–11-30

investment casting, 9-22, 9-24, 9-32, 
9-41–9-45, 9-59

IQ testing, 3-2
irregular surfaces, auxiliary views of, 

14-8–14-9
island feature, 6-36
isometric axes, 2-11–2-12, 2-30, 12-5–12-6
isometric corner views, of simple

objects, 3-8–3-10
isometric dot paper, 2-30
isometric drawings, 12-4, 12-5–12-6, 12-29

cylindrical surfaces, 12-11–12-15
ellipses on inclined surfaces, 

12-15–12-17
inclined surfaces, 12-6–12-8
oblique surfaces, 12-8–12-11

isometric grid paper, 2-12
isometric grids, 10-23
isometric lines, 12-6, 12-29
isometric pictorial, 2-12, 2-30
isometric representation, of coordinate

system, 2-11–2-12
isometric sketches, 2-12–2-18

circles, 2-14–2-16
circular holes, 2-17–2-18, 2-28
from coded plans, 3-32–3-34
extra lines in, 2-27–2-28
simple objects, 2-12–2-14
strategies for, 2-24–2-26

ISO metric threads, 17-6–17-7, A-15–A-17
item numbers, 18-17, 18-73

J
joined objects, 3-31
joining operations, 3-47
Join operation, 3-31, 3-52

K
Key, Francis Scott, 1-10
key dimensions, A-31–A-37
keyframe animation, 19-19–19-22
keyframes, 19-31
key lights, 19-10, 19-31
keys, 17-27–17-28, 17-31
keyseats, 17-27–17-28, 17-31
key surface, 3-34
keyway feature, 6-36
keyways, 17-27–17-28, 17-31
keyway seat feature, 6-36

L
land cover, 20-11
land models, 3-D, 1-26–1-27
landscape orientation, 18-6, 18-66, 18-73
lap joints, 17-20, 17-31
laser scanners, 8-4–8-5, 8-29
lathe, 9-7, 9-59
latitude, 20-6–20-7, 20-22
layout drawings, 18-19–18-20, 18-73
lead, 17-4, 17-31
leaders, 15-8, 15-25
least material condition (LMC), 16-26
left-handed system, 2-10–2-11, 2-30
left-hand threads, 17-5–17-6
left-side view, 10-11–10-13
legal documents, 18-3, 18-5
legends, 21-5
lengths, distortion of, 10-3–10-4
level of detail, 19-14, 19-31
life cycle, 5-9, 5-20
life cycle analysis, 5-3
light, visible, 19-7
lighting layout, 19-10–19-11
light sources, 19-8–19-13
limit dimensions, 16-4
linear dimensional constraints, 6-18
line charts, 21-11–21-14, 21-31
line feature, 20-4
lines

action, 2-22
angled, 2-4
bearings of, 18-40, 18-41
centerlines, 10-14, 10-57
construction, 2-6–2-7
contour, 20-17–20-18
cutting plane, 13-5–13-8, 13-51, 

13-52
defined, 2-30
dimension, 15-7, 15-17, 15-25
extension, 15-7–15-8, 15-17, 15-25

I-8 index
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hidden, 10-13–10-14, 10-17–10-19,
10-55–10-57, 10-65, 12-10–12-11,
13-3–13-4

incorrect visibility of, 10-54–10-55
isometric, 12-6, 12-29
leader, 15-8, 15-25
measuring, 12-23–12-24, 12-29
missing, 10-51–10-53
parallel, 14-16–14-17
perpendicular, 14-16–14-17
profile of, 16-30–16-31
reference, 14-6, 14-18
section, 13-5, 13-11–13-12, 13-42,

13-48, 13-50, 13-53
sketching, 2-3–2-4
spatial, 20-22
standard line types, A-9
step, 13-48
trend, 21-4–21-5

linguistic ability, 3-2
lists, 21-29, 21-31
loads, applying, in finite element analy-

sis, 8-25
local coordinate system, 19-24
local notes, 15-21
location, 15-25
locational clearance (LC) fits, 16-9–16-10,

16-11
locational interference (LN) fits, 16-9,

16-11, 16-13
locational transition (LT) fits, 16-9, 16-13
location grids, 18-9, 18-73
location tolerances, 16-39–16-41
logical-mathematical ability, 3-2
longitude, 20-6–20-7, 20-22
look-up tables, 21-20
loose running fits, 16-11
low-volume production processes, 

9-4–9-21

M
machined holes, dimensioning, 

15-19–15-20
machine screws, 17-15–17-17, 17-31
machine screw specifications, A-22
magnification, of section views, 13-9
main assembly, 18-17, 18-73
main title block, 18-9–18-10, 18-12, 

18-73
major diameter, 17-3, 17-31
manufacturing drawings, 18-2–18-5, 

18-73
3-D modeling and, 18-71

assemblies, 18-16–18-23
bill of materials, 18-21–18-23
chain of responsibility for, 

18-11–18-12
versus construction drawings, 

18-37–18-42

detail drawings, 18-22–18-25
drawing area, 18-14–18-16
examples of, 18-26–18-36
formal drawing header in, 18-8–18-14
notes, 18-16
parts, 18-16–18-18
subassemblies, 18-16–18-18

manufacturing engineering, 1-13
manufacturing function, 1-17
MapMart, 20-18
mapping coordinates, 19-17, 19-32
map projections, 20-8–20-9, 20-22
maps, 21-27, 21-31
markers, 21-5
market surveys, 5-9
mass, 8-15, 8-29
mass production, 1-11, 1-20, 12-2
mass properties, of solids, 8-15
mass properties analysis, 5-12–5-13, 5-20,

8-13–8-18
master features, 6-44, 6-80
master models, 6-52, 6-53, 6-80
master patterns, 9-22, 9-23
material condition modifiers, 16-46, 16-47
material removal, 3-46
material selection, 5-3
mating surfaces constraints, 7-9–7-11
matt objects, 19-28–19-29, 19-32
maximum material condition (MMC),

16-26, 16-29, 16-46, 16-47, 16-53
Mayan pyramids, 1-3
measure, units of, 15-5
measure commands, 8-13, 8-14
measurement analysis, 8-13
measurement conversions, A-10–A-12
measuring line (ML), 12-23–12-24, 12-29
measuring walls, 12-25–12-26, 12-29
mechanical dissection, 1-31, 8-3, 8-29.

See also reverse engineering
mechanical drawing instruments, 

1-20–1-21
mechanical engineering, 1-11, 5-3
mechanical instruments, 1-10
mechanical motion, 19-25
mechanical stresses, 8-19, 8-29
medieval period, 1-5–1-7
medium drive fits, 16-13
meetings

documentation of, 4-11
team, 4-5, 4-11–4-12

MEMS devices, 1-13–1-14
Mental Cutting Test, 3-7, 3-8
mental rotations, 3-5, 3-6, 3-52
Mental Rotation Test, 3-6–3-7
meridians, 20-6–20-7, 20-22
mesh, 8-19, 8-29
meshing, 8-22–8-23, 8-26
metals, 5-3, A-40
metric conversion, A-11–A-12
metric fits, 16-11–16-13, A-47
metric limits, A-47

metric measurements, 15-5–15-6, 18-37
metric scales, 18-55–18-56, 18-73
metric thread notes, 17-12
metrology, 8-3, 8-29
metrology tools, 8-3–8-5

coordinate measuring machine
(CMM), 8-4

handheld calipers, 8-3–8-4
laser scanners, 8-4–8-5

micro-electro-mechanical systems
(MEMS), 1-13–1-14

military engineering, 1-10–1-11
millimeters, 15-5–15-6

to inches conversion, A-10
milling, 9-9–9-12, 9-21, 9-59
milling machines, 9-9, 9-11–9-12, 9-59
Minnesota Paper Form Board (MPFB)

test, 3-5–3-6
minor diameter, 17-3, 17-31
mirrored features, 6-46, 6-80
mock-ups, 5-13–5-14
model builders, 5-4, 5-20
model geometry, creation of, 8-23–8-24
modeling. See also solid modeling

2-D CAD, 6-3-6-4
assembly, 7-1–7-35
bottom-up, 7-18–7-31
horizontal, 6-51, 6-80
surface, 6-7–6-8, 19-5, 19-32
wireframe, 6-4–6-7

modeling software. See also computer-
aided design (CAD)

improvements in, 6-8–6-9
modeling stage, of animation, 19-3, 

19-5–19-6
models, 1-23, 1-33
model tree, 6-49–6-51, 6-80
molding, 9-27–9-29, 9-32
molds, 9-22, 9-59
moments-of-inertia, 8-12, 8-15, 8-16–8-18,

8-29
Monge, Gapsard, 1-10
morphological charts, 5-7, 5-20
motion, 19-25
motion blur, 19-25, 19-32
motion path animation, 19-19, 

19-22–19-24, 19-32
motor plate, fabrication of, 9-45–9-47
mounting brace, modeling example, 

6-60–6-65
multi-pass rendering, 19-27–19-28
multiple datums, 16-43–16-44
multiple intelligences, 3-2–3-3
multiple line chart, 21-12
multiple threads, 17-31
multiple views, 10-9, 10-65
multiview representation. See also

orthogonal projection
multiview representations, 10-5–10-6,

10-65
3-D modeling and, 10-63–10-64
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common errors in, 10-51–10-62
with hidden lines, 10-55–10-57
incorrect visibility, 10-54–10-55
mismatched view scales, 

10-59–10-60
missing lines, 10-51–10-53
missing views, 10-53–10-54
no centerlines/centermarks, 10-57
not showing small radii, 10-59
with tangent edges, 10-57–10-58
unaligned views, 10-59–10-60
with views, 10-60–10-62

of features with small radii, 10-46
first-angle versus third-angle 

projection for, 10-19–10-22
holistic approach to constructing

pictorials from, 11-17–11-20
insufficient views for, 10-63
shortcuts for, 10-44–10-50
strategies for creating from pictorials,

10-22–10-44
edge tracking, 10-31–10-32
point tracking, 10-25–10-30
surface tracking, 10-33–10-44

of symmetrical features, 10-49
of threaded parts, 10-45
view layouts for, 11-4–11-7
of welds, 10-50
in working drawings, 18-59–18-60

musical ability, 3-2

N
nano-engineered devices, 1-14
National Elevation Dataset (NED), 20-20
National Map, 20-18–20-19
Native American pyramids, 1-3
naturalist ability, 3-2
Natural Resources Conservation Service

(NRCS), 20-20
nets, 3-6
nodes, 20-4, 20-22
nonlinear functions, 1-24
nonstandard sheet sizes, 18-66–18-67
non-uniform rational b-spline (NURBS)

models, 19-5
normal surfaces, 11-2–11-3, 11-45, 14-2

inverse tracking, 11-21–11-24
notation, for object rotation, 3-16, 3-17
notes

on detail drawings, 18-25
dimensioning, 15-21
on drawings, 18-73
handwritten, 18-70–18-71
on layout drawings, 18-20
on manufacturing drawings, 18-14,

18-16
thread, 17-12–17-14

note taker, 4-4, 4-11, 4-15
Notre Dame Cathedral, 1-6
nuclear engineering, 1-13
nuts, 17-15, 17-16, 17-31

O
object reflections, 3-23–3-25, 3-39–3-42
object rotations

about single axis, 3-11–3-20, 
3-34–3-36

about two or more axes, 3-20–3-23,
3-36–3-38

equivalencies for, 3-18–3-20, 
3-22–3-23

errors in, 3-49–3-50
by more than 90 degrees, 3-16–3-18
notation for, 3-16, 3-17

objects
auxiliary views for, 14-2–14-8
with circular features, 12-19–12-20
creating complex, 3-47–3-48
drawn to scale, 18-52–18-54
first-angle versus third-angle projec-

tion, 10-19–10-22
imagining successive cuts to, 

11-37–11-44
multiple views of, 10-9
planes of symmetry for, 3-26
symmetrical, 10-49
viewing through glass box, 

10-11–10-13
views of, 10-14–10-17

object symmetry, 3-25–3-27, 3-43–3-44
object views. See also views

on manufacturing drawings, 
18-15–18-16

oblate ellipsoid, 20-8, 20-22
oblique axes, 2-18, 2-30
oblique cuts, 11-44
oblique pictorial drawings, 2-18–2-21,

2-26–2-30, 12-2–12-3, 12-29
construction of, 12-18–12-20
of coordinate system, 2-10–2-11
types of, 12-17–12-18

oblique surfaces, 11-2–11-4, 11-45, 14-2
auxiliary views, 14-16
defined, 14-17
inverse tracking, 11-28–11-30
isometric drawings of, 12-8–12-11

offset constraints, 7-10, 7-11
offset sections, 13-13–13-14, 13-27-13-30,

13-48, 13-52
omnidirectional lights, 19-8
one-offs, 18-2, 18-73
one-point perspective drawings, 12-21
opacity mapping, 19-15–19-16
operation phase, of project, 1-17
optimization, 1-31, 1-33
order of precedence, for datums, 

16-23–16-25
organizational charts, 21-22, 21-23, 21-31
organizational table, 21-20
orientation tolerances, 16-35–16-38
orthogonal projection. See also multiview

representation
3-D modeling and, 10-63–10-64

advantages of, 10-6
auxiliary views and, 14-6–14-8
defined, 10-65
distortion and, 10-6–10-7
first-angle versus third-angle pro-

jection, 10-19–10-22
glass box, 10-11–10-13
necessary views, 10-14–10-17
principles of, 10-6–10-10
viewing planes and, 10-7–10-9, 

10-9–10-10
orthogonal views, 12-10–12-11. See also

views
creating from pictorials, 10-22–10-44
multiple, 18-59
versus section views, 13-8–13-9
six standard views, 10-12–10-13

outline assembly drawings, 18-19–18-20,
18-73

output stage, of animation, 19-3, 
19-27–19-29

outside corners, 9-50
overall dimensions, 15-9–15-10
overlapping objects, 3-31–3-32

P
paired bar chart, 21-8–21-9
parallel constraint, 6-16, 6-17
parallelism, 16-35–16-36
parallel lines, 14-16–14-17
parallels, 20-6, 20-22
parameters, 6-52, 6-80
parametric design, 1-24
parametric solid modeling, 6-9, 

6-10–6-14, 6-80
parametric techniques, 6-19
parent-child relationships, 6-51
parent features, 6-51, 6-80
participation, by team members, 4-5
particle systems, 19-25–19-26, 19-32
part names, 18-10, 18-73
part numbers, 18-10, 18-64–18-65, 

18-73
parts, 1-11, 1-33, 18-73

detail drawings of, 18-22–18-25, 
18-68–18-70

dimensioning, 15-4–15-5, 
15-11–15-13, 15-22–15-23

families of, 6-52–6-55
fits, 16-7–16-15
imperfections in, 16-16–16-17
interchangeable, 12-2
manufacturing drawings of, 

18-16–18-18
relationships between different, 16-2
specifying fits between, 16-48–16-49
tolerancing, 16-2–16-53

part sizes, 8-10
parts list, 18-73
passive animation, 19-6, 19-32
patent disputes, 18-5

I-10 index
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patent drawings, 1-12, 1-13, 5-16–5-17
patents, 1-12, 5-16–5-17, 5-20
paths, 6-48, 6-80
patterns, 9-22, 9-23, 9-59
PC-based solid modeling, 1-24
pencils, 6-2
permanent fasteners, 17-2
perpendicular constraint, 6-16, 6-17
perpendicularity, 16-36–16-37
perpendicular lines, 14-16–14-17
perpetual motion machines, 1-9
personnel issues, in team environment,

4-13–4-14
perspective drawings, 12-2–12-3, 

12-20-12-29
two-point, 12-21–12-28
types of, 12-21
vanishing points in, 12-20–12-23

physical properties, 8-12
pictorial drawings, 12-29

3-D modeling and, 12-28
axonometric, 12-2–12-17
constructing by inverse surface

tracking, 11-34–11-37
constructing by inverse tracking of

edges and vertices, 11-20–11-34
constructing from multiview draw-

ings, 11-17–11-20
creating multiviews from, 

10-22–10-44
edge tracking, 10-31–10-32
point tracking, 10-25–10-30
surface tracking, 10-33–10-44

creating sectioned, 13-30–13-32
on engineering drawing, 10-13
extracting from solid models, 12-28
importance of, in visualization,

12-2–12-3
oblique, 12-2–12-3, 12-17–12-20
perspective, 12-2–12-3, 12-20–12-29
problems with, 10-3–10-5

picture plane (PP), 12-22
pie charts, 21-14–21-17, 21-31
pins, 17-21–17-25, 17-31

conventional tolerancing when
locating, 16-18–16-20

pitch, 17-3, 17-31
pitch diameter, 17-3, 17-31
pivot point, 3-11, 19-32
pivot point axes, 19-24
pixels, 20-4, 20-22
plan and profile drawing, 18-51–18-52,

18-73
planar coordinate system, 20-8–20-11,

20-22
planar mapping, 19-17
planes

cross-sectional, 3-27–3-30, 3-44–3-46
cutting, 3-7, 3-44–3-46, 3-51, 

13-5-13-8, 13-51, 13-52

datum, 6-10, 6-38, 6-41–6-42, 6-43,
6-80, 16-21, 16-24

for map projections, 20-8–20-9
picture, 12-22
primary modeling, 6-10, 6-80
principal viewing, 6-10, 6-80
sketching, 6-25, 6-81
of symmetry, 3-25–3-27, 3-43–3-44,

3-51
viewing, 10-5–10-13, 10-65

planning stage, of animation, 19-3, 19-4
plan views, 12-22, 12-29, 18-38, 18-73
plastics, 5-3, A-43
plates, 9-5
point features, 20-4
point lights, 19-8, 19-32
point on line, 6-16
points, 6-3, 20-22

anchor, 10-25, 10-65, 11-21, 11-45
vanishing, 12-20–12-21

point tracking, 10-25–10-30, 10-65, 
11-22–11-23, 11-45

polygon feature, 20-4, 20-22
polygon mesh models, 19-5
Pont-du-Gard aqueduct, 1-4
Ponte Fabricio bridge, 1-4
portrait orientation, 18-6, 18-66, 18-73
position tolerances, 16-25–16-27, 16-39
power thread forms, 17-7–17-8
preferred configuration, 10-13, 10-65
preferred hole basis fits, 16-12
presentation tool, graphics as, 1-27–1-30
pressure fields, 8-19
primary colors, 19-8
primary modeling planes, 6-10, 6-80
primary views. See also specific views

creation of, 14-3
primitives, 6-8–6-9
principal axes of inertia, 8-15
principal axes of rotation, 8-12
principal viewing planes, 6-10, 6-80
problem identification stage, of design

process, 5-9, 5-20
problem statement, for reverse engineer-

ing project, 8-5–8-6
procedural textures, 19-16, 19-32
process check, 4-12, 4-15
process diagrams, 21-28–21-29, 21-31
product design, conventional, 1-15
production processes. See fabrication

processes
production stage, of design process, 5-15
product life cycle, 5-9
products-of-inertia, 8-12
professional engineer (PE), 18-2, 18-37,

18-42, 18-73
professionalism, 18-5
profile of a line, 16-30–16-31
profile of a surface, 16-32–16-34
profiles, 6-11–6-14, 6-80

constraints on, 6-15–6-24

improperly positioned base, 6-72
invalid, 6-72–6-73
misused constraints on, 6-74
overconstrained, 6-75

profile surfaces, 11-2, 11-45
profile tolerances, 16-30–16-34
profile views, 18-38, 18-73
project cost estimation, 18-3
projection rays, 14-3, 14-17
project life phases, 1-16–1-17
project organization, in team environ-

ment, 4-5–4-6
projects, 1-7, 1-33
project scheduling, 4-6–4-10

critical path method, 4-8–4-10
Gantt charts for, 4-7–4-8
task organization, 4-7

project timelines, 4-7
prototypes, 5-3, 5-20, 18-41
prototyping, rapid, 9-15–9-17, 9-21, 9-59
prototyping stage, of design process, 

5-13–5-14
protractor, 1-21
protrusions, 6-25, 6-77–6-78, 6-81, 

9-48–9-49
Purdue Spatial Visualization Test, 3-6,

3-7
pyramids, 1-3

Q
qualitative data, 21-22–21-31
quantitative data, 21-6–21-22, 21-31
quantity per machine (Q/M), 18-11, 18-73
QuickTime (MOV) format, 19-29

R
radial arrays, 6-45
radial dimensional constraints, 6-18
radii, 15-18
radii-of-gyration, 8-12
radius, A-8
radius-of-gyration, 8-15, 8-29
rapid prototyping, 5-14, 9-15–9-17, 

9-21, 9-59
raster data model, 20-4, 20-5, 20-22
raytraced shadows, 19-11, 19-32
raytracing, 19-11, 19-12, 19-32
reaming, 9-9, 9-21, 9-59
rear views, 10-11–10-13
rebars, 18-45, 18-73
receding dimension, 2-19, 2-30
record keeping, engineering graphics

and, 1-2, 1-30
records, 20-6, 20-22
rectangular bars, 9-5
recursion, 19-12
redesign considerations, reverse engi-

neering and, 8-12

index I-11
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reference dimensions, 15-10, 18-20, 18-73
reference lines, 14-6, 14-18
reference value, 21-5
refinement, of design, 5-10
reflection mapping, 19-14, 19-32
reflections, 3-23–3-25, 3-27, 3-39–3-42,

3-52
refraction, 19-16–19-17
regeneration, 6-21, 6-81
related views, 14-6–14-8, 14-18
removed sections, 13-32–13-34, 13-52
Renaissance, 1-7–1-11, 1-20
rendering, 19-2, 19-11–19-13, 

19-16–19-17, 19-27–19-28, 19-32
research and development function, 1-17
retainer, fabrication of, 9-40–9-41
retaining rings, 17-25–17-27, 17-31
reverse engineering, 8-2–8-12, 8-29

defining the project, 8-5–8-7
developing 3-D CAD model, 

8-10–8-11
dissecting a system, 8-7–8-10
metrology tool for, 8-3–8-5
obtaining part sizes, 8-10
process, 8-5–8-12
reasons for, 8-2–8-3
redesign considerations, 8-12

revision numbers, 18-10–18-11
revolution, 6-12–6-13
revolved cuts, 6-28
revolved protrusions, 6-28
revolved sections, 13-35–13-36, 13-53
revolved solids, 6-12–6-13, 6-81
RGB (red, blue, green) colors, 19-7–19-8
ribs, 6-35, 6-81
right angles, 11-9
right-handed system, 2-8–2-10, 2-30
right-hand rule, 2-8, 2-30, 3-12, 3-49
right-hand threads, 17-5–17-6
right-side view, 10-11–10-13
rigid systems, 7-30
rivets, 17-20–17-21, 17-31
roads, Roman, 1-5
rolled thread forms, 17-8
rolling, 9-27, 9-32, 9-60
Roman arches, 1-4–1-5
Roman roads, 1-5
Romans-shx, 15-18
root, 17-3, 17-31
rotational symmetry, section views and,

13-42–13-44
rotation orientation

incorrect, on section views, 
13-46–13-47

incorrect, within view, 10-61–10-62
rough surfaces, 2-22
roundness, 16-29–16-30
rounds, 6-31–6-32, 6-81, 9-5
rules, team, 4-13
running clearance (RC) fits, 16-9
running fits, A-48–A-52
runout tolerances, 16-41–16-43

S
SAE grade markings, A-13
SAE steels, of slots, A-37–A-39
sales and buying function, 1-17
sand casting, 9-22–9-24, 9-32, 9-60
sawing, 9-6, 9-21, 9-60
scale, 1-21, 18-52–18-57

of section views, 13-9, 13-48–13-49
selection of proper, 18-62–18-63

scale models, 5-13–5-14
scale value, 21-5
scatter plots, 21-17–21-19, 21-31
scene development stage, of animation,

19-3, 19-6–19-18
schedule of materials, 18-42, 18-73
scheduling, construction projects, 18-38
schematic diagrams, 10-45, 21-25, 21-31
scientists, 5-2
screw threads, 17-2–17-8, 17-31

ISO metric threads, A-15–A-17
left-hand, 17-5–17-6
modeling, 17-9–17-12
multiple threads, 17-4–17-5
representations for drawings, 

17-9–17-11
representations for solid models, 

17-11–17-12
right-hand, 17-5–17-6
single threads, 17-4–17-5
standards, 17-6
terminology, 17-3–17-4
thread cutting, 17-8–17-9
thread forms, 17-6–17-8
thread notes, 17-12–17-14
Unified standard screw thread series,

A-14
scripting, 19-25, 19-32
secondary title block, 18-9, 18-73
sectioned assembly drawings, 18-21, 18-73
section lines, 13-5, 13-11–13-12, 13-42,

13-48, 13-50, 13-53
sections, on construction drawings, 

18-47–18-51
section views, 13-53

3-D modeling and, 13-51–13-52
of assemblies, 13-39
broken-out sections, 13-37–13-38
common errors in, 13-44–13-51
deciding when to use, 13-16–13-17
full sections, 13-5–13-10, 13-18–13-21
half sections, 13-14–13-16, 13-21
identifying, 13-8, 13-48–13-49
introduction to, 13-2–13-4
multiple, 13-21–13-27
offset sections, 13-13–13-14, 

13-27–13-30, 13-48
versus orthogonal views, 13-8–13-9
pictorial, 13-30–13-32
procedures for creating, 13-16–13-32
removed sections, 13-32–13-34

replacing hidden lines with, 13-11,
13-16–13-17

revolved sections, 13-35–13-36
scale, 13-9, 13-48–13-49
shortcuts for, 13-39–13-43
of small cutouts on curved surfaces,

13-39–13-40
symmetry and, 13-42–13-44
of thin features, 13-41–13-42
of threaded parts, 13-40–13-41
from wrong side, 13-46–13-47

selective laser sintering (SLS), 9-17
self-tapping screws, 17-19, 17-31
semicircles, on isometric surfaces, 

12-14–12-15
sequence diagrams, 21-28–21-29, 21-31
service function, 1-17
set of construction plans, 18-38, 18-74
set screws, 17-19, 17-31
set screw specifications, A-23–A-24
shading, 2-21–2-22, 2-30
shading algorithms, 19-13, 19-32
shadows, 19-11
shaft basis, 16-8, 16-9, 16-12
shapes. See also objects; specific types

rotating about pivot point, 
3-11–3-16

standard commercial, 9-4–9-5
sharp-V thread, 17-6–17-7
shear stress, 8-19
sheet metal and wire gage designation,

A-44
sheet sizes, 18-6–18-8, 18-39–18-40, 

18-61–18-62, 18-66–18-67
shelling, 6-34–6-35, 6-81
shells, 6-34–6-35
ship building, 1-11
shrink fits, 16-10
sidebars, 21-27, 21-31
side views, 14-2
signature sheets, 4-13–4-14
simple objects, isometric corner views

of, 3-8–3-10
single threads, 17-31
sintering, 9-32, 9-33, 9-60
site plans, 18-44, 18-74
site surveys, 18-40–18-41, 18-74
six standard views, 10-12–10-13, 10-21,

10-65
size, 15-25
sketching, 1-31–1-32, 6-81

2-D, 6-10–6-11
for animations, 19-4
auxiliary views, 14-16–14-17
brainwriting, 5-6–5-7
complex objects, 2-22–2-23
coordinate systems, 2-8–2-12
corner views, 3-32–3-34, 3-48–3-49
curved entities, 2-4–2-6
in engineering design process, 2-2–2-3
extra lines in, 3-48–3-49

I-12 index
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isometric, 2-12–2-18, 2-24–2-26, 
2-27–2-28

lines, 2-3–2-4
oblique, 2-18–2-21, 2-26–2-27, 2-29
orientation of sketches, 6-14–6-15
shading, 2-21–2-22
special effects, 2-21–2-22
strategies, 2-24–2-29
subassemblies, 8-8–8-10
using construction lines, 2-6–2-7
visual thinking and, 5-5

sketching editor, 6-11, 6-81
sketching plane, 6-25, 6-81
sliding fits, 16-9, 16-11, A-48–A-52
slope, 20-16, 20-22
slot dimensions, A-31–A-37
slot feature, 6-36
slots, 15-20–15-21
small-scale models, 18-41
smooth surfaces, 2-22
snap-fit fasteners, 17-2, 17-29–17-30
Solano Wind Power Generation Facility,

1-16–1-17, 1-19
solid model databases, 6-3
solid modeling, 1-23–1-24, 1-33, 6-81

advanced techniques, 6-38–6-49
advantages of, 1-30
algebraic constraints, 6-19–6-20
analysis capabilities of, 1-25–1-27
associative constraints, 6-19–6-20
auxiliary views and, 14-14–14-16
with blends, 6-46–6-47
common errors in, 6-71–6-78
complex solids, 6-25–6-28
constraints and, 6-15–6-24
with datums, 6-38–6-43
dimensional constraints, 6-17–6-19
dimensioning and, 15-22
extraction of 2-D drawings, 6-70–6-71
fabrication processes and, 9-53
feature-based, 6-9
features, 6-28–6-37
geometric constraints, 6-15–6-17
introduction to, 6-2
with mirrored features, 6-46
with model tree, 6-49–6-51
multiview representations and, 

10-63–10-64
orientation of sketch, 6-14–6-15
parametric, 6-10–6-14, 6-80
parent-child relationships in, 6-51
parts, 6-52–6-55
pictorial drawings and, 12-28
section views and, 13-51–13-52
step-by-step examples

guide block, 6-56–6-60
handwheel, 6-66–6-70
mounting brace, 6-60–6-65

strategies for, 6-55–6-56
surface models, 6-7–6-8
with sweeps, 6-48–6-49

tools for, 6-8–6-10
use of, in civil engineering, 

18-37–18-38
using arrays, 6-44–6-45
valid profiles, 6-11–6-14
wireframe, 6-4–6-7
working drawings and, 18-71

solids
auxiliary views for, 14-2–14-8
blended, 6-46–6-47
combining, 3-30–3-32, 3-46–3-48,

3-51
constructive, 6-25–6-28
creating, 6-11–6-14
cross sections of, 3-27–3-30, 3-44–3-46
revolved, 6-12–6-13, 6-81
swept, 6-48–6-49

spatial data, 20-22, 20-23
description of, 20-6
entering into GIS, 20-11
introduction to, 20-2–20-4
sources of, 20-18–20-19
types of, 20-4–20-6

spatial orientation, 3-5, 3-52
spatial perception, 3-5, 3-52
spatial relations, 3-5, 3-52
spatial skills, 3-2, 3-5, 3-52

2-D, 3-3
assessing, 3-5–3-9
development of, 1-31–1-32, 3-3–3-5
exercises for, 3-8–3-51

combining solids, 3-30–3-32, 
3-46–3-48

cross sections of solids, 3-27–3-30,
3-44–3-46

isometric corner views of simple
objects, 3-8–3-10

object rotations about single axis,
3-11–3-20, 3-34–3-36

object rotations about two or
more axes, 3-20–3-23, 3-36–3-38

reflections, 3-23–3-25, 3-39–3-42
symmetry, 3-25–3-27, 3-43–3-44

imaging successive cuts to objects,
11-37–11-44

need for, 3-7
strategies for developing, 3-32–3-51
types of, 3-5

specifications (specs), 18-38–18-39, 18-74
specular light transmission, 19-13
spheres, 6-8, A-8
spherical mapping, 19-17
spheroid, 20-8, 20-23
spindles, 9-9, 9-60
splined-based models, 19-5
splines, 6-4, 6-81
split lines, 9-22, 9-60
spokes, 13-42, 13-43, 13-50
spotface, 6-36
spotfaced holes, 15-19–15-20
spotlights, 19-8, 19-9, 19-32

spring lock washers, A-27
spring pins, 17-24–17-25, 17-31
sprue, 9-28, 9-60
square bars, 9-5
square prism, cross sections of, 3-28
squares, formulas for, A-8
square thread forms, 17-7
square tolerance zones, 16-25–16-26
square tubes, 9-5
stacked bar charts, 21-8
stage, 9-9
stamping, 9-31, 9-32, 9-60
standard commercial shapes, 9-4–9-5,

9-60
standard line types, A-9
standard views, 10-12–10-13, 10-21
State Plane Coordinate System, 20-9,

20-10–20-11, 20-23
station point (PP), 12-22, 12-29
statistical tolerancing, 16-6, 16-53
STATSGO (State Soil Geographic)

database, 20-20
steam engine, 1-12
steel alloys, A-41–A-43
step-by-step diagram, 21-29, 21-31
step lines, 13-48
step segments, 13-53
stereolithography (SLA), 9-15, 9-60
storyboards, 19-3, 19-4, 19-32
straight lines, 2-3
straightness, 16-28–16-29
stress

mechanical, 8-19, 8-29
shear, 8-19

stress analysis, 8-22–8-23
stress distribution, 1-29–1-30
structural metal shape designations,

A-53–A-66
studs, 17-17, 17-31
subassemblies, 7-4–7-5, 7-32, 18-74

manufacturing drawings of, 
18-16–18-18

sketching, 8-8–8-10
subcontractors, 1-17, 18-3
subtraction operation, 6-9
successive cuts, 11-37–11-44, 11-45
suppressed features, 6-54, 6-81
surface area, 8-15, 8-29
surface modeling, 6-7–6-8, 19-5, 19-32
surface models, 6-7–6-8, 6-81
surface normals, 19-13, 19-32
surface roughness, A-45
surfaces, 11-2–11-8, 11-3

coplanar, 16-34
curved. See curved surfaces
frontal, 11-2, 11-45, 14-2
horizontal, 11-2, 11-45, 14-2, 14-3
inclined. See inclined surfaces
limits of, 11-9
normal, 11-2–11-3, 11-2–11-3, 

11-21–11-24, 14-2
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oblique. See oblique surfaces
profile, 11-2, 11-45
profile of, 16-32–16-34
right angles on, 11-9
visualization concepts with, 

11-7–11-9
surface tracking, 10-33–10-44, 10-65,

11-45
constructing pictorial by inverse, 

11-34–11-37
SURGO (Soil Survey Geographic) 

database, 20-20
sustainable design, 5-3, 5-20
sweeps, 6-48–6-49
swept features, 6-48–6-49, 6-81
symbols

datum feature, 16-46–16-48
dimension, 15-18–15-19
geometry characteristic, 16-22–16-23

symmetrical features, approximations
of, 10-49

symmetric constraint, 6-16
symmetry, 3-25–3-27, 3-43–3-44, 3-51,

3-52
section views and, 13-42–13-44
tolerance, 16-40–16-41

systems, 1-7, 1-33

T
tables, 21-2, 21-31

for data display, 21-20–21-22
datum requirement, 16-45
for fits, 16-13–16-14, 16-44

Tagged Image File (TIF), 20-20
tangent constraint, 6-16, 6-17
tangent edges, 10-42, 10-57–10-58, 10-65
tap, 9-8, 9-60, 17-31
tap drills, 17-14, 17-32
tap drill sizes, A-30
taper feature, 6-36
taper pins, 17-21, 17-22
tapped holes, 6-33, 9-8, 9-60
taps, 17-8–17-9
task credit matrix, 4-13–4-14, 4-15
task definition, 4-5–4-6
T beams, 9-5
team contract, 4-13, 4-14, 4-15
team environments, 4-2–4-15

communication in, 4-10–4-12
personnel issues, 4-13–4-14
project organization, 4-5–4-6
project scheduling, 4-6–4-10
real world versus classroom, 4-3–4-4
reasons to work in, 4-2–4-3
team roles, 4-4

team leader, 4-4, 4-15
team meetings, 4-5, 4-11–4-12
team players, 4-3
team roles, 4-4, 4-15
teams, characteristics of effective, 4-5

technical diagrams, 21-25–21-27, 21-31
technicians, 1-18, 18-3
telephoto, 19-7, 19-32
temperature fields, 8-19–8-21
template, 1-21
temporary fasteners, 17-2
terrain mapping, 20-16–20-18
tests, of spatial skills, 3-5–3-9
text messaging, 4-11
texture mapping, 19-14, 19-32
thematic layer overlay, 20-14–20-16, 20-23
thematic layers, 20-11, 20-23
thermal flow, 8-19–8-21
thin features, section views of, 13-

41–13-42
third-angle projection, 10-65

versus first-angle, 10-19–10-22
thread cutting, 17-8–17-9
threaded fasteners, 17-15–17-19
threaded parts, 10-45, 13-40–13-41
thread forms, 17-6–17-8
thread notes, 17-12–17-14, 17-32
thread series, 14-4, 17-32
thread standards, 17-6
three-axis mill, 9-9, 9-60
three-dimensional (3-D) modeling, 

1-23–1-24, 1-33
advantages of, 1-30
analysis capabilities of, 1-25–1-27

three-point lighting layout, 19-10–19-11
three-point perspective drawings, 12-21
through holes, 6-33, 9-8, 17-8, 17-32
tick marks, 2-4, 2-5, 2-30, 21-5
TiLite Wheelchairs, A-2–A-4
timekeeper, 4-4, 4-15
timelines, 4-7, 21-2–21-3, 21-29, 21-31
time management, 4-6-4-10
title blocks, 18-9–18-10, 18-12–18-14,

18-42, 18-57–18-58, 18-66, 18-74
titles, 21-4
tolerance distributions, 16-32–16-34
tolerances/tolerancing, 15-4–15-5, 15-7,

15-25, 16-1–16-60, 16-2
circularity, 16-29–16-30
common errors, 16-44–16-48
in construction projects, 18-40
conventional, 16-15–16-20, 

16-25–16-27
default, 18-12
defined, 16-8
examples, 16-48–16-52
fits, 5-7–5-14
flatness, 16-27
form, 16-27–16-30
formats for, 16-4
geometric, 16-4
geometric dimensioning and toler-

ancing (GD&T), 16-20–16-44
introduction to, 16-2–16-4
location, 16-39–16-41
orientation, 16-35–16-38

position, 16-25–16-27
profile, 16-30–16-34
runout, 16-41–16-43
standard, A-45–A-46
statistical tolerancing, 16-6
straightness, 16-28–16-29
tolerance building problems, 

16-5–16-6
too tight/too loose, 16-44
uninspectable, 16-46

tolerance values, inappropriate, 16-4
tool bits, 9-4, 9-60
tooling, 9-21, 9-60
tool runout, 17-18, 17-32
tooth lock washers, A-28–A-29
top-down modeling, 7-19, 7-32
topographical maps, 1-25–1-26. See also

geographic information systems
(GISs)

geographic coordinate systems, 
20-6–20-7

planar coordinate system, 
20-8–20-11

spatial data, 20-2–20-6
top views, 10-11–10-13, 14-2, 14-3
torus, 6-8
total runout, 16-42
trails, 18-19, 18-74
trajectory, 6-48, 6-81
transformations, 19-22–19-24
transition fit, 16-7
transparency, 19-2
transparency/opacity mapping, 19-14,

19-15–19-16, 19-32
trend lines, 21-4–21-5
triangles, 1-21, 14-16–14-17, A-5–A-7
trigonometric formulas

for circles, A-8
for triangles, A-5–A-7

trimetric drawings, 12-4–12-5, 12-29
true shape, 14-2, 14-18
true-size models, 5-13–5-14
T square, 1-21
tubes, 9-5
tumbling, 9-33–9-34, 9-60
turning, 9-7, 9-21, 9-60
two-dimensional (2-D) CAD, 6-3–6-4
two-dimensional (2-D) drawings, 

1-20, 1-33
two-point perspective drawings, 

12-21–12-28
of complex objects, 12-27–12-28
construction of, 12-23–12-27

Type A plain washers, A-26
typography, 21-24–21-25

U
undercut features, 9-51–9-52, 9-60
Unified national threads, 17-13
Unified Screw threads, 17-6, 17-7, A-14

I-14 index
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unilateral-outside distribution, 16-32
unilateral tolerance, 16-4
union function, 20-14
union operation, 6-9
units of measure, 15-5
Universal Transverse Mercator (UTM)

coordinate system, 20-9–20-10,
20-23

UNIX operating systems, 1-24
unsuppressed features, 6-54, 6-81
U-S- customary units, 15-5
U-S- Geological Survey (USGS), 18-40
USGS Land Cover Institute (LCI), 20-11
US sheet sizes, 18-7, 18-74
UV coordinates, 19-17
UVW coordinates, 19-17

V
vanes, 13-42, 13-43, 13-50
vanishing points (VP), 12-20–12-21, 

12-22–12-23, 12-29
variational techniques, 6-19, 6-81
V-blocks, 16-42–16-43
vector data model, 20-4, 20-4–20-5, 

20-23
vector feature, 20-4
vector normals, 19-13
Venn diagrams, 21-24, 21-31
vertex, 6-3, 6-81
vertices

inverse tracking with, 11-20–11-34
for curved surfaces, 11-30–11-34
for inclined surfaces, 11-24–11-28
for normal surfaces, 11-21–11-24
for oblique surfaces and hidden

features, 11-28–11-30
video compression, 19-29, 19-32
viewing direction, 13-5, 13-53
viewing planes, 10-5–10-13, 10-65
view layouts, 11-4–11-7
viewpoint, 3-9–3-10
views. See also auxiliary views; section views

adjacent, 10-10, 10-65, 14-6–14-8,
14-17

bird’s-eye, 3-9–3-10, 11-12–11-14
bottom, 10-11–10-13
corner, 3-9–3-10, 3-32–3-34, 

3-48–3-49, 3-51, 11-12–11-13
edge, 14-3, 14-4, 14-17
elevation, 12-22, 12-29, 18-38, 18-45,

18-73
front, 10-11–10-13
front-adjacent, 14-8
hidden lines and, 10-17–10-19
incorrect orientation within, 

10-61–10-62
in incorrect relative locations, 10-61
insufficient, 10-63
labeling, 14-6
left-side, 10-11–10-13

on manufacturing drawings, 
18-15–18-16

missing, 10-53–10-54
multiple, 10-65
necessary, 10-14–10-17
orthographic, 12-10–12-11
plan, 12-22, 12-29, 18-38
possible features and single, 

11-10–11-11
preferred configuration, 10-13
profile, 18-38, 18-73
rear, 10-11–10-13
related, 14-6–14-8, 14-18
right-side, 10-11–10-13
standard, 10-12–10-13, 10-21, 10-65
top, 10-11–10-13
unaligned, 10-59–10-60
worm’s eye, 11-12–11-14

view scales, mismatched, 10-59–10-60
visualization, 1-23

basic concepts, 11-2–11-9
pictorial drawings as aids to, 

12-2–12-3
terminology, 11-2–11-9

visualization skills, 1-33, 3-2. See also
spatial skills

development of, 1-31–1-32, 3-32–3-51
visualization techniques

advanced, 11-14–11-44
with basic concepts, 11-14–11-16
constructing pictorials by inverse

surface tracking, 11-34–11-37
constructing pictorials by inverse

tracking, 11-20–11-34
holistic approach to constructing pic-

torials from multiview drawings,
11-17–11-20

imaging successive cuts to objects,
11-37–11-44

visual rays, 12-26–12-27
visual storytelling diagrams, 21-27–21-30,

21-31
visual thinking, 5-5, 5-20
Vitruvius, Marcus, 1-5
voice mail, 4-11
volume, 8-15, 8-29
volume lighting, 19-17
volume of interference, 3-31, 3-52
von Mises stress, 8-26–8-27

W
wall sections, 18-49–18-51, 18-74
wall thickness, on cast or molded parts,

9-52
Warwick Castle, 1-6
washers, 17-21, 17-32, A-26–A-29
waterwheels, 1-7
Watt, James, 1-12
wax masters, 9-41–9-43

webs, 6-35, 6-81
weighted decision tables, 5-10–5-11, 5-20
welding, 9-18, 9-21, 9-60
welds, representation of, 10-50
Whitworth threads, 17-6, 17-7
wide-angle perspective, 19-7, 19-32
windmills, Holland, 1-7, 1-8
wire drawing, 9-24–9-26, 9-60
wireframe modeling, 6-4–6-7, 6-5–6-7,

6-81
working drawings, 18-74. See also con-

struction drawings; manufacturing
drawings

3-D modeling and, 18-71
errors in, 18-3–18-4, 18-57–18-71
examples of, 18-26–18-36
format of, 18-4–18-5
introduction to, 18-2
notes on, 18-16
purpose of, 18-3–18-5
scales, 18-52–18-57
sheet sizes, 18-6–18-8

workpiece, 9-4, 9-60
worm’s-eye view, 3-10, 11-12–11-14

X
x-axis, 2-8–2-12, 21-5

object rotations about, 3-15–3-16, 
3-20–3-23

Y
y-axis, 2-8–2-12, 21-5

object rotations about, 3-15–3-16, 
3-20–3-23

Z
z-axis, 2-8–2-12

object rotations about, 3-12–3-14, 
3-20–3-23

z-buffer rendering, 19-11–19-12, 19-32
z-values, 20-16, 20-23
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