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PREFACE

The Encyclopedia of Smart Materials (ESM) contains the
writings, thoughts, and work of many of the world’s fore-
most people (scientists, educators, chemists, engineers,
laboratory and innovative practitioners) who work in the
field of smart materials. The authors discuss theory, funda-
mentals, fabrication, processing, application, applications
and uses of these very special, and in some instances rare,
materials.

The term “smart structure” and “smart materials” are
much used and abused.

Consideration of the lexicology of the English language
should provide some guidelines, although engineers often
forget the dictionary and evolve a language of their own.
Here is what the abbreviated Oxford English Dictionary
says:

* Smart: severe enough to cause pain, sharp, vigorous,
lively, brisk . .. clever, ingenious, showing quick wit or
ingenuity . .. selfishly clever to the verge of dishon-
esty;

* Material: matter from which a thing is made;

e Structure: material configured to do mechanical
work . .. a thing constructed, complex whole.

The concept of “smart” or “intelligent” materials, sys-
tems, and structures has been around for many years.
A great deal of progress has been made recently in the
development of structures that continuously and actively
monitor and optimize themselves and their performance
through emulating biological systems with their adaptive
capabilities and integrated designs. The field of smart ma-
terials is multidisciplinary and interdisciplinary, and there
are a number of enabling technologies—materials, control,
information processing, sensing, actuation, and damping—
and system integration across a wide range of industrial
applications.

The diverse technologies that make up the field of smart
materials and structures are at varying stages of com-
mercialization. Piezoelectric and electrostrictive ceram-
ics, piezoelectric polymers, and fiber-optic sensor systems
are well-established commercial technologies, whereas mi-
cromachined electromechanical systems (MEMS), magne-
tostrictive materials, shape memory alloys (SMA) and poly-
mers, and conductive polymers are in the early stages of
commercialization. The next wave of smart technologies
will likely see the wider introduction of chromogenic mate-
rials and systems, electro- and magneto-rheological fluids,
and biometric polymers and gels.

Piezoelectric transducers are widely used in automo-
tive, aerospace, and other industries to measure vibra-
tion and shock, including monitoring of machinery such as
pumps and turbomachinery, and noise and vibration con-
trol. MEMS sensors are starting to be used where they
offer advantages over current technologies, particularly
for static or low frequency measurements. Fiber-optic sys-
tems are increasingly being used in hazardous or difficult

environments, such as at high temperatures or in corrosive
atmospheres.

Automotive companies are investigating the use of
smart materials to control vehicles in panels, such as
damping vibration in roof panels, engine mounts, etc.
Aerospace applications include the testing of aircraft and
satellites for the strenuous environments in which they are
used, both in the design phase and in use, as well as for
actuators or devices to react to or control vibrations, or to
change the shape of structures.

In civil engineering, especially in earthquake-prone ar-
eas, a number of projects are under way to investigate the
use of materials such as active composites to allow support
systems of bridges (and the like) to handle such shocks
without catastrophic failure. These materials can be used
in many structures that have to withstand severe stresses,
such as offshore oil rigs, bridges, flyovers, and many types
of buildings.

The ESM will serve the rapidly expanding demand
for information on technological developments of smart
materials and devices. In addition to information for manu-
facturers and assemblers of smart materials, components,
systems, and structures, ESM is aimed at managers re-
sponsible for technology development, research projects,
R&D programs, business development, and strategic
planning in the various industries that are considering
these technologies. These industries, as well as aerospace
and automotive industries, include mass transit, marine,
computer-related and other electronic equipment, as well
as industrial equipment (including rotating machinery,
consumer goods, civil engineering, and medical applica-
tions).

Smart material and system developments are diversi-
fied and have covered many fields, from medical and bio-
logical to electronic and mechanical. For example, a manu-
facturer of spinal implants and prosthetic components has
produced a prosthetic device that dramatically improves
the mobility of leg amputees by closely recreating a natu-
ral gait.

Scientists and doctors have engineered for amputees a
solution with controllable magneto-rheological (MR) tech-
nology to significantly improve stability, gait balance, and
energy efficiency for amputees. Combining electronics and
software, the MR-enabled responsiveness of the device
is 20 times faster than that of the prior state-of-the-art
devices, and therefore allows the closest neural human re-
action time of movement for the user. The newly designed
prosthetic device therefore more closely mimics the process
of natural thought and locomotion than earlier prosthetic
designs.

Another example is the single-axis accelerometer/
sensor technology, now available in the very low-profile,
surface-mount LCC-8 package. This ceramic package al-
lows users to surface-mount the state-of-the-art MEMS-
based sensors. Through utilization of this standard
packaging profile, one is now able to use the lowest



Vi PREFACE

profile, smallest surface-mountable accelerometer/sensor
currently available. This sensor/accelerometer product
technology offers on-chip mixed signal processing, MEMS
sensor, and full flexibility in circuit integration on a sin-
gle chip. Features of the sensor itself include continuous
self-test as well as both ratiometric and absolute output.
Other sensor attributes include high long-term reliability
resulting from no moving parts, which eliminates striction
and tap-sensitive/sticky quality issues.

Application areas include automotive, computer de-
vices, gaming, industrial control, event detection, as well
as medical and home appliances. In high-speed trains trav-
eling at 200 km/h, a droning or rumbling is often heard
by passengers. Tiny imperfections in the roundness of the
wheels generate vibrations in the train that are the source
of this noise. In addition to increasing the noise level, these
imperfect wheels lead to accelerated material fatigue. An
effective countermeasure is the use of actively controlled
dampers. Here a mechanical concept—a specific counter-
weight combined with an adjustable sprint and a power-
ful force-actuator—is coupled with electronic components.
Simulations show what weights should be applied at which
points on the wheel to optimally offset the vibrations. Sen-
sors detect the degree of vibration, which varies with the
train’s speed. The electronic regulator then adjusts the ten-
sion in the springs and precisely synchronizes the timing
and the location of the counter-vibration as needed. Un-
desirable vibration energy is diffused, and the wheel rolls
quietly and smoothly. In this way, wear on the wheels is
considerably reduced.

The prospects of minimized material fatigue, a higher
level of travel comfort for passengers, and lower noise emis-
sions are compelling reasons for continuing this develop-
ment.

Novel composite materials discovered by researchers
exhibit dramatically high levels of magneto-resistance,
and have the potential to significantly increase the per-
formance of magnetic sensors used in a wide variety of
important technologies, as well as dramatically increase
data storage in magnetic disk drives. The newly developed
extraordinary magnetoresistance (EMR) materials can be
applied in the read heads of disk drives, which, together
with the write heads and disk materials, determine the
overall capacity, speed, and efficiency of magnetic record-
ing and storage devices. EMR composite materials will be
able to respond up to 1000 times faster than the materials
used in conventional read heads, thus significantly advanc-
ing magnetic storage technology and bringing the industry
closer to its long-range target of a disk drive that will store
a terabit (1000 gigabits) of data per square inch.

The new materials are composites of nonmagnetic,
semiconducting, and metallic components, and exhibit an
EMR at room temperature of the order of 1,000,000% at
high fields. More importantly, the new materials give high
values of room-temperature magnetoresistance at low and
moderate fields. Embedding a highly conducting meal,
such as gold, into a thin disc of a nonmagnetic semicon-
ductor, such as indium antimonide, boosts the magnetore-
sistance, and offers a number of other advantages. These
include very high thermal stability, the potential for much

lower manufacturing costs, and operation at speeds up to
1000 times higher than sensors fabricated from magnetic
materials.

Envisioned are numerous other applications of EMR
sensors in areas such as consumer electronics, wireless
telephones, and automobiles, which utilize magnetic sen-
sors in their products. Future EMR sensors will deliver
dramatically greater sensitivity, and will be considerably
less expensive to produce.

Another recent development is an infrared (IR) gas
sensor based on MEMS manufacturing techniques. The
MEMS IR gas SensorChip will be sensitive enough to
compete with larger, more complex gas sensors, but in-
expensive enough to penetrate mass-market applications.
MEMS technology should simplify the construction of IR
gas sensors by integrating all the active functions onto a
single integrated circuit.

Tiny electronic devices called “smart dust,” which are
designed to capture large amounts of data about their sur-
roundings while floating in the air, have been developed.
The project could lead to wide array of applications, from
following enemy troop movements and detecting missiles
before launch to detecting toxic chemicals in the environ-
ments and monitoring weather patterns. The “Smart Dust”
project aims to create massively distributed sensor net-
works, consisting of hundreds to many thousands of sen-
sor nodes, and one or more interrogators to query the net-
work and read out sensor data. The sensor nodes will be
completely autonomous, and quite small. Each node will
contain a sensor, electronics, power supply, and communi-
cation hardware, all in a volume of 1 mm?.

The idea behind “smart dust” is to pack sophisticated
sensors, tiny computers, and wireless communications
onto minuscule “motes” of silicon that are light enough
to remain suspended in air for hours at a time. As the
motes drift on the wind, they can monitor the environment
for light, sound, temperature, chemical composition, and
a wide range of other information, and transmit the data
back to a distant base station. Each mote of smart dust is
composed of a number of MEMS, wired together to form a
simple computer. Each mote contains a solar cell to gen-
erate power, sensors that can be programmed to look for
specific information, a tiny computer that can store the in-
formation and sort out which data are worth reporting, and
a communicator that enables the mote to be interrogated
by the base unit. The goals are to explore the fundamental
limits to the size of autonomous sensor platforms, and the
new applications which become possible when autonomous
sensors can be made on a millimeter scale.

Laser light can quickly and accurately flex fluid-swollen
plastics called polymer gels. These potential polymer mus-
cles could be used to power robot arms, because they ex-
pand and contract when stimulated by heat or certain
chemicals. Gel/laser combinations could find applications
ranging from actuators to sensors, and precisely targeted
laser light could allow very specific shape changes. Poly-
mer gels have been made to shrink and swell in a frac-
tion of a second. Targeting laser light at the center of a
cylinder made of N-isopropylacrylamide pinches together
the tube’s edges to form a dumb-bell shape. The cylinder



returns to its original shape when the laser is switched
off. This movement is possible because in polymer gels,
the attractive and repulsive forces between neighboring
molecules are finely balanced. Small chemical and phys-
ical changes can disrupt this balance, making the whole
polymer to violently expand or collapse. Also it has been
shown that radiation forces from focused laser light disturb
this delicate equilibrium, and induce a reversible phase
transition. Repeated cycling did not change the thresh-
olds of shrinkage and expansion; also, the shrinking is not
caused by temperature increases accompanying the laser
radiation.

The field of smart materials offers enormous potential
for rapid introduction and implementation in a wide range
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of end-user sectors industries. Not only are the organiza-
tions involved in research and preliminary development
keen to grow their markets in order to capitalize on their
R&D investment, but other technologically aware compa-
nies are alerted to new business opportunities for their own
products and skillsets.

The readers of this ESM will appreciate the efforts of
a multitude of researchers, academia, and industry peo-
ple who have contributed to this endeavor. The editor is
thankful to Dr. James Harvey and Mr. Arthur Biderman
for their initial efforts in getting the project off the ground
and moving the program.

Mel Schwartz



Table of Contents

Preface
Actuators to Architecture
Actuators, Piezoelectric Ceramic, Functional Gradient

Introduction
Actuators
Piezoelectric Ceramics
Functionally Graded Materials
Summary
Acknowledgments
Bibliography

Adaptive Composite Systems: Modeling and Applications
Introduction
Actuators and Sensors
Adaptive Composite Modeling
Applications
Concluding Remarks
Bibliography

Adaptive Systems, Rotary Wing Applications
Introduction
Active / Passive Control of Structural Response
Passive / Active Control of Damping
Trailing Edge Flaps
Servoflap
Active Twist
Modeling
Future Directions
Bibliography

Aircraft Control, Applications of Smart Structures
Introduction
Smart Structures for Flight in Nature
General Remarks on Aspects of Aircraft Design
Traditional Active or Adaptive Aircraft Control Concepts
The Range of Active Structures and Materials Applications
in Aeronautics
Aircraft Structures
Smart Materials for Active Structures
The Role of Aeroelasticity L47

~eal [BlREEE] [s]lellwllwllvlwlleli] - NN NEEREE] ==
|_||:| 01"01 Ii"-h"w NIIN E @"\I"U‘I"b ngl © |oo||oo 01"01 o"oo cn"cn"cn U'I||-J> |I—‘"\l”l\J"I—‘”:"ﬂ E

Overview of Smart Structural Concepts for Aircraft Control 150
Quality of the Deformations [54]
Achievable Amount of Deformation and Effectiveness of

Different Active Aeroelastic Concepts
Need for Analyzing and Optimizing the Design of

Active Structural Concepts
Summary, Conclusions, and Predictions [57]
Bibliography [58]

This page has been reformatted by Knovel for easier navigation.




Architecture

Introduction

Material Considerations in Architecture

Traditional Material Classification in Architecture
Traditional Technology Classification in Architecture
Proposed Classification System for Smart Materials
Taxonomy of Smart Materials

Categories of Applications

Future Design Approaches in Architecture
Bibliography

Battery to Biosensors
Battery Applications

Introduction
Electrochemical Concepts
Batteries

Smart Batteries
Concluding Remarks
Acknowledgments
Bibliography

Biomedical Applications

Introduction

Properties of SMAs for Biomedical Applications

Examples of Biomedical Applications

Current Biomedical Applications of SMA

Current Biomedical Applications of Piezoelectric Materials
Bibliography

Biomedical Sensing

Introduction

Medical, Therapeutic, and Diagnostic Applications of Biosensors
Polymers as Electrode Coatings and Biosensor Mediators
Immobilization Techniques and Materials

Smart Polymers for Immobilization and Bioconjugate Materials
Biosensor Operation

Glucose Sensors

Other Analytes for Biological Sensing

Modes of Response in Smart Polymers

Molecular Imprinting

Possibilities for Future Development

Bibliography

Biomimetic Electromagnetic Devices

Introduction

Biological Ultraviolet and Visible Systems

Biological Infrared Detection

Electromagnetic Applications of Biomimetic Research
Acknowledgments

Bibliography

(o2][=2) (=2 I [*2] | Ke2d | E®al | (Sa) R [Oa) | ESA) | oA
| (%21 | L= § (=] | =1 | [¥e) | (€] | ] | (o] | (¥e)

(o]} {{o] | [{e] [<e] | [Ce]|[ec]|[e0]|[oe]}[ec] | [e0) [oc] §[ee] [[ee] | N]| NI} [o2] | {22}
oo| jujjon B[] 0of| B[] NN ol | ol | L | NS | E=) R (00 | [0S

©
©

-
o
o

o |y |
ollollo
B||®||

| Iy
(@] | [}
N |

This page has been reformatted by Knovel for easier navigation.




Biosensors, Porous Silicon
Introduction
Historical Overview
Porous Silicon Formation
Characterization of Porous Silicon
Optical Properties of Porous Silicon
Functionalization of Porous Silicon Surfaces
Porous Silicon Chemosensors
Biosensor Applications of Porous Silicon
Conclusions
Bibliography

Ceramics to Coatings
Ceramics, Piezoelectric and Electrostrictive

Introduction
Piezoelectric and Electrostrictive Effects in Ceramic Materials
Measurements of Piezoelectric and Electrostrictive Effects
Common Piezoelectric and Electrostrictive Materials
Piezoelectric Composites
Applications of Piezoelectric / Electrostrictive Ceramics
Future Trends
Bibliography

Ceramics, Transducers
Introduction
Piezoelectricity
Piezoelectric Materials
Applications of Piezoelectricity
Bibliography

Characterization of Piezoelectric Ceramic Materials
Introduction
Piezoelectric Materials: History and Processing
Piezoelectric Constitutive Relationships
Piezoelectric Parameters: Definitions and Characterization
Conclusion
Acknowledgment
Bibliography

Chemical Indicating Devices
Introduction
Chemical Indicating Devices Are Smart
Classification
General Operating Principles
Choice of Indicators
Ph Indicators
Indicator Materials
Temperature and Time-Temperature Indicators (TTI)
Anticounterfeiting and Tamper Indicator Devices
Conclusion
Bibliography

=
N
=

-
N
=

Pl
| N
| N

R
N|I)
AN

=y
N
~J

B |=
wl|n

[EnY
w
~

[EnY
w
~

[N
w
©

=N
w
ISI

=
[0
[{e)

H
N
[uN

H
N
w

Bl
IR
(2] |EN

o
ull[on
5|~

161

[EnN
(o))
N

=
o)
N

[EnN
(o))
N

[N
(o)
(&)}

o |
~||o
N |

172

[EEN
~
N

=
~
IEI

H
\‘
N

'—\
\‘
N

JERN J [EEN
~ =~
ajjo

H
~
©

=
0o
=

[EnY
[0}
N

This page has been reformatted by Knovel for easier navigation.




Chitosan-Based Gels
Introduction
Supramolecular Interactions and Gel Formation
Applications
Bibliography

Coatings

Introduction

Nondestructive ML from Alkaline Aluminates Doped with
Rare-Earth lons

Repeatable ML of Transition Metal lons Doped Zinc Sulfide

Application of Smart Coating with ML Monitoring in Dynamic
Stress and Impact Materials for Novel Stress Display

Bibliography

Colossal Magnetoresistive to Cure and Health
Colossal Magnetoresistive Materials
Introduction
CMR in Hole-Doped Lno.7 AEos MnO3 Perovskites
Origin of the CMR Effect: Manganese Mixed Valency
and Double Exchange
Chemical Factors Governing CMR Properties
Charge Ordering in Perovskite Manganites
Other CMR Manganites
Conclusion
Bibliography

Composites, Future Concepts
Introduction
Historical Prologue
Biologically-Inspired Creativity in Engineering
Smart Materials and Structures: Current Noncommercial
Technologies
Smart Materials and Structures: The Future
Concluding Comments

Composites, Intrinsically Smart Structures
Introduction
Cement-Matrix Composites for Smart Structures
Polymer-Matrix Composites for Smart Structures
Conclusion
Bibliography

Composites, Survey
Introduction
Engineering Materials
Composite Materials
Microscale Behavior
Mesoscale Behavior
Macroscale Behavior
Other Considerations
Bibliography

This page has been reformatted by Knovel for easier navigation.

(=
||
N[N

Bl
oo| (oo
Ol||N

= =
© 00

=
(o)
o

[ | T
© ©l[w©

N
o
s

N
o
N

N
(@}
N

N
Eo
wl N

N
o
=

N
(@]
I:I

N
[y
[ERN

N
=
N

N
[y
w

|I\.)||I\.>|I\)I\)
[ | Y Y S
Y EXYENY B

N
(=Y
~

219

N
N
w

N
N
w

N
N
Izl

NN
W IN
W |W

N
S
o

N
i
o

243
243

N
N

NN
Bl
o |0

N
a
o

N
a0
(00]

N
o
g

264



Computational Techniques For Smart Materials
Introduction
Smart Materials, Memory Effects, and Molecular Complexity
Continuum and Molecular Descriptions of Smart Materials
Smart Materials and Nonequilibrium Thermodynamics
Outlook
Notation
Bibliography

Conductive Polymer Composites with Large Positive Temperature Coefficients
Introduction
Basic Theory of Conductive Polymer Composites and PTC Behavior
Effect of Conductive Fillers on PTC Conductive Polymer
Effect of Polymer Matrix on PTC Behavior
Effect of Processing Condition and Additives
Application of PTC Conductive Polymer Composite
Summary
Bibliography

Conductive Polymers
Introduction
Synthesis and Properties
Chemical and Physical Stimuli
Actuators
Information Processing
Energy Conversion / Storage
Polymer Processing
Device Fabrication
Conclusions
Bibliography

Cure and Health Monitoring
Smart Monitoring System
Cure Monitoring
Health Monitoring
Bibliography

Drug Delivery to Environmental and People Applications

Drug Delivery Systems
Introduction
Development of Controlled Drug Delivery
Pulsatile Systems
Self-Regulated Systems Mechanisms
Concluding Remarks
Bibliography

Electrically Conductive Adhesives for Electronic Applications
Introduction
Electrically Conductive Adhesives (ECAS)
Improvement of Electrical Conductivity of ICAs
Improvement of Contact Resistance Stability
Improvement of Impact Performance
High-Performance Conductive Adhesives
Bibliography

N
»
a1

N
»
a1

NN
(o211 {2}
[o¢] | [o)]

[N
N} |\
||~

N
~J
w

273

NN
NN | N
||U14>|-l>

N
~
»

N
~
~

nofNo] [ro
<N [N
oo||oooo

N
~
(o]

279

279

N
~
©

NN
00| |00
(2] ) [

N
(o)
a1

N
(0]
(e}

NN
o] | [e¢]
[}

w
=
©

w
[y
©

w
fu
©

w
N
o

[o8] 1 (0N
NN
||OJ N

w
N
[oe]

w
w
s

w
w
=

w
w
=

w
w
N

This page has been reformatted by Knovel for easier navigation.




Electroceramics
Introduction
Electroceramics and Smart Systems
Electromechanical Actuators
Actuator Materials
Basic Relationships and Phenomena
Electrostrictive Behavior in Materials
Materials Systems
Thermal Systems
Smart Chemical Systems Applications
Optical Materials
Conclusions
Acknowledgments
Bibliography

Electrochromic Sol-Gel Coatings
Definition of Electrochromism
Conclusions
Acknowledgment
Bibliography
Electrorheological Fluids
Introduction
Dielectric Properties of Heterogeneous Systems
Experimental Facts
Theoretical Treatment
The Mechanism of the ER Effect
The Yield Stress Equation
Conclusion
Bibliography

Electrorheological Materials
Introduction
Background
Materials
Mechanical (Rheological) Properties of ER Materials
Mechanical Models
Theories of ER
Applications
Bibliography
General References

Environmental and People Applications
Introduction
Forum for Intelligent Materials
Frontier Ceramics Project
Bibliography

Fiber Optics to Frequency Dependent Electromagnetic Sensing
Fiber Optics, Bragg Grating Sensors
Introduction
Bragg Grating Reflection
Fiber Bragg Gratings
Sensor Multiplexing
Optothermo-Mechanical Equations
Strain and Temperature Sensitivity
Measurements of Strain and Temperature

w
W
~

w
@
~

wilw]|w
(O8] |[98] § (98]
[{o] |[oe] } N

w
w
©

W |
Bl
wl N

w
o
N

w
.|>
~

(o8]} (o8]
aifjon
alf |

| [w
oo
e | =

w
[o)]
N

w[w
m|m|
HN

W
(o)
N

w
o)}
©

w
~
'_\

w|[w
[N
aif [N

375

w
Yy
(o]

w
Yy
(o]

w
~
~

w
\l
©

w
00
N

W)
(o)
(3]

willw
[oe]|[es]
oofjon

[o8)
[{e}
(@)

391

392

Wl |wW
O||©
NN

This page has been reformatted by Knovel for easier navigation.




Fiber Optics, Bragg Grating Sensors
Fiber Bragg Grating Sensor Demodulation
Fiber Bragg Grating Sensor Applications
Conclusions
Bibliography

Fiber Optics, Theory and Applications
Introduction
Fiber Optic Sensors for Smart Structures
Fiber Optic Smart Structure Applications
Summary
Acknowledgment
Bibliography
Fish Aquatic Studies
Introduction and Overview
Applications of Smart Materials and Smart Structures in Fish Aquatic Studies
Conclusions
Bibliography

Flip-Chip Applications, Underfill Materials
Introduction
Development of No-Flow Flip-Chip Underfills
Development of Novel Reworkable Underfills
Development of Molded (Tablet) Flip-Chip Underfills
Development of Wafer-Level-Applied Flip-Chip Underfills
Bibliography

Fluid Machines
Introduction
Intelligent Hydraulics
Smart Fluids
Flexible Machine Operation
ESF Controllers
Typical Application
Future Trends and Limitations
Bibliography

Frequency Dependent Electromagnetic Sensing (FDEMS)

Introduction

Background

Instrumentation

Theory

Relationship to Macroscopic Performance and Processing Properties

Experimental In Situ Monitoring of Molecular Mobility and
Relationship to Changes in Processing Properties

Application to Autoclave Cure Monitoring of Viscosity In Situ
in the Mold and Model Verification

Monitoring Resin Position During RTM

Smart Automated Cure Control

Smart Automated Cure of a Polyimide

Conclusions: Processing

Life Monitoring, a Smart Material

Life Monitoring - Results

Conclusions: Life Monitoring

Acknowledgments

Bibliography

This page has been reformatted by Knovel for easier navigation.

I
[N
(¢3]

I
[N
(¢

I
'—\
©

B>
NN
NN

I
)
N

N
N
w

N
N
w

2

E

N
1)
(e}

N
w
\I

N
W
(o]

N
w
oo

Bl
Bl

N
N
(e}

N
N
\I

I
a1
iy

I
(6}
[y

I
o1
w

Iy
(€3]
(€31

I
ol
(o]

N
a1
o))

Bl
o1l |ja
o |o

N
a1
\l

I
a1
\I

N
o1
o0}

5

)| O
N O [{e]

N
o
@

I
o
g

Bl
[o2] § (<2}
| [ep}

I
o
\‘




Gelators to Giant Magnetostrictive Materials

Gelators, Organic
Molecular Recognition and Supramolecular Materials
Intermolecular Interactions
Organogelation
Conclusion
Acknowledgement
Bibliography

Gels
Introduction
Structure and Properties of Hydrogels
Classifications
Applications
Bibliography

Giant Magnetostrictive Materials
Introduction
Giant Magnetostrictive Materials
GMM Manufacturing Process
Applications
Bibliography

Health Monitoring to Hybrid Composites
Health Monitoring (Structural) Using Wave Dynamics

Introduction
Dereverberated Transfer Functions of Structural Elements
DTF Responses of Nonuniform Structures
Damage Detection Approach Based on DTF Response
Damage Detection in a Building Structure Using DTF
Summary and Concluusions
Acknowledgments
Bibliography

Highways
Introduction
Smart Materials
Objectives of Smart Highways
Smart Highways
Advanced Automobiles
Update on Smart Highway Projects Under Construction
Smart Highways in Japan
Summary
Acknowledgments
Bibliography

Hybrid Composites
Introduction
Shape Memory Alloy Fiber / Metal Matrix Composites
Shape Memory Alloy Fiber / Polymer Matrix Composites
SMA Particulate / Aluminum Matrix Composites
Ceramic Particulate / SMA Matrix Composites
Magnetic Particulate / SMA Matrix Composites
SMA / Si Heterostructures
SMA / Piezoelectric Heterostructures
SMA / Terfenol-D Heterostructures

n
o
w

n
o
w

[Sal 18]
ollo
[o5] 1B

(6)]
=
o

519

a1
N
o

gl
N
o

0
N
o

ul
N
6]

(2]
w
|2|

|| O
| (98]
[621| e}

Ul
a
o1

Ul
a
o1

ul
.[;

Ul
A
a1

ul
I,
(651

a1l [o)|on
Bl

6]
a
o

(3]
an
o

o)
()
=

[6)]
a1
e

(6]
8]
o

[e)]
a1
iy

[¢)]
a1
[y

6]
&)
N

6]
()
N

This page has been reformatted by Knovel for easier navigation.




Intelligent Processing to Langmuir-Blodgett Films
Intelligent Processing of Materials (IPM)
The Concept of Intelligent Materials Processing
Intelligent Processing of Composite Materials
Intelligent Processing of Metallic Materials
Conclusions
Bibliography

Intelligent Synthesis of Smart Ceramic Materials
Introduction
Thermodynamic Model
Stability and Yield Diagrams
Validation and Applications of Thermodynamic Modeling
Conclusions
Bibliography

Ken-Materials
Introduction
Ken Materials Research Consortium
Significance of R & D in the New Millennium
Directions of Technology: Miniaturization, Enlargement,
Integration, and Brevity
Examples of Ken Materials
Environmentally Related Materials
Avoiding the Spaghetti Syndrome of Technology
Bibliography

Langmuir-Blodgett Films
Introduction
History
Equipment
Langmuir Monolayers
Langmuir-Blodgett Films
Smart Materials Applications
Conclusion
Bibliography

Magnets to Microrobotics
Magnets, Organic / Polymer
Introduction
V(TCNE)x Y(Solvent) Room Temperature Magnets
M(TCNE)2.x(CH2ClI2) (M = Mn, Fe, Co, Ni)
High Room Temperature Magnets
Hexacyanometallate Magnets
Uses of Organic / Polymeric Magnets
Acknowledgment
Bibliography

Magnetorheological Fluids
Introduction
Definition
History
Common Nomenclature
Material Choice
Basic Composition

This page has been reformatted by Knovel for easier navigation.




Magnetorheological Fluids
Theory
MR Properties
Applications
Bibliography

Magnetostrictive Materials
Introduction
Materials Overview
Physical Origin of Magnetostriction
Material Behavior
Linear Magnetostriction
Other Magnetostrictive Effects
Magnetostrictive Transducers
Concluding Remarks
Bibliography

Microrobotics, Microdevices Based on Shape-Memory Alloys
Introduction
Shape-Memory Alloys (SMA): A Summary of Their Properties
Designing SMA Actuators: General Principles
Shape-Memory Alloys for Microapplications
A Concept of Smart SMA Microdevices
Future Trends
Conclusion
Bibliography

Microtubes to Molecularly Imprinted Polymers
Microtubes

Introduction
AFRL Microtube Technology
Microtube Devices Based on Surface Tension and Wettability
Conclusions
Acknowledgments
Bibliography

Molecularly Imprinted Polymers
Introduction
Polymer Chemistry
Applications
Conclusions
Bibliography

Neural Networks to Nondestructive Evaluation
Neural Networks
A Short Tutorial on Artificial Neural Networks
Introduction
Selecting Input Data
Preparation of Data
Number of Neurons in Hidden Layer(s)
Supervised Versus Unsupervised Neural Networks
Artificial Neural Network Extrapolations of Heat Capacities
of Polymeric Materials to Very Low Temperatures
Results
Conclusions

This page has been reformatted by Knovel for easier navigation.

598

a
©
©

600
600

]
o
o

]
o
o

o2}
o
N

(o2}
o
w

[e2] 1 [*2]
(@] ][=]
[e2] | (O8]

[o2]|fe2}
ollo
o] |[e7]

[ep]
ke
[e¢]

618

[©)]
N
o

[@)| (=]

(9211}
NN

(o)
N
w

(2| [}
[98] | [8)
I:IIEI

[ep)
N~
[uly

o
g
w

o
g
w

[o2]][ep}
Bl
B>

[ep]
Iil
~

o
(6]
A

(o2}
(o2}
»

(o2}
(o2}
(o3}

(o2}
(o2}
(o3}

o
»
~

o
»
~

[o2] (o2}
~N| |
N |0

o)}
(0]
o

(o)}
(0]
o

(o211 k=2l | [=]
[0e] | [ee)|[e0]
NININ

(o))
0
W

o
o)
~

o
(00}
.|>

o
o)
S

[*)]
(o]
!

[¢)]
[e¢]
»

[e)]
[e¢]
[e2]




Artificial Neural Network Modeling of Monte Carlo Simulated Properties of Polymers

Introduction
Calculations
Results
Conclusions
Summary
Acknowledgement
Bibliography

Nondestructive Evaluation
Introduction
Reality that Defies Noncontact Ultrasound
Pursuit of Noncontact Ultrasonic Transducers
Piezoelectric Transducers for Unlimited Noncontact Ultrasonic Testing
Noncontact Ultrasonic Analyzer
Reflection and Transmission in Noncontact Mode
Very High Frequency NCU Propagation in Materials
Noncontact Ultrasonic Measurements
Applications of Noncontact Ultrasound
Conclusions
Acknowledgements
Bibliography

Optical Fiber Sensor to Optical Storage Films

Optical Fiber Sensor Technology: Introduction and Evaluation and Application

Introduction

Fiber Optics

Classification of Optical Fiber Sensors
Optical Fiber Sensing Mechanisms
Fiber Optic Sensor Applications
Conclusions

Acknowledgments

Bibliography

Optical Storage Films, Chalcogenide Compound Films
Introduction
Essentials of Optical Recording Media
Properties of Chalcogenide Compound Films
Optical Storage in Chalcogenide Films
Future Directions
Bibliography

Paints to Poly(Vinylidene Fluoride)
Paints

Introduction
Basic Concepts of Smart Paints
Piezoelectric Composites
Composition of Smart Paints
Formation of Smart Paint Films
Evaluation of Smart Paint Films
Factors Determining Poling Behavior of Smart Paint Films
Techniques for Applying Smart Paint Films
Future Directions
Acknowledgments
Bibliography

This page has been reformatted by Knovel for easier navigation.

[e2]
[{e}
[e¢]

[e2)
O
(oe]

~
o
=

~
o
=

~||~
=||lo
w|[e

\‘
l_\
a

\I
H
I

~
[
(3]

~
[
(2]

~ |~
2=
ool |t

\'
N
o

~|[~
o[
al[S

~
(o8]
(o]

~
w
~

\‘
w
(o]

\'
w
(o]

~|~
w||lw
©||eo

754

\'
Ul
A

~ [N~
ol [off o

~
(63}
ul

~
al
(0]

~||~
gl (o
©|[o

\'
al
©

~
(2]
o

~
[ep]
o




Pest Control Applications
Introduction
Sound as a Pest Deterrent
Cavitation as a Destructor
Notation
Bibliography

Photochromic and Photo-Thermo-Refractive Glasses
Introduction
Physical Principles of Photosensitivity in Glasses
Induced Coloration of Reversible Photochromic Glasses
Heterogeneous Photochromic Glasses
Optical Waveguides in Photochromic Glasses
Induced Refraction Through Irreversible Photoinduced Crystallization
Photo-Thermorefractive Glass
Bragg Gratings in PTR Glass
Summary
Bibliography

Piezoelectricity in Polymers
Introduction
Piezoelectricity: An Overview
Synthetic Piezoelectric Polymers
Electromechanical Properties of PVDF
Nonlinear and Time-Dependent Effects
Applications
Concluding Remarks
Bibliography

Poly(P-Phenylenevinylene)
Introduction
Methods of Preparation
Properties
Applications
Future Considerations
Bibliography

Poly(Vinylidene Fluoride) (PVDF) and Its Copolymers

Introduction

Synthetic Pathways and Molecular and Crystal Structures

Processing and Fabrication

Electromechanical Properties in Normal Ferroelectric PVDF
and Its Copolymers

Relaxor Ferroelectric Behavior and Electrostrictive Response
in P(VDF-TrFE) Based Copolymers

Concluding Remarks

Bibliography

Polymer Blends to Power Industry
Polymer Blends, Functionally Graded
Introduction
Mechanism of Diffusion-Dissolution Method
Preparation and Characterization of Several Types of Functionally
Graded Polymer Blends
Functional and Smart Performances and the Prospect for Application
Bibliography

This page has been reformatted by Knovel for easier navigation.

~
(o}
=

\‘
o
=

~||~
oo
N||=

~
~
o

~
!

7

770
770
770

~ |~~~
N N NI R

~| [~
<[~
||oo\|

~
[0}
o

~
o
o

~ |~ ~
oo|(oof @
|||—\oc>

N[N
00| [0
N[~

~
[00)
ul

~
©
(o]

~
O
o

9

~[ 1~ ~
©| [
| [ =t

~
(o)
w

~
©
~

~
O
(o]

o
o
=

[es]
(@)
(631

807

© 0 00/[oo| (o0
[ = ||| =)

e
N
&

fee)
N
~

(o]
N
D

(0]
N
(o2}

2

ool| oo 0
W||R
|| ~

o)
W
&



Polymers, Biotechnology and Medical Applications
Introduction
Smart Polymers Used in Biotechnology and Medicine
Applications
Conclusion
Bibliography

Polymers, Ferroelectric Liquid Crystalline Elastomers
Introduction
Synthesis of Ferroelectric LC-Elastomers
Conclusion
Acknowledgment
Bibliography

Polymers, Piezoelectric
Introduction
Semicrystalline Polymers
Amorphous Polymers
Characterization and Modeling
Acknowledgments
Bibliography

Power Industry Applications
Introduction
Overview of the Electric Power Industry
Smart Sensors
Smart Sensor-Actuators
Challenges Awaiting Smart Materials Solutions
Bibliography

Self-Diagnosing to Shape Memory Alloys, Applications

Self-Diagnosing of Damage in Ceramics and Large-Scale Structures
Introduction
Self-Diagnosis Function of Fiber-Reinforced Composite with
Conductive Particles
Mortar Block Tests Application of the Self-Diagnosis Composite
to Concrete Structures
Bibliography

Sensor Array Technology, Army
Introduction
Background
Technical Approach

Sensors, Surface Acoustic Wave Sensors
Introduction
Background
Experimental Procedures for Saw Sensing
Discription of Applications and Experimental Results
Conclusions
Bibliography

This page has been reformatted by Knovel for easier navigation.

9

of| oo 0
of|©
||~ =

©
o
w

(o]
o
w

(o]
o
w

0

©||© ©
==

©
[y
o

©
=
N

©
H
w

©
N
o

Lo}
N
o



Shape Memory Alloys, Applications

Introduction

Types of Shape-Memory Alloys
Designing with Shape Memory Alloys
SMA Applications

Future Trends
Bibliography

Additional Reading

Shape-Memory Alloys, Magnetically Activated to Ship Health Monitoring
Shape-Memory Alloys, Magnetically Activated Ferromagnetic Shape-Memory

Materials
Introduction

Field-Induced Strain in FSMAs
Quantitative Models of Twin-Boundary Motion
Field-Induced Strain Under Load

Discussion
Summary

Acknowledgments

Bibliography

Shape Memory Alloys, Types and Functionalities
Shape-Memory Alloy Systems
Functional Properties of Shape-Memory Alloys

Bibliography

Shape-Memory Materials, Modeling

Introduction
Basic Material

Behavior and Modeling Issues

State of the Art and Historical Developments
A Comprehensive Model for Uniaxial Stress
Summary and Conclusions

Bibliography

Ship Health Monitoring

Introduction

Overview of Ship Health Monitoring
Environmental Issues
Sensor Technology

Data

Commercial Systems

Bibliography

Smart Perovskites to Spin-Crossover Materials

Smart Perovskites

The Family of Perovskite-Structured Materials

Structures and Properties

The Fundamental Structural Characteristics of ABO3 Perovskite

Anion-Deficient Perovskite Structural Units - The Fundamental
Building Blocks for New Structures

Structural Evolution in the Family of Perovskites

Quantification of Mixed Valences by EELS

High-Spatial-Resolution Mapping of Valence States

Summary

Acknowledgment

Bibliography

This page has been reformatted by Knovel for easier navigation.

936

(o] ] o]
W |W
oo 1o

©
~
[uly

[<e]| (o}
B>
~j|on

(o]
(S
(=]

©
gl
o

©
al
o

©||lolfo]w©
5115 I3
]| e =y =

6

©
o
a

©
o
g

Q| |©
[e2] 1 (o)
o>

©
\‘
w

©
~
[(e]

[(e]
[0e]
o

©
[00)
iy

©
[e0]
iy

Ol |©
ool |0
K[[F

©
(o0
a1

[(e]
o]
[{e]

(o]
[Ce]
=

992

©
O
N

©
©
w

= =
ol |o
ol |©
® =S

1006 |




Soil-Ceramics (Earth), Self-Adjustment of Humidity and Temperature
Introduction
A New Definition on Materials with Consideration for Humans and the Earth
Smart Materials for the Living Environment
Climate Control by Porous Bodies
Using the Greatness of Nature Wisely
Performance of the Hydrothermally Solidified Soil Bodies
New Functional Materials
Conclusions
Acknowledgment
Bibliography

Sound Control with Smart Skins
Introduction
Smart Foam Skin
Piezoelectric Double Amplifier Smart Skin
Smart Skins for Sound Refelection Control
Advanced Control Approaches for Smart Skins
Conclusion
Bibliography

Spin-Crossover Materials
Bibliography
Acknowledgments

Thermoresponsive to Truss Structures
Thermoresponsive Inorganic Materials
Introduction
Origins of Negative Thermal Expansion
Materials that Display Negative Thermal Expansion
Bibliography

Triboluminescence, Applications in Sensors
Introduction
Classification of TL
TL of Oxide Crystals Doped with Rare Earths
Applications of TL
Bibliography

Truss Structures with Piezoelectric Actuators and Sensors
Introduction
Truss Structure Configuration
Finite Element and Modal Analysis of the Truss Structure
Actuator and Sensor Construction
Formulation of the State Space Dynamic Model
Control Design and Simulations
Experimental Results
Conclusion
Acknowledgments
Bibliography

This page has been reformatted by Knovel for easier navigation.




Vibration Control to Windows
Vibration Control
Introduction
Vibrational Control of Smart Structures
Vibrational Control of Smart Systems
Bibliography

Vibration Control in Ship Structures
Introduction
Fundamental Concepts of Ship Noise Control
Sensors and Actuators for Active Noise and Vibration Control (ANVC)
Applications of Noise Control in Ship Structures
Recommendations on Sensors and Actuators for ANVC of Marine Structures
Summary and Conclusions
Bibliography

Vibrational Analysis
Introduction
Vibrational Representation
Degrees of Freedom
Vibrations of Simple Structures
Natural Frequencies of Uniform Beam Structures
Natural Frequencies of Uniform Plates and Circuit Boards
Methods of Vibrational Analysis
Problems of Vibrational Analysis
Problems of Material Properties
Relation of Displacement to Acceleration and Frequency
Effects of Vibration on Structures
Estimating the Transmissibility Q in Different Structures
Methods for Evaluating Vibrational Failures
Determining Dynamic Forces and Stresses in Structures Due to Sine Vibration
Determining the Fatigue Life in a Sine Vibrational Environment
Effects of High Vibrational Acceleration Levels
Making Structural Elements Work Smarter in Vibration
How Structures Respond to Random Vibration
Miner's Cumulative Damage for Estimating Fatigue Life
Bibliography

Vibrational Damping, Design Considerations
Introduction
Dynamic Problem Identification
Dynamic Characteristics
Environmental Definition
Required Damping Increase
Damping Concept Selection and Application Design
Prototype Fabrication and Laboratory Verification
Production Tooling and Field Validation
Summary
Bibliography

This page has been reformatted by Knovel for easier navigation.




Index

Windows
Introduction
Architectural Glazing Applications for Smart Windows
Survey of Smart Windows
Electrochromic Smart Windows
Future Directions
Bibliography

Index - Absorption to Myoglobin
Index - Nafion to Zirconium

This page has been reformatted by Knovel for easier navigation.




ACTUATORS, PIEZOELECTRIC CERAMIC,
FUNCTIONAL GRADIENT

XINHUA ZHU

Nanjing University

Nanjing, People’s Republic of China
ZHONGYAN MENG

Shanghai University

Shanghai, People’s Republic of China

INTRODUCTION

Actuators and materials play a key role in developing ad-
vanced precision engineering. The breakthroughs in this
field are closely related to the development of various
types of actuators and related materials. The successes of
piezoelectric ceramics and ceramic actuators have. For in-
stance, the propagating-wave type ultrasonic motor that
produces precise rotational displacements has been used
in autofocusing movie cameras and VCRs (1). Multi-
morph ceramic actuators prepared from electrostricitive
Pb(Mg1,3Nby,3)03 (PMN) ceramics are used as deformable
mirrors to correct image distortions from atmospheric ef-
fects (2). The likelihood that the range of applications and
demand for actuators will grow actively and has stimulated
intensive research on piezoelectric ceramics. Functionally
graded materials (FGMs) are a new class of composites that
contain a continuous, or discontinuous, gradient in compo-
sition and microstructure. Such gradients can be tailored
to meet specific needs while providing the best use of com-
posite components. Furthermore, FGM technology is also a
novel interfacial technology for solving the problems of the
sharp interface between two dissimilar materials. In recent
years, significant advances in developing FGMs have been
achieved. In this paper, we introduce and summarize the
recent progress in piezoelectric ceramic actuators and re-
view recent applications of FGMs in piezoelectric ceramic
devices.

ACTUATORS

Background

Microelectromechanical and intelligent materials systems
have received much attention because of their great sci-
entific significance and promising potential applications
in automation, micromanipulation, and medical technol-
ogy. However, most applications require a source of me-
chanical power, microscale motors and actuators, that pro-
vide the effect of “muscles” to make things happen. To
date, several different physical mechanisms such as elec-
trostatic and magnetostatic forces, phase changes (shape
memory alloys and electrorheological fluids), piezoelec-
tric/electrostrictive strains, magnetostriction, and thermal
stresses have been explored as potential actuation sources.

Each kind of actuator has its own advantages and draw-
backs, so their selection and optimization should be deter-
mined by the requirements of the application.

Ceramic Actuators

Piezoelectric/electrostrictive ceramics are widely used in
many different types of sensing-actuating devices. This is
particularly true for the whole family of micro- and macro-
piezoelectric ceramic actuators. Various types of ceramic
actuators have been developed for different applications.
From a structural point of view, ceramic actuators are
classified as unmimorph, bimorph, Moonie, Cymbal, and
Rainbow monormorph benders (3—7). The bimorph ben-
der consists of two thin ceramic elements (poled in oppo-
site directions) that sandwich a thin metal shim, whereas
the unimorph is simply on a thin ceramic element bonded
to a thin metal plate. Although unmimorph and bimorph
structures have been successfully applied to many devices
during the past forty years, their inability to extend the
force-displacement envelope of performance has generated
a search for new actuator technologies. The Moonie ben-
der has crescent-shaped, shallow cavities on the interior
surface of end caps bonded to a conventionally electroded
piezoelectric ceramic disk (5). The metal end caps are me-
chanical transformers for converting and amplifying the
lateral motion of the ceramic into a large axial displace-
ment normal to the end caps. Both the ds3;(=ds) and
d 33 coefficients of a piezoelectric ceramic contribute to the
axial displacement of the composite. The advantages of the
Moonie include (1) a factor of 10 enhancement of the longi-
tudinal displacement, (2) an unusually large ds3 coefficient
that exceeds 2500 pC/N, and (3) an enhanced hydrostatic
response. Recent improvements in the basic Moonie de-
sign have resulted in an element named “Cymbal” (6), a
device that possesses more flexible end caps that result
in higher displacement. Moonie and Cymbal composites
have several promising applications, such as transceivers
for fish finders, positional actuators, and highly sensitive
accelerometers.

Another device developed to increase the force—
displacement performance of a piezoelectric actuator is
the rainbow (7), a monolithic monomorph that is produced
from a conventional, high-lead piezoelectric ceramic disk
that has one surface reduced to a nonpiezoelectric phase by
a high-temperature, chemical reduction reaction. Thermal
stresses induced on cooling from the reduction tempera-
ture, due to the different thermal expansion coefficients
of the reduced and unreduced layers, cause the ceramic
disk to deform with high axial displacements and sus-
tain moderate pressure. The axial displacements achieved
when driven by an external electric field can be as high as
0.25mm (for a 32-mm diameter x 0.5-mm thick wafer),
while sustaining loads of 1 kg. Displacements larger than
1 mm can be achieved by using wafers (32 mm in diam-
eter) thinner than 0.25 mm when operating in a saddle
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mode. Prototypes of rainbow pumps, sensors, actuator ar-
rays, and optical deflectors have been demonstrated, but
commercial products have not yet been produced (8).

The photostrictive actuator is another type of bimorph
application. The photostrictive behavior is results from a
combined photovoltaic effect and a piezoelectric effect. PZT
ceramics doped with slight additives of niobium and tung-
sten exhibit a large photostrictive effect when irradiated
by violet light. A photostrictive PLZT bimorph has been
used to demonstrate the prototype of a photodriven relay
for a remote microwalking device, and a photophone for the
future is also envisioned (9).

There is also increasing interest in electrostrictive ce-
ramic actuators (10) because electrostrictive ceramics do
not contain ferroelectric domains, so that they can return
to their original dimensions immediately, when the exter-
nal electric field is reduced to zero. Therefore, the advan-
tages of an electrostrictive actuator are the near absence
of hysteresis and lack of aging behavior. However, because
the electrostrictive effect is a second-order phenomenon of
electromechanical coupling, it is usually necessary to apply
a high voltage to achieve moderate deformation. However,
a particularly large longitudinal electrostrictive strain as
high as 0.1% has been achieved in PMN-based relaxor ma-
terials (11-13) just above their Curie temperature. To de-
crease the applied voltage, a considerable effort is now be-
ing devoted to developing multilayered actuators, which
have the advantages of low operating voltage, large gen-
erated forces and displacements, quick response, and low
energy consumption (10).

Composite Actuators

Piezoelectric/electrostrictive ceramics, magentostrictive
materials, and ferroelastic shape memory alloys (SMA) are
all used for actuators. However, different classes of ceramic
actuators require somewhat different materials. In gen-
eral, an ideal actuating material should exhibit a large
stroke, high recovery force, and superior dynamic response.
Shape memory alloys display large strokes and forces but
have an inferior dynamic response and low efficiency. Fer-
roelectric ceramics exhibit excellent dynamic response (of
the order of microseconds), but their displacements are
quite small (of the order of a few micrometers) due to their
small strain magnitude (<10~2). By combining ferroelastic
shape memory alloys with piezoelectric, or magnetostric-
tive, materials, hybrid smart heterostructures can be fabri-
cated, which may have the optimum characteristics of both
materials. Recently much work has been done to explore
the technical feasibility of smart thin film heterostructures
by depositing piezoelectric thin films (PZT) on SMA sub-
strates using techniques such as sol-gel, spin-on coating,
and pulse laser deposition (14,15). However, cracking of
ferroelectric thin films and the low interfacial bonding and
dynamic coupling of dissimilar components are crucial
problems to be solved before hybrid composites can be em-
ployed as actuators in for smart structures. To feature the
diverse characteristics, various kinds of smart hybrid com-
posites will be designed for actuating applications by incor-
porating these smart materials appropriately together.

It is clear that the application field of ceramic actuators
is remarkably wide. However, some issues of reliability and

durability still need to be solved before ceramic actuators
can become general-purpose commercialized products,
especially for ferroelectric ceramic actuators. It is very
desirable to develop new fatigue methodology and frac-
ture mechanics to predict actuator dynamic response and
lifetime, to assess actuator reliability, and to implement
them in control methodology. The main issues in constitu-
tive behavior are coupled field effects, modeling of phase
transformations, twinning, and domain switching (in the
finite strain regime). Good understanding of fatigue and
fracture behavior at the microlevel and understanding in-
terfacial failure mechanisms (active—passive and active—
active) and the mechanics of hybrid active materials is the
rational approach to designing actuators. As the relentless
drive of electronic devices toward miniaturization, multi-
function, and integration continues, the issues of optimiz-
ing the size and location of actuators based on control the-
ory, structural response, and desired adaptability should be
addressed. Thus, ceramic actuators will need to be smarter
and smarter as the applications demand.

PIEZOELECTRIC CERAMICS

Background

Piezoelectricity in solids is based on the internal structures
of materials. For simplicity, here, consider only a single
crystal that has a defined chemical composition and con-
sists of ions (atoms that have positive or negative charges)
that are constrained to occupy positions in a specific repeat-
ing relationship to each other, thus building up the struc-
ture of the crystal lattice. The smallest repeating unit of
the lattice is called the unit cell, and the specific symmetry
possessed by the unit cell determines whether piezoelec-
tricity can exist in the crystal. Among the 32 point groups,
21 classes are noncentrosymmetric (a necessary condition
for piezoelectricity), and only 20 of these are piezoelec-
tric. One class, although it lacks a center of symmetry,
is not piezoelectric because of other combined symmetry
elements. Furthermore, for those materials that are piezo-
electric but not ferroelectric (i.e., they do not possess spon-
taneous polarization), the stress itself is the only means
by which dipoles are generated. The piezoelectric effect
is linear and reversible, and the magnitude of the polar-
ization depends on the magnitude of the stress, the sign
of the charge produced depends on the types of stresses
such as tensile or compressive (16). A ferroelectric mate-
rial is one that undergoes a phase transition from a high-
temperature phase that behaves as ordinary dielectrics
(so that an applied electric field induces an electric polar-
ization, which goes to zero when the field is removed) to
a low-temperature phase that has spontaneous polariza-
tion whose direction can be switched by an applied field.
Therefore, all ferroelectric materials possess piezoelectric-
ity. The piezoelectric effect in ferroelectric ceramics is real-
ized by a poling process, in which an external electric field
can orient the ferroelectric domains within the grains and
thus produce a ceramic material that acts similarly to a
single crystal that possesses both ferroelectric and piezo-
electric properties. Before poling, ferroelectric ceramics do
not possess any piezoelectric properties due to the random
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Figure 1. (a) Unit cell of ABO3 perovskite, (b) oxygen octahedra, and (c) 180° polarization reversal
for two of the six possible polarization states produced by displacement of the central cation in the

tetragonal plane.

orientations of the ferroelectric domains in the ceramics.
The first piezoelectric ceramic was BaTiO3 developed com-
mercially in the 1940s; it has an unusually high dielec-
tric constant due to its ferroelectric (permanent internal
dipole moment) nature and thus ushered in a new class
of ferroelectrics of the ABO3 perovskite structure. A typ-
ical ABOj3 unit cell is shown in Fig. 1a. As an example,
the BaTiOj3 unit cell consists of a corner-linked network of
oxygen octahedra where Ti*" ions occupy B sites within the
octahedral cage and the Ba?* ions are situated in the in-
terstices (A site) created by the linked octahedra, as shown
in Fig. 1b. Below the Curie temperature, there is a struc-
tural distortion to a lower symmetry phase accompanied
by a shift off-center of the small cation (Ti*") along the c
axis, as shown in Fig. 1c. The spontaneous polarization de-
rives largely from the electric dipole moment created by
this shift. Displacement of Ti**occurs along the ¢ axis in
a tetragonal structure, although it should be understood
that it can also occur along the orthogonal a or b axes
as well. The views of “polarization up” and “polarization
down” (representing 180° polarization reversal) show two
of the six possible permanent polarization positions. New
ferroelectric ceramic materials were surveyed and led to
the development of Pb(Zr,Ti)O3 in the 1950s (17), it became
the main industrial product in piezoelectric ceramic mate-
rials in the following 10 years. The phase diagram of the
PZT pseudobinary is shown in Fig. 2, where the T; line is
the boundary between the cubic paraelectric phase and the
ferroelectric phases. A significant feature in Fig. 2 is the
morphotropic phase boundary (MPB), which divides the

region of the ferroelectric phase into two parts: a tetrago-
nal phase region (on the Ti-rich side) and a rhombohedral
phase region (on the Zr-rich side). In the PZT system at
room temperature, the MPB occurs close to Zr/Ti = 53/47.
An MPB represents an abrupt structural change (involv-
ing fractional atom shifts, but no change in near neigh-
bors) in composition at a constant temperature within a
solid solution. Usually, it occurs because of the instability
of one phase (such as the ferroelectric tetragonal phase) to
the other (ferroelectric rhombohedral phase) at a critical
composition where two phases are energetically very simi-
lar but elastically different. Note that the dielectric con-
stant and the piezoelectric and electromechanical behav-
ior attain maxima, whereas the elastic constants tend to
be softer in the vicinity of the MPB composition, as shown
in Fig. 3. Similar phenomena are also observed in ternary
solid solutions such as PLZT, and this feature is exploited
in many commercial compositions because of the high prop-
erty coefficients and unique structural characteristics of
MPB compositions. Many have speculated concerning the
reasons for the maximum in coupling at the MPB (18). Poly-
crystalline materials that have random grain orientation
belong to the co co m Curie group and show no piezoelec-
tricity before poling because of the random orientations
of the dipoles. The poled ferroelectric ceramics belong to
the Curie group of co m, and the net residual spontaneous
polarization has a component in the direction of the pol-
ing field, which is optimized in terms of the poling electric
field and the poling temperature. Although piezoelectric-
ity was first observed in single crystals, polycrystalline
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Figure 2. Phase diagram of PbZrO3—PbTiO3 system. Pc: para-
electric cubic, Fr: ferroelectric tetragonal, Fryr): ferroelectric
rhombohedral (high temperature form), Fr1): ferroelectric rhom-
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bic, Ar: antiferroelectric tetragonal, Ti: curie temperature .

piezoelectric ceramics now represent the primary commer-
cial piezoelectric material for actuators and sensors in
intelligent systems and smart structures.

Dielectric and Piezoelectric Parameters

Piezoelectric ceramics are evaluated by the piezoelectric
coupling factor « (e.g., k33, k31, and kp), mechanical quality
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Figure 3. Dielectric constant « and electromechanical coupling
factor «;, for the PbZrOs—PbTiO3 piezoelectric ceramic system.

factor (Qn), frequency constant (N;), and piezoelectric co-
efficients, such as the d and g coefficients that describe the
interaction between the mechanical and electrical behavior
of piezoelectric ceramics. The effective electromechanical
coupling coefficient «.¢ describes the ability of the ceramic
transducer to convert one form of energy to another, as
defined by the equations

9 mechanical energy converted to electrical energy
Ko =
eff

)

(1)

input mechanical energy

or

5  electrical energy converted to mechanical energy
K, = " " .
off input electrical energy

(2)

This parameter is a function in equations for electri-
cal/mechanical energy conversion efficiency in actuators,
in bandwidth and insertion loss in transducers and sig-
nal processing devices, and in the location and spacing of
critical frequencies of resonators.

The effective coupling coefficient k. is related to the
values of f, and f;, and can be described as

2 2
2~ In I 3)

i

Values for f,, and f, are readily measured by using a suit-
able bridge. The approximations in Eq. (3) are good, pro-
vided that the @, value for the resonator is high enough,
for example, greater than 100.

The planar coupling coefficient «;, is related to the para-
llel and series resonant frequency by

KB fo— fs
1_—PKI%=f(J0,J1,U pfs )’ (4)

where Jy and J; are Bessel functions and v is Poisson’s
ratio. k31 can also be calculated from

1-—
By = =5k (5)

The mechanical quality factor Q,, that represents the
degree of mechanical loss of a piezoelectric resonator at

resonance is defined as

stored mechanical energy at resonance

m — 2 f T .
@ 4 mechanical disspated energy per resonant cycle
(6)
@ can be obtained from the following equation:
fz
P )

" 212l (CotCO(f2 - £2)

where |Z,,| is the minimum impedance at resonance and C,
and C; are the capacitance shown in Fig. 4a, respectively.
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Figure 4. (a) Equivalent circuit for a piezoelectric specimen vibrating closes to its fundamental
resonance; (b) the equivalent series components of the impedance of (a); (c) characteristic frequen-
cies of the equivalent circuit, the differences between fy,, fs, and f;, and between f3, f,, and f; are

exaggerated.

The frequency constant N; is defined by the following
equation:

1y
N=lxfr =3 S (8)

where [ is the length of a piezoelectric ceramic thin plate,
f+ is the resonant frequency in the length direction, Y is
Young’s modulus, and p is the density.

These values of the piezoelectric properties of a ma-
terial can be derived from the resonant behavior of suit-
ably shaped specimens subjected to a sinusoidally varying
electric field. To a first approximation, the behavior of the
piezoelectric specimen close to its fundamental resonance
can be represented by an equivalent circuit, as shown in
Fig. 4a, b. The frequency response of the circuit is shown
in Fig. 4c, in which various characteristic frequencies are
identified. The functions f; and f, are the resonant and
antiresonant frequencies when the reactance of the circuit
is zero (X, = 0); f is the frequency at which the series arm
has zero reactance (X; = 0); f; is the frequency when the
resistive component R, is at a maximum; f,, and f, are,
respectively, the frequencies for the minimum and maxi-
mum impedance Z of the circuit as a whole. Piezoelectric
vibrators that have electrodes covering their two flat faces
are used to measure the properties of piezoelectric ceram-
ics. A more common geometry is a thin disk of diameter
d electroded over both faces and poled perpendicularly to
the faces. The resonance in these disk-shaped specimens is
focused on a radial mode excited through the piezoelectric
effect across the thickness of the disk. The details for deter-
mining piezoelectric coefficients can be found in IRE stan-
dards on piezoelectric crystals: measurements of piezoelec-
tric ceramics [Proc. IRE 49(7); 1161-1169 (1961)].

Compositions and Properties

To meet stringent requirements for specific applications,
piezoelectric ceramics under different doping conditions
and hence, possessing different characteristics, have been

developed for various applications. The techniques for mod-
ifying piezoelectric ceramics include element substitution
and doping. In general, the term “element substitution”
implies that cations in the perovskite lattice, for exam-
ple, Pb%*, Zr*t and Ti*", are replaced partially by other
cations that have the same chemical valence and ionic radii
similar to those of the replaced ions. The new substituent
cation usually occupies the same position as the replaced
cation in the peroskite lattice, and thus a substitutional
solid solution is formed; the term “doping” implies that
some ions whose chemical valences differ from those of the
original ions in the lattice, or some compounds that have
the chemical formulas, A*B5+O3 and A3*B3+ O3 are added
to PZT ceramics. From a global perspective, there are es-
sentially four types of compositional modifiers (19). The
first type comprises higher covalent substitutions (donor
dopants) on A and/or B sites (such as La3* replacing Pb?*
or Nb%*replacing Zr** or Ti*") to counteract the natural
p-type conductivity of PZT and, thus, increase the elec-
trical resistivity of the materials by at least three orders
of magnitude. The donors are usually compensated for by
the formation of A-site vacancies. The donor-doped PZT
piezoelectric ceramics are usually called “soft” piezoelectric
ceramics, meaning that they are easily depoled and driven
nonlinear. Their main features include square hysteresis
loops, low coercive fields, high remanent polarization, high
dielectric constants and dielectric loss, maximum coupling
factors, high mechanical compliance, and reduced aging.

The second modified type consists of lower valent sub-
stitutions (acceptor dopants) on A and/or B sites (such as
Fe3t replacing Zr*t or Ti*"). These are compensated for
by the formation of oxygen vacancies. Acceptor-doped PZT
piezoelectric ceramics are usually called “hard” piezoelec-
tric ceramics because of their much enhanced linearity and
high drive. Their main features are poorly developed hys-
teresis loops, lower dielectric constants and dielectric loss,
lower compliances, and higher aging rates.

The third modified type is composed of isovalent substi-
tutions on A and/or B sites (such as Ba** or Sr** replac-
ing Pb%* or Sn** replacing Zr** or Ti**). Such isovalent
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substitutions usually broaden the temperature-dependent
properties, increase the dielectric permittivity, and reduce
the Curie temperature, but cause no significant change in
coupling coefficient, aging rate, volume resistivity, or low
amplitude mechanical or dielectric loss.

The last types of compositional modifiers are more dif-
ficult to classify and are called “thermally variable”. They
can exist in more than a single valence state and at more
than one type of ionic site. The feature of piezoelectric ce-
ramics doped with variable valence additives is much im-
proved temperature and time stability of the resonant fre-
quency. These materials are typically used in electric wave
filters or resonators where high temperature and time sta-
bility of the resonant frequency are required.

Fabrication Processes

The fabrication processes for piezoelectric ceramics are
similar to those used for electronic ceramics. Sequential
processes involve weighing the starting materials, mixing,
preliminary calcination, milling, shape forming, removing
all organic constituents, sintering, formulating electrodes,
poling, measuring properties, testing, and packing. Pol-
ing is the most critical step in the total fabrication pro-
cess. The poling process is necessary to induce piezoelectric
properties in polycrystalline ferroelectric ceramics because
ceramic bodies are generally macroscopically isotropic in
the “as-sintered” condition. The poling process can be car-
ried out by immersing the specimens in transformer oil at
a temperature of 100-150 °C, while applying a static elec-
tric field of 2.5—4.5 MV/m in a desired direction for a period
of 10—20 minutes to align the ferroelectric domains. In the
poled condition, the ferroelectric ceramics exhibit sponta-
neous polarization and have a component in the direction
of the applied field. To obtain the best piezoelectric pro-
perties, the temperature and applied static voltage must be
optimized in the poling process. The poling temperature is
limited by the leakage current, which can cause an increase
in the internal temperature that leads to thermal break-
down, whereas the electric field is limited by the break-
down strength of the ceramic. Higher fields can be used if
they are applied as a succession of short pulses. In another
poling method, called corona poling, high voltages of the or-
der of 10*V are applied either to a single needle or an array
of needles; their tips are located a few millimeters from the
ceramic surface, and the opposite surface of the ceramic is
grounded to develop a high electric field in the ceramics.
The corona poling method has many advantages over con-
ventional poling, such as the capability of continuous pol-
ing for mass production and the use of samples that have
larger surface areas. Furthermore, it diminishes the risk of
electrical breakdown because the poling charge cannot be
quickly channeled to a “weak spot,” as it could be when us-
ing metallic electrodes. This method has been successfully
used for poling piezoelectric ceramic—polymer composites
such as PZT-epoxy (20). The alignment of the ferroelectric
domains in the direction of the poled field is never com-
plete in poled ceramics. However, depending on the type
of crystal structure involved, the degree of poling can be
quite high and ranges from 83% for the tetragonal phase,
to 86% for the rhombohedral phase, and to 91% for the
orthorhombic phase. The degree of poling also increases in

ascending order from polycrystalline ferroelectric ceram-
ics, to poled ferroelectric ceramics, to single-crystal ferro-
electrics, and to single-domain single crystals.

Applications of Piezoelectric Ceramics

Both direct and inverse piezoelectric effects can be used
for applications of piezoelectric ceramics. In general, the
use of the direct piezoelectric effect can generate a high
voltage by applying a compressive stresses, whereas us-
ing the converse piezoelectric effect, small displacements
can be generated by applying an electric field to a ceramic
piece. Similarly, vibrations can be produced by applying
an alternating field to a ceramic piece and can be detected
by amplifying the field generated by vibrations incident
on the ceramic. The flexor transducer, which consists of
two piezoelectric ceramic thin plates poled in opposite di-
rections, is used in gramophone pick-ups and ultrasonic
accelerometers. Filters and other devices can be made to
generate surface waves at frequencies that exceed 1GHz,
and ultrasonic motors provide an opportunity to illustrate
many important concepts.

The ultrasonic motor is based on the concept of driving
a rotor by mechanical vibration excited on a stator via the
piezoelectric effect. The rotor is in contact with the stator,
and the driving force is the frictional force between the ro-
tor and stator, in contrast to conventional electric motors
that are based on electromagnetic conversion. The ellipti-
cal trajectory of the surface points of a stator is used to
generate a rotational, or translational, motion in the rotor
or slider. These elliptical motions may be generated either
by exciting both longitudinal and bending vibrations of a
beam or longitudinal and torsional vibrations. The unique
features of ultrasonic motors are high output torque, quick
response, large holding torque without energy dissipation,
and operation free of a magnetic field. Many types of ultra-
sonic motors have been proposed that can be classified by
the type of elliptical particle motion created in the stator.
Here, we introduce only two types of ultrasonic motors: the
standing-wave type and the traveling-wave type.

The standing-wave type is sometimes referred to as a
vibratory-coupler type, or a “woodpecker” type; a vibratory
piece is connected to a piezoelectric driver, and the tip por-
tion generates flat elliptical movement. The vibratory piece
is attached to a rotor, or slider, and provides intermittent
rotational torque, or thrust. In general, the standing-wave
type is highly efficient, but lack of control in both clock-
wise and counterclockwise directions is still a problem. In
comparison, a wave in the traveling-wave type motor is ex-
cited by piezoelectric elements bonded to the stator. The
traveling wave is obtained by superimposing two stand-
ing natural flexural waves equal in amplitude, but differ
in phase by 90°, both spatially and temporally. The tempo-
ral difference is obtained by using one wave generated by
the voltage Upsin(wt) and the other by Uycos(wt); the spatial
phase difference results from the 3A/4 and A/4 gaps between
the two poled segments, as shown in Fig. 5. By propagating
the traveling elastic wave induced by the thin piezoelectric
ring, a ring-type slider in contact with the “rippled ” surface
of the elastic body bonded onto the piezoelectric elements is
driven in both rotational directions by exchanging the sine
and cosine voltage inputs. Another advantage of this motor
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is its thin design that makes it suitable for installation in
analog instruments (21).

Future Trends in Piezoelectric Ceramics

Presently, PZT-based piezoelectric ceramics are leading
materials for use in piezoelectric transducers, but recent
concerns for the environment, safety, and health have
prompted increasing research activity into Pb-free piezo-
electric materials. To meet the extremely diverse applica-
tions, hybrid piezoelectric composites made by combining
piezoelectric ceramics with other advanced materials are
urgently required. Piezoelectric composites have some
unique properties and functions such as improved dynamic
response, high sensitivity to weak hydrostatic waves, dam-
age resistance and control, which can be used to tailor or
tune the overall performance of a smart structural sys-
tem. Numerous efforts and exploratory approaches have
been made to develop piezoelectric composites of piezoelec-
tric ceramic and metal, piezoelectric ceramic and polymer,
and piezoelectric ceramic and shape memory alloy (22—
24), which represent a significant potential for advanced
composites for smart systems. Numerical modeling and
computer simulations of piezoelectric composites, in con-
junction with some efforts in experimental characteriza-
tion, will lead to the optimization of technical factors, such
as structural design, geometry, processing parameters, and
material selection, and in turn the improvement of the
overall performance of piezoelectric composites. A major
issue in piezoelectric composites is the creation of stresses,
permanent strains, and cracks owing to a mismatch in ther-
mal expansion and other physical properties of dissimilar

Figure 5. Operating principle of the ultrasonic rotary motor. (a) Side
view, (b) plan view showing the poled segments and driving scheme.

components in composites. To solve these problems, it is
necessary to develop functionally graded composites that
have gradients in composition, microstructure, and prop-
erties through one or more layers. Such an approach offers
a number of advantages over the traditional methods of
tailoring the compliance of composite materials, or struc-
tural elements, and opens up new horizons for novel appli-
cations.

FUNCTIONALLY GRADED MATERIALS

Background

Composite materials have been widely used for applica-
tions ranging from sporting and recreational accessories
to advanced aerospace structural and engine components.
Traditionally, the compositions and microstructures of
composite materials are statistically homogenous, and
have no significant spatial variations in properties. The
development of space airplanes for the twenty-first cen-
tury poses enormous technical problems, particularly for
materials of superior heat resistance. The usual ceramic
composites that combine a ceramic matrix and a dispersed
phase are not expected to withstand the severe space
environment or the high thermal stresses generated by the
extreme temperature gradient experienced during reentry
from space. Thus, materials that have superior stress
relaxation, superior oxidation, thermal shock resistance,
and other related characteristics are highly desirable. To
meet these specific requirements, the concept of function-
ally graded materials (FGMs) has been proposed (25). By
definition, FGMs are used to produced components that
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feature engineered gradual transitions in microstructure
and/or composition, whose presence is motivated by
functional performance requirements that vary with
location within the part. FGMs meet these requirements
in a manner that optimizes the overall performance of the
component. Thus, FGMs have grown to become one of the
major current themes in structural materials research.
They have also received considerable attention in a variety
of nonstructural applications, where gradients in composi-
tion are deliberately introduced to optimize some physical
properties and in areas where issues of mismatched ma-
terial properties exist. The potential benefits derived from
this new class of materials have led to increasing research
activity in their design, processing, and applications.

Characterization

Functionally graded materials are composed of two or more
phases, that are fabricated so that their compositions vary
in some spatial direction and are characterized by nonlin-
ear one-, two- or three-dimensional gradients that result in
graded properties. They are distinguished from traditional
composites by gradients of composition, phase distribu-
tion, porosity, grain size and texture, and particles or fiber
reinforcement. From the viewpoint of their applications,
FGMs can be classified as functionally graded coatings,
functionally graded joints, and functionally graded mate-
rials, per se. Such a classification provides a good model
for theoretical approaches and related numerical calcula-
tions for residual stress analyses (26). However, there is
no significant difference in the structure and properties of
the gradient volume among these FGM patterns. In con-
trast, based on their compositions, FGMs can be also cla-
ssified as metal-ceramic, metal-metal, ceramic—ceramic,
etc. The porosity, grain size and texture, or the gradient
distribution (one-, two-, and three-dimensional) can also
be used to classify FGMs. Note that the so-called back
properties (e.g., modulus, thermal conductivity, electrical
resistance, and specific heat) of FGMs (as for other mate-
rials) depend essentially on chemical composition rather
than the structure, whereas the structurally sensitive
properties such as strength, fracture toughness, and op-
tical and magnetic characteristics depend on both crys-
tal and microstructure. This observation should be consi-
dered when designing and analyzing gradient components
because the structure of the final materials may affect
both the desired properties and other incidental properties.
Thus, the ultimate goal of FGM development is to fabricate
components that have a predetermined concentration pro-
file that best achieves the desired purpose for the material,
and maintains other properties within limits that ensure
acceptable performance.

Processing Methods

Several different physical and chemical methods are used
to prepare FGMs (27,28). Each method has its own advan-
tages and drawbacks, so it is difficult to predict a best-fit
single method that will satisfy most of the requirements
and technical limitations of the whole FGM spectrum. One
of the potential answers may be optimal combination of

several methods. This combination will differ for each sys-
tem, depending on the properties of the component mate-
rials.

The starting materials can be gases, liquids, or solids.
If the starting materials are vapors, all CVD and PVD pro-
cesses are available in principle. Compositional gradients
can be easily obtained by continuously adjusting the ratios
of the reactants in the mixture. The vapor method is one
of the easiest ways to control the concentrations of phases
being dispersed, but it is mainly suitable for obtaining com-
positional gradients in a thin film, or plate, across the ma-
terial thickness.

Using liquids as starting materials, spraying is quite
effective in achieving a graded structure. The major ad-
vantages of spraying are its flexibility and high deposi-
tion rates. Furthermore, plasma spraying can provide the
possibility of coating a device that has complex shapes.
Graded compositions can be obtained by adjusting the
spray composition discretely or continuously. FGMs based
on YSZ/Ni—Cr have been successfully prepared by this
method (29).

Using solids, powder metallurgy or ceramic sintering
are ideally suitable for fabricating FGMs because of the
close microstructural control and versatility inherent in
these techniques; they are widely used in industry be-
cause of the simple equipment and cost-efficient technol-
ogy. Sizable and bulk functionally graded materials that
have complex structures can be produced by this method,
and transition phases in the thickness direction can be
tailored from less than 1 mm to several centimeters, if de-
sired. Several approaches have been proposed and tested
to obtain a green body that has compositional gradients.
The simplest is compositional distribution in a stepwise
form, for example, many layers stacked in a block, which
is then compacted and sintered to form FGMs (30). Another
method uses centrifugal force, combined with gravity. The
powder mixture is fed into the center of a centrifuge, from
which it is projected toward the outer wall. The powder
gradually forms a ring that has a through-thickness gra-
dient (31). Self-propagating, high-temperature synthesis
(SHS) is also a simple method that consists of simultaneous
synthesis and forming (32, 33). The rapid propagation of
a combustion reaction and low energy requirements limit
elemental diffusion and allow one to conserve the graded
composition designed in the green body. The SHS method is
suitable for fabricating FGMs from components that have
different high melting points and are chemically unreac-
tive. The thin-sheet lamination method is a wet process,
in which sheets that have different volume fractions are
piled and pressed to form a graded green body and then
sintered.

Other methods for producing functional or structural
gradients such as sedimentation processes and magnetron
sputtering have also been investigated. They have been
used for gradient and multilayered thin coatings, but their
application ranges are very limited. In general, the re-
quirements and technical limitations of the whole FGM
spectrum are quite diverse, so the methods for fabri-
cating FGMs need to be versatile, but further work is
needed to facilitate the transfer of production to industrial
practice.
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Modeling and Design

During the past 10 years, a variety of models have been es-
tablished to describe the response of FGMs to thermal and
mechanical loads, the chemical compatibility and degra-
dation of interfacial layers, thermally activated diffusion,
thermal stability, fabrication, and measurement of process-
ing and/or service-induced residual stresses. Models devel-
oped for the spatial distribution of composition have been
examined, followed by models developed for various as-
pects of FGM behavior and models for design and per-
formance.

Models for Spatial Distribution of Composition. FGM
models generally require an assumption for the spatial dis-
tribution of their constituent phases. For instance, consider
an FGM that consists of two constituents denoted 1 and 2,
respectively. Assume that the geometry is one-dimensional
in the x direction, the direction of the functional gradient. A
simple equation (34) describes the compositional gradient
as

ﬁwﬁ:(“_x), 9)

X2 — X1

where f(x) is the local volume fraction of phase 1 as a con-
tinuous function (the volume fraction of phase 2is 1 — f(x)
if the material is fully dense), x;and x, are the border re-
gions of pure phase 1 and 2, respectively, and nis a variable
functionally graded index, whose magnitude determines
the curvature of fi(x). The curvature can be made con-
cave upward, or downward, to a greater or lesser degree
by selecting a proper functionally graded index n. Another
approach to modeling the spatial distribution of composi-
tion is to select fi(x) varying discontinuously in a finite
number of steps across the functionally graded direction.
This would be appropriate to describe a multilayered FGM
where the composition of each layer differs from one layer
to the next. Based on knowledge of fi(x) and other informa-
tion (such as the composition-dependent microstructure),
one can determine the corresponding x dependence of ef-
fective values for evaluating physical properties such as
thermal conductivity, Young’s modulus, and the coefficient
of thermal expansion. These, in turn, can be used to calcu-
late the distributions of stress and temperature. The tem-
perature distribution 7'(x) under steady-state conditions
can be determined by the equation (34),

dT(x)

M) dx

= constant, (10)

where A(x) is the thermal conductivity. The solution to this
equation is subject to appropriate boundary conditions.
The determination of f1(x)is related to the design, whereas
the calculation of T'(x) is related to the performance as well
as fabrication. However, the calculation of T(x) may indi-
cate a need to revise the current fi(x), if the evaluated
thermal stress has an excessively high value.

Systems Approach to FGM Modeling. A useful appro-
ach developed for the overall modeling of FGM process-
ing, called the inverse design procedure, is based on the

properties of a homogenous composite material that has a
certain composition ratio, materials and design databases,
and known rules of mixture (35). Such an approach has
been widely used in calculating the optimum compositional
distribution for a material. The flow chart of the inverse de-
sign procedure is illustrated in Fig. 6. Here, the structure
and the boundary conditions are specified initially. Then,
several combinations of materials are assumed along with
different assumptions for the spatially dependent mixture
ratio. The distributions of stress and temperature can be
calculated for these various combinations, and the calcula-
tions are repeated until optimum conditions are obtained.
Based on these calculations, a FGM that excels in offering
thermal relaxation can be prepared by various methods.
Another system-based approach to the optimization pro-
cess, used by Tanaka et al. (36), consists of the following
sequence of steps: (1) select the initial compositions prop-
erly; (2) carry out a preliminary analysis of nonstationary
heat conduction and thermal stress; (3) examine the design
(failure) criteria at each step; (4) if the design criteria are
violated, calculate a quantity known as the thermal stress
sensitivity increment; (5) find the optimum composition
profile that satisfies the design criteria; (6) repeat the anal-
ysis of nonstationary heat conduction, and thermal stress
using the optimum composition profile determined; (7) if
the design criteria are violated at another step, return to
step (4). Note that these system-type approaches to FGM
design are just ordered sequences of steps carried out to
ensure that the resultant material performs adequately in
its intended application.

Models Developed for Behavior of FGM. To use FGMs
practically, performance tests should be established that
include local evaluation of the microstructure and mate-
rial properties to reveal the performance of the designed
structure and property distributions and evaluation of the
overall performance of FGM properties. To understand the
performance of the FGM better, some models for describ-
ing the behavior of FGMs have been developed. A modified
micromechanical model (37) is presented for the response
of functionally graded metal-matrix composites subjected
to thermal gradients. In this model, the actual microstruc-
tural details are explicitly coupled with the macrostruc-
ture of the composite, which is particularly well suited
for predicting the response to thermal gradients of thin-
walled metal-matrix composites that have a finite number
of large-diameter fibers in the thickness direction. A non-
destructive method for detecting and evaluating the distri-
bution of elastic parameters in the graded direction of an
FGM by using ultrasonic waves has also been developed
(38). The principle is based on the reflection of an impulse
response. The acoustic impedance (defined as the product
of density times the speed of sound) profile is first deter-
mined by ultrasonic waves, and then the profile of elastic
modulus is evaluated using the equation (38)

E

V=ra-w

(11)

where V is the speed of sound, p is the density, and v
Poisson’s ratio. This method has been successfully used in
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Figure 6. Flow chart of the inverse design of
functionally gradient materials.

Ni-ZrOy; FGMs to evaluate the accuracy of the design. A
finite element model developed by Miller et al. (39) was
intended to be a guide for both the design and fabrication
of NiAl-Al;,O3 FGMs. This model was applied to estimate
residual stress as a function of the structure of the materi-
als and the effects of thermal recycling. A coupled thermoe-
lastic model is also being developed to study the thermal
shock response of a metal/ceramic FGM to abrupt heating
(40). Modeling studies of FGMs are clearly an essential in-
gredient to attaining the successful performance and have
shed light on the future directions, but much work in mod-
eling remains (41).

Applications of FGMs

The initial goal in developing FGMs was to obtain thermal
barrier materials usable in space structures and fusion re-
actors and also in future space-plane systems. However, a
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variety of nonstructural FGMs whose compositional gra-
dients were introduced deliberately to optimize physical
properties, such as electrical, magnetic and optical prop-
erties, have been developed recently (42-50). By control-
ling the compositional gradient in the radial direction, a
optical fiber that has a graded refractive index can be pre-
pared (48). Such graded index materials possess unique
and useful optical properties that cannot be achieved by
conventional optical materials, which have a constant re-
fractive index. By this method, very low optical loss can be
achieved in a wide wavelength range from the infrared to
the ultraviolet spectrum (48). An important technological
issue in nuclear power generation is the development of
reactor core materials that have superlong lifetimes, high
temperature strength, and high resistance to deformation
and irradiation damage (51). The development of an FGM-
type nuclear furnace is highly desired for this application.
In optoelectronic devices, graded semiconducting layer
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of InGaAs sandwiched between GaAs and InGaAs layers of
fixed composition are used to increase the mean spacing of
misfit dislocations and to control the density, and spatial
distribution of threading dislocations (52). Furthermore,
FGMs such as FGM semiconductors or superconductors
that have gradients of quantum characteristics have been
developed (50). Recently the application of FGMs in elec-
tronics is also increasing rapidly (50).

Piezoelectric Ceramic Materials. Recent trends in manu-
facturing electronic components are moving toward im-
proved lightness, high density, and miniaturization. There-
fore, electronic components that can be integrated with
substrates or coating-materials and two- and/or three-
dimensional composite components are strongly needed.
The FGM technique is very suitable for fabricating
such electronic components. By controlling the graded
compositions between the component and substrate, the
problems of spallation of components from the substrate
can be effectively reduced and the stability of the electronic
components can be greatly improved. PZT piezoelectric ce-
ramics are widely used in electronic components, such as
ultrasonic vibrators and ceramic filters (4,19). To improve
the temperature stability of the piezoelectric and its di-
electric properties, a third component that has a perovskite
structure is usually incorporated into PZT to adjust the dis-
tributions of piezoelectric and dielectric properties and to
increase the lifetime of the piezoelectric components (53—
55). Piezoelectric bimorph benders are typical solid-state
actuators that are composed of two piezoelectric ceramic
strips bonded together by bonding agent (usually by epoxy
resin) and fixed at one end to form a cantilever structure
(4,10). The major problem of the device is that the bond-
ing agent between the two oppositely poled piezoelectric
ceramic strips may crack or peel off at low temperatures
and may creep at a high temperature. Such problems may
lead to deterioration of the electric-field induced displace-
ment characteristics and reduced reliability and lifetime
of the piezoelectric devices. To overcome these problems,
a new type of piezoelectric actuator that has a sandwich
structure has been recently developed, where the bonding
agentisreplaced by a FGM interlayer. The schematic struc-
ture of the FGM actuator is illustrated in Fig. 7a. The func-
tional gradients of piezoelectric and dielectric properties
vary in opposition to each other across the thickness of the
FGM actuator, as shown in Fig. 7b. Thus, the FGM actuator
acts like a monomorph-type piezoelectric device without
a bonding agent and has improved durability and relia-
bility in high-temperature operation. The compositions of
the piezoelectric layer (that have high piezoelectric activity
and low dielectric properties) and the dielectric layer (that
has low piezoelectric activity and high dielectric proper-
ties) may be chosen by referring to the electrical property
database of the Pb(Ni;/sNby/3)03—PbZrOs—PbTiO3 (PNN—
PZ-PT) ternary system. Because lattice parameters of the
perovskite structure and the sintered characteristics of
PNN are similar to those of PZT, they have better struc-
tural compatibility. By suitably selecting the compositions
of the piezoelectric and dielectric layers, an FGM actuator
can be prepared by powder metallurgy or ceramic sintering
(56,57). The compositional and microstructural gradients
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Figure 7. (a) Schematic structure of a functionally graded piezo-
electric ceramic actuator. A: dielectric layer, B: piezoelectric layer,
C: sandwich, D: electrode, E: applied electric field, and P: polariza-
tion; (b) variations of piezoelectric activity and dielectric activity
across the thickness of the actuator.

across the section of the FGM actuator are shown in Figs. 8
and 9, respectively, and the related bending displacement
of the FGM piezoelectric actuator is shown in Fig.10.
Other types of monomorph piezoelectric ceramic actua-
tors that have graded electrical resistivity across the thick-
ness, as shown in Fig. 11, are fabricated by tape casting
(58) or by uniaxially pressing two layers of different re-
sistivities (59); graded resistivity is achieved by doping
PZT ceramics with a gradual dopant concentration. Such
gradual dopant concentration and resitivity gradients at-
tained within a monolithic piezoelectric ceramic bar could
result in a uniform stress gradient when a thickness poled
monomorph is driven by an external electric field. This pre-
vents a steep stress peak that is caused by a sharp pol-
ing gradient in a conventional bimorph. Then, significant
increases in lifetime and reliability can be achieved. The
application of an external electric field causes a monolithic
ceramic bar to bend due to the differential strains induced
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Figure 8. (a) General SEM observation on the morphologies of grains across the section of the
FGM actuator; (b), (¢), and (d) high magnification SEM images of regions A, AB, and B indicated
in Fig. 8a. The grain sizes in the A, AB, and B regions are 10, 6, and 4.m, respectively.
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ments across a section of the FGM actuator.
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by the piezoelectric effect. A monomorph that is initially
undoped PZT-5A on one side and PZT-5A modified by
2 mol% zinc borate on the other side shows a 28 um/cm de-
flection in an external electric field of 5 kV/cm (58). Chat-
terjee et al. also developed a multilayered rainbow type
actuator that has graded piezoelectric properties across
the thickness (60). Theoretical analyses of out-of-plane dis-
placement and stress fields in such FGM piezoelectric ac-
tuator have been carried out by using a modified classical
lamination theory (61). The results show that the linear
profile has the best performance in higher out-of-plane dis-
placement and moderate stress field and the concave dis-
placement gave a larger out-of-plane displacement, but at
the cost of higher stresses. It is possible to optimize the
material property gradient profile within an FGM to pro-
vide out-of-plane displacements higher than those of stan-
dard piezoelectric bimorphs and still maintain moderate
stress levels. The governing equations for a piezoelectric
plate that has general symmetry and thickness-graded ma-
terial properties are deduced from the three-dimensional
equations of linear piezoelectricity by Mindlin’s general
procedure of series expansion (62). Recently, a more so-
phisticated model for calculating the bending behavior of
FGM piezoelectric actuators that have arbitrary graded
piezoelectric properties was proposed by T Hauke et al.
(63). Based on their model, it seems possible to build bend-
ing actuators that have strongly reduced or vanishing in-
ternal mechanical stress induced by using a FGM. Some
modeling results were verified experimentally by BaTiOs-
based FGM piezoelectric actuators using different model
structures.

Pyroelectric Ceramic Materials. In recent years, graded
ferroelectrics have become of interest due to their
unique properties (64—-66) and the rapid development
of ferroelectric-based heterostructures [e.g., ferroelectric
semiconductor structures (67) and ferroelectric supercon-
ductor structures (68)]. For example, it has been demon-
strated that a graded ferroelectric thin film can exhibit
a large dc polarization offset. The sign of the offset is

Bending deflection

Figure 11. Schematic diagram of the field distribution and the
structure of a monomorph that has graded electrical resistivity
across its thickness.

determined by the direction of the composition gradi-
ent (64). Such an offset, reportedly, depends strongly on
temperature and thus, can be used in pyroelectric de-
tectors (66). The composition gradient can be tuned and
tailored to produce properties that meet the designated
requirements of practical applications, and many more
efficient sensors, actuators, and energy converters are
possible. Unlike in a simple structure of ferroelectric lam-
inates, the polarization gradient in graded ferroelectric
devices skews the potential wells to lower energy to fa-
vor populating the polarization states with lower energy
and breaks the symmetry of the graded material, result-
ing in a self-poling effect. The “built-in” difference in free
energy across a graded ferroelectric device is schemati-
cally shown in Fig.12, which can be likened to the “built-
in” barrier potential of a p-n junction in semiconduc-
tor devices. The polarization gradient can be achieved
in a variety of ways because the polarization of ferro-
electric materials is a function of temperature, mechani-
cal strain, and composition. Recently, several graded thin
films, such as (Ba;_,Sr,)TiO3(BST) (66, 69, 70), PZT (71),
(Pb,Ca)T103 (72—74), and Pbl_gy/gLay(zr0_4Tio_6)O3 (PLZT)
(75), whose compositional gradients are normal to the

- U Wz;
.

0 Position (z)

\ 4

Figure 12. A graded potential well for electrons in a graded ferro-
electric device skewed by its graded polarization below the lowest
Curie temperature of the graded device.
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growth surface, have been prepared by different methods.
Such functionally graded devices exhibit several features,
including broadening of the dielectric permittivity versus
temperature plot, polarization offsets dependent on the di-
rection of the compositional gradient, and electric field de-
pendence of that offset, as shown in Fig. 13. A modified
Slater model (76) was applied to explain these phenomena,
in which the energy function for a ferroelectric material is
characterized by

£ = ko(T — Tt)x* + Bx*, (12)

where x is the ion displacement relative to a central
charge, T and 7. are the absolute and Curie tempera-
tures, respectively, and ky and B are characteristic func-
tions of temperature as well. Such a potential implies a
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Figure 13. (a) Broad temperature dependence of the capacitance
of a graded Ba;_Sry TiOj3 thin film at x = 0, 0.47, 0.54, 0.70, 1.0,
compared with a single layer of BaTiOg thin film; (b) positive po-
larization offsets in upgraded (Pb,Ca)TiO3 thin films; (¢) negative
polarization in downgraded (Pb,Ca)TiOg thin films. The magni-
tude of the offsets shown in Fig. 13b, ¢ depends strongly on the
driving electric field.

ferroelectric state when the temperature falls below the
critical temperature 7.. When T < T;, an energy extreme
exists at x = 0 and also at

k(e =T)
x=+ 5 (13)

The latter corresponds to the two spontaneous polariza-
tion states of ferroelectric dipoles. The self-poling phe-
nomenon (“up” and “down” polarization hysteresis) is
observed in graded ferroelectric thin films; however, its ori-
gin is still unclear, even though some legitimate interpreta-
tions have been proposed, including charge injection at the
electrodes, nonuniformities in the thin film structures due
to asymmetries in the growth process, leakage currents,
and electrical breakdown of the films. Functionally graded
ferroelectric thin films offers a significant approach to find-
ing a method that combines the advantages of low-cost thin
film processing with the high sensitivity of bulk ceramic
and single-crystal materials. The unique properties ob-
served in FGM ferroelectric materials may lead to new
ferroelectric device applications; however, these unique
properties have not been fully studied and are not well
understood. The development of FGM ferroelectric thin
films is still in its initial stage, so many problems
remain unsolved and technical challenges lie ahead.

SUMMARY

In this article, we initially discussed current piezoelectric
ceramic actuators and then focused on introducing piezo-
electric ceramics, including the general characteristics,
compositions, fabrication, and applications of piezoelectric
ceramics, and finally reviewed the recent progress of FGMs
and their applications in piezoelectric ceramic devices.
FGMs, as a relatively new technology for solving the major
problems and the development of the sharp interfaces at
the joint of two dissimilar materials appear to have proven
their worth in a variety of applications. Combinations of
FGM technology with intelligent systems can be used to
tailor, or tune, the overall performance of smart structural
systems. It has been shown that the combination of theo-
ries, experiments, and computational simulations (such
as neural network and fuzzy inference simulations) is an
effective approach to developing FGMs. Because a com-
pletely or partially graded structure can be formed in any
material and component, application of the FGM concept is
virtually unlimited. The materials science developed in the
twentieth century was based mainly on homogeneous ma-
terial systems. It is likely that the twenty-first century will
see the development of new materials science and techno-
logy for nonhomogeneous materials and systems that have
optimized structures, like FGMs.
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ADAPTIVE COMPOSITE SYSTEMS: MODELING
AND APPLICATIONS

A. SULEMAN
Instituto Superior Técnico
Lisbon, Portugal

INTRODUCTION

In the past decade, technological developments in ma-
terials and computer sciences have evolved to the point
where their synergistic combination have culminated in a
new field of multidisciplinary research in adaptation. The

advances in material sciences have provided a comprehen-
sive and theoretical framework for implementing multi-
functionality in materials, and the development of high
speed digital computers has permitted transforming that
framework into methodologies for practical design and pro-
duction. The concept is elementary: a highly integrated
sensor system provides data on the structural environment
to a processing and control system which in turn signals
integrated actuators to modify the structural properties
appropriately.

Multifunctional materials embedded in adaptive com-
posite systems have presented exceptional promise in engi-
neering design problems that require solutions in active vi-
bration suppression, shape control, and noise attenuation.
Piezoelectric materials, shape memory alloys, and magne-
tostrictive materials are the three most recognized types.
These materials develop strains or displacements when ex-
posed to electric, thermal, and magnetic fields, respectively.

ACTUATORS AND SENSORS

Actuation Technology

When a shape memory alloy is heated above a criti-
cal temperature, the material recovers its original prede-
formed shape. The most common commercially available
shape memory alloy is Nitinol. This alloy is very ductile
and can be deformed easily. In addition, it also has good
strength and strain rate, it is corrosion resistant, and it
is stable at high temperature. A limited number of efforts
aimed at using shape memory alloys as actuators in com-
posite structures have been made. Recent studies include
the work by Boyd and Lagoudas (1) in developing a mi-
cromechanical model for shape memory composites, and
Sullivan (2), who developed a model to predict shape mem-
ory composite behavior. Other significant theoretical stud-
ies on modeling systems that contain shape memory alloys
include the works by Liang and Rogers (3), Feng and Li
(4), and Graesser and Cozzarelli (5). Research on using
shape memory alloys in active structural control include
the works by Baz et al. (6), Ikegami et al. (7), and Maclean
et al. (8).

Magnetostrictive materials change dimensions when
placed in a magnetic field. Terfenol-D is the most popular
commercially available magnetostrictive material. Recent
research on magnetostrictive materials shows that they
provide strokes significantly larger than their electrome-
chanical counterparts; however, they tend to be difficult to
implement in structural systems (9). Work on composites
that incorporate magnetostrictive materials include the
unimorphs by Honda et al. (10) and the microcomposite
systems by Bi and Anjanappa (11).

Piezoelectric materials present two distinct charac-
teristics: the “direct” piezoelectric effect occurs when a
piezoelectric material subjected to a mechanical stress
becomes electrically charged. Thus, these devices can be
used to detect strain, movement, force, pressure, or vibra-
tion by developing appropriate electrical responses. The
“converse” piezoelectric effect occurs when the piezoelec-
tric material becomes strained when placed in an electric



ADAPTIVE COMPOSITE SYSTEMS: MODELING AND APPLICATIONS 17

field. The ability to induce strain can be used to generate
a movement, force, pressure, or vibration by applying a
suitable electric field. The most popular commercial piezo-
electric materials are lead zirconate titanate (PZT) and
polyvinylidene fluoride (PVDF). The potential of applying
piezoelectric materials as distributed actuators in compos-
ite structures has resulted in several significant studies.
Suleman and Venkayya (12) modeled a simple composite
plate structure of piezoelectric layers using classical lami-
nation theory; however, the first reported studies on adap-
tive composites include the works by Bailey and Hubbard
(13), Crawley and de Luis (14), Leibowitz and Vinson (15),
and Wang and Rogers (16).

The electrostrictive phenomenon is a nonlinear prop-
erty that exists in all dielectric materials. When an electric
field is applied across an electrostrictive material, the posi-
tive and negative ions are displaced, and a strain is induced
in the material. The resulting strain is proportional to the
square of the applied electric field and is independent of
the applied electric field’s polarity. Because the strain is
proportional to the square of the electric field, the strain
is always positive. This is analogous to the magnetostric-
tive behavior described earlier. The most popular elec-
trostrictive material is lead magnesium niobate (PMN);
however, this material is still not widely available commer-
cially. These materials generally offer higher electrically
induced strain with lower hysteresis than piezoelectric ma-
terials, due to nonlinearities; however, constitutive models
for electristrictors are not as mature as models for piezo-
electrics. Hom and Shankar (17) formulated a fully coupled
constitutive model for electrostrictive ceramic materials.
Electrostrictive materials used as distributed actuator el-
ements in adaptive composites have not been reported in
the literature.

Magneto- and electrorheological fluids are multi-
phase materials that consist of a dispersion of polarizable
particles in a carrier oil, and they exhibit the properties
of a typical viscoelastic material. The use of electrorhe-
ological materials for vibration damping has been the
subject of considerable research because these materials
exhibit fast, reversible, and controllable changes in behav-
ior. However, despite advances in sensing and controls, fun-
damental rheological research applied to vibration damp-
ing has lagged behind. Specifically, essential information
on material-based structural reliability and controllability
is still needed to implement such systems successfully.

Typically, the performance of an actuator is evaluated
in terms of the following characteristics: displacement (the
ability of the actuator to displace an object, force generation
(the amount of force the actuator can produce), hysteresis
(the degree of reproducibility in positioning operations),
response time (how quickly an actuator can start the ac-
tuation process), bandwidth (the range of frequencies in
which the actuator can operate effectively), temperature
range of operation, repeatibility and precision of the actu-
ator, power required to drive the actuator, mass of actua-
tor material required for a given displacement; and cost.
Table 1 presents the general characteristics of commer-
cially available actuators (18).

The piezoelectric PZT provides the potential for the
greatest force handling capability. PZT also operates across

Table 1. Actuator Technology Assessment

Nitinol Terfenol-D PZT

Energy Heat Magnetic field Electric field
Hysteresis High Low Low
Bandwidth Low Moderate High
Accuracy Poor High High
Response time Low Fast Very fast
Power use High Moderate Moderate
Maturity New New Established

the highest bandwidth of the microactuators and has
among the highest displacements. Electrostrictive PMN
possesses the lowest hysteresis of any of the actuator mate-
rials. However, the temperature operating limits for PMN
would require special insulation. Although PZT is pre-
ferred for most applications, future commercial applica-
tions may favor direct replacement of PZT with PMN be-
cause of its superior hysteresis efficiency.

The shape memory material, Nitinol, produces the
greatest displacements but the weakest force of the actua-
tors under consideration. This material is very ductile and
consequently does not support as much force as other ac-
tuator materials. However, it does give it the advantage
of being easily shaped into different actuator geometry. It
is less desirable from the point of view of precision and
economy of design due to its power consumption, accu-
racy, and hysteresis characteristics. It can also be observed
that Terfenol-D and PZT compare very closely in these gen-
eral characteristics. For deformation of thin structural el-
ements, the most widely used multifunctional materials to
date have been piezoelectric actuators. Piezoelectrics have
higher bandwidths than are possible in shape memory al-
loys, they are more compact than magnetostrictive devices,
and they are bidirectional by nature, unlike electrostrictive
materials.

Sensing Technology

Optical fibers make excellent strain sensors because they
are immune to electromagnetic interference. Optical fibers
can be bonded to the surface of a structure or embedded
directly into the structure. There are many types of opti-
cal fiber sensors. The more useful fiber-optic strain sensors
uses the intrinsic properties of the optical fiber. In an in-
trinsic fiber measurement, one or more of the optical field
parameters, which include frequency, wavelength, phase,
mode index, polarization, index of refraction, and attenu-
ation coefficient, are affected by the environment.
Piezoelectric sensors tend to operate best in dynamic
situations because the induced charge imbalances created
by straining the material dissipate with time. How quickly
this occurs depends on the material’s capacitance, resis-
tivity, and output loading. Force transducers use piezo-
electric elements to produce an electrical output that is
proportional to the applied force. The force transducer is
mounted in series with the force transmission path to ex-
pose the piezoelectric element directly to the forces that
are to be measured. Because the piezoelectric is preloaded,
the force sensor can measure both tensile and compressive
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Table 2. Sensor Technology Assessment

Fiber Optics PZT
Sensitivity Moderate Moderate
Gauge length Moderate High
Bandwidth High Moderate
Resolution High Moderate
Temperature range High High

forces. High stiffness ensures high resonant frequency,
and it will have a minimum effect on the structural
integrity.

In the case of sensors, the technologies considered for
adaptive composites must withstand the composite man-
ufacture process. Embedding issues make Nitinol a ques-
tionable choice. If the shape memory alloy had to be elec-
trically insulated from the conductive composite, it would
complicate the composite manufacturing process and in-
crease the cost significantly.

The performance of any sensor can be evaluated in
terms of sensitivity (amount of signal that a sensor pro-
duces for a given change in the variable), the length across
which the measurement is made, bandwidth (the frequency
range over which the sensor remains effective), response
time (the speed at which the sensor can respond to a change
in the variable), the temperature range across which the
sensor can operate, repeatability and precision of the actu-
ator, weight, and cost. Table 2 presents a relative assess-
ment of the sensor types considered suitable for embedding
in adaptive composite systems.

The temperature range is critical for an adaptive com-
posite system because it is anticipated that sensors may
be embedded and would therefore undergo the composite
curing process. Embedding would be feasible for fiber op-
tic sensors but not as desirable for PZT strain sensors.
From the point of view of assembly and handling, strain
gauges or even PZT are favored because of the availability
of knowledge and experience with these techniques.

ADAPTIVE COMPOSITE MODELING

This section presents the recent advances and trends in
finite-element modeling of adaptive composite systems,
and emphasizes particularly the development of finite-
element models for adaptive composites. Benjeddou (19)
presented an excellent survey of finite-element develop-
ments in piezoelectric elements. Electromechanical cou-
pling is the major feature added by a piezoelectric material
to standard structural finite-element modeling.

For the last two decades, there has been increased re-
search activity in finite-element modeling of adaptive com-
posites. The primary interest has been in the analysis of
piezoelectrically actuated composites, and early investiga-
tions were devoted to three-dimensional electromechani-
cal elements. Among the reported studies, Tzou and Tseng
(20) used variational methods to model finite-element
piezoelectric solids. Ha et al. (21) developed an eight-
node, three-dimensional, composite brick, finite-element
for modeling the dynamic and static response of laminated
composites that contain distributed piezoelectric ceramics

subjected to mechanical and electrical loading. The elec-
trical potential is taken as a nodal degree of freedom
that leads to an element that has four degrees of free-
dom per node. These models using three-dimensional fi-
nite elements can give accurate results by setting com-
putationally expensive refined meshes that have accept-
able aspect ratios. Classical plate theories have been pro-
posed to analyze rectangular piezoelectric plates (22-25).
Other plate formulations include the work reported by
Chandrashekhara and Agarwal (26), who used a finite-
element formulation based on first-order shear deforma-
tion theory to model the behavior of laminated compos-
ite plates that have integrated piezoelectric sensors and
actuators. The model developed does not introduce volt-
age as an additional degree of freedom. Tzou and Ye (27)
presented a laminated quadratic C° piezoelastic trian-
gular shell finite-element using the layerwise constant
shear angle theory that accounts for a constant approx-
imation of the nonlinear cross-sectional warping applied
to piezoelectric laminated systems. A model that contains
an actuator element, an adhesive interfacial element, and
an eight-node isoparametric plate element was developed
by Lin et al. (28). An analytic solution is also derived
and results are compared with the finite-element model.
Chattopadhyay and Seeley (29) used a finite-element
model based on a refined higher order theory to analyze
piezoelectric materials surface bounded or embedded in
composite laminates. The displacement field accounts for
transverse shear stresses through the thickness and satis-
fies the boundary conditions at the free surfaces. Through
numerical examples, they showed that the refined theory
captures important higher order effects that are not mod-
eled by the classical laminate theory. Recently, models us-
ing higher order theories for piezoelectric laminates can be
found in Reddy and Mitchell (30) and Jonnalagadda et al.
(31), among others.

Very few composite shell elements that have electrome-
chanical properties have been reported in the literature. A
four-noded shell element that extends the shallow shell
shear deformation theory has been proposed, using an
equivalent single-layer model for a three-layer shell (32).
An eight-noded quadrilateral shell element (33) that has
no electrical degrees of freedom using the 3-D degenerated
shell theory has also been proposed, where the piezoelec-
tric effect was treated as an initial strain problem. An ax-
isymmetric three-node triangular shell element has also
been developed to study mooney transducers (34). A 12-
noded degenerated 3-D shell element that has a layer-
wise constant shear angle has been formulated (35). How-
ever, more research is required to understand and quan-
tify the influence of the curvature on the piezoelectric
actuators and sensors. Suleman and Venkayya (12) re-
ported on an efficient finite-element formulation for vi-
bration control of a laminated composite plate/shell that
uses piezoelectric sensors and actuators. By modeling the
plate and the sensor/actuator system with the four-noded,
bilinear, Mindlin plate element, the problems associated
with the solid element are eliminated, and modeling the
plate and the sensor/actuator system with the four-noded,
bilinear, Mindlin plate element considerably reduces the
problem size.
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Finite-Element Formulation

To derive the equations of motion for laminated composite
structures (plate or shell) that have piezoelectrically cou-
pled electromechanical properties, recall the generalized
form of Hamilton’s principle,

iy
8/(T—I'I+We)dt=0, (1)
t

where T is the kinetic energy, P is the potential energy,
and W, is the work done by the electrical field. The kinetic
and potential energies can be written in the form

T:/%pftTﬁdV,
1’4

m— / %S”T’I_’”dv, @)
\%4

where S¢ and T¢ are the generalized electric strain and
stress vectors. The work done by the electrical forces can
be written as

WezféseT:Fedvp, (3)

Vo

where S¢ is a vector of electrical field (potential/length),T ¢
is a vector of electrical displacement (charge/area), and V},
is the volume pertaining to the piezoelectric material.

Constitutive Relationships

To apply piezoelectric materials in adaptive composite sys-
tems, the properties are defined relative to the poling di-
rection through the thickness, and the material is approxi-
mately isotropic in the other two directions. In matrix form,
the equations governing these material properties can be
written as

T = e 8¢+ 8¢, (4)

T  =cT 8 —eSe, (5)

where e is the dielectric permittivity matrix, ¢ is the di-
electric matrix at constant mechanical strain, and ¢ is
the matrix of elastic coefficients at constant electrical field
strength.

Strain-Displacement Relationships

The strain—displacement relationships for an electrome-
chanical composite element are based on the Mindlin first-
order shear deformation theory. The matrix that relates
the generalized strains to the displacements and rotations

can be written in the form

- 1 -
— 0 0 0
0x R..
1
0 i — 0 0
dy R,
0 d 2
= 2 2 0 o0 "
Jdy Ox y
a v
0 0 0 za—
S¢ = , 1w (6)
0 0 0 z— 0 ||,
dy x
d 0
0 0 0 z— z— |l
0x 0x
0 0 i 0 1
0x
0 0 i 1 0
L ay J

Electric Field Potential Relationships

For a laminated plate/shell that contains piezoelectric
layers/patches polarized along the transverse axis, the
in-plane electric fields vanish. The electric field potential
relationships are S¢ = —V¢, where ¢ is the vector of poten-
tial degrees of freedom. It is assumed that these are con-
stant throughout the plane of the piezoelectric patch/layer
and vary linearly through the thickness. Thus S¢ =
%(f),—, where ¢, is the thickness of the ith piezoelectric
lgyer/patch.

Substituting for the generalized stress and strain ex-
pressions in Eq. (1) gives the mass, elastic, and electrical
stiffness matrices. For the entire structure, using the stan-
dard assembly technique for the finite-element method and
applying the appropriate boundary conditions, we obtain
the complete equations of motion for a piezoelectrically ac-
tuated adaptive composite structure:

elastic
. —_—0
M, O U, K. O U.
. (T __
0 0]]0. L 0 0] ]|U.
electric
ro0o K.]|U.
+ _¢=0 (7
_Kec Kee Ue

To avoid shear locking in thin structural elements, a re-
duced order integration technique is used to evaluate the
shear stiffness term. For the actuation mechanism, the
structure is given applied voltages on the layers/patches,
and the static deformation is given by U * = —K ;' K..U °.
The sensing mechanism is governed by the equationU * =
~K 'K U "

Finite-element techniques have also been developed
for other active materials, such as electrostrictive (36,37),
and magnetostrictive (38—40) systems. Boundary finite-
element techniques have also been proposed for piezoelec-
tric solids (41,42). However, most of the research activity
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has been devoted to developing models for piezoelectric-
based adaptive structural systems. It can be concluded
that although relative maturity has been reached, there
is a lack of curved two-dimensional and active constrained
layer damping shell finite elements and some quadratic
elements that save electric degrees-of-freedom represen-
tation.

APPLICATIONS

The application of adaptive composite systems in struc-
tural systems is vast and diverse. The literature indi-
cates that applications of adaptive composite structures
have been devoted mostly to dynamics and control analysis
of adaptive beams and plates. Other applications include
analysis of the thermal effect on active materials (43,44),
noise suppression (45-47), composite delamination (48),
precise position control (49), topology optimization (50),
panel flutter suppression (51), and structural health mon-
itoring and self-repair (52-55).

In this article, design problems in aircraft structures
that require active solutions using adaptive composites
to suppress vibration and control shape are presented.
Adaptive composite solutions to vertical tail buffeting sup-
pression, supersonic panel flutter envelope extension, and
aeroacoustic noise suppression are discussed.

Vertical Tail Buffeting Suppression

The primary passive solutions to dynamic aeroelastic prob-
lems are increased stiffness and mass balance, and these
were used as early as 1922. They still comprise the basic
passive means of improving the response and stability of
an aircraft. Increased stiffness has come to include com-
posite tailoring which can greatly alter the stability char-
acteristics of a given wing. Aeroelastic tailoring has made
airplane configurations, such as a forward swept wing, fea-
sible. Recently, aeroelastic tailoring has been used to en-
hance the performance of controllers. By the 1950s, the
concept of active control to improve the aeroelastic perfor-
mance of wings had emerged. One of the first aeroelastic
control experiments began in 1972 in NASA Langley Re-
search Center’s Transonic Dynamics Tunnel (56,57). The
model was a clipped delta wing that had a leading edge
and a trailing edge actuator. Since that time, control ex-
periments using flap actuators have studied a variety of
control design techniques and objectives. The Active Flexi-
ble Wing (AFW) project used the flexibility of the wing
in conjunction with active controls to provide greater ma-
neuverability. Multifunctional control systems were also
investigated in the AFW project. In addition to flutter sup-
pression experiments, there have also been gust alleviation
experiments.

Until now, the unifying factor of the previous work
was that the actuators were all aerodynamic control sur-
faces. One of the reasons for these actuators is that they
already exist on current aircraft. The development of
aeroelastic control has evolved in the last couple of decades,
anew actuation concept has emerged for structural control,
and this is direct strain actuation. Direct strain actuators
include materials such as piezoelectric ceramics and shape
memory alloys. Piezoelectrics have several advantages

over hydraulic actuators because they have a higher fre-
quency bandwidth of operation and because they act di-
rectly in the structure by straining it.

The DARPA/USAF Wright Laboratory program was to
design, build, and test wind tunnel models to quantify
performance improvements that could be achieved by in-
corporating smart materials such as PZTs for actuation
and sensing systems in aircraft wings. The Smart Wing
program performed wind tunnel tests at the NASA Lang-
ley Transonic Dynamic Tunnel to demonstrate the use of
smart actuator systems in a realistically modeled aircraft
operating environment. The wind tunnel test quantified
aerodynamic improvements of two concepts: the use of em-
bedded SMA wires in the trailing edge to provide a smooth
variable contoured control surface and SMA torque tubes
built into the wing structure that enabled the wing to be
twisted or torqued.

Several active vibration suppression concepts have
been investigated by a program shared between Daimler-
Benz Aerospace Military Aircraft (DASA), Daimler-Benz
Forschung (DBF), and Deutsche Forchungsantalt fur
Lufund Raumfahrt (DLR); two concepts using aerody-
namic control surfaces and two concepts using piezo-
electric components. In the DASA concept, a thin sur-
face of piezoactuators is set out to flatten the dynamic
portion of the combined static and dynamic maximum
bending moment loading case directly in the shell struc-
ture. The second piezo concept by DLR involves preloaded
PZT block actuators at structural fixtures. Both piezoelec-
tric strategies were aimed at straight open-loop perfor-
mance related to concept weight penalty and input electric
power.

The shape control of a flexible wing structure has a great
potential for improving the aerodynamic lifting-surface
performance. Significant reductions in the shock-induced
drag can be achieved by small adaptive modifications to the
wing cross-sectional profile. The results presented here are
the experimental wind tunnel results obtained to suppress
buffeting actively by using piezoelectric actuators to con-
trol the shape of the wing camber. Two methodologies are
presented and compared. One uses the piezoelectric actua-
tors in the traditional way, placing them at the root to gen-
erate bending moments that compensate for the mechani-
cal vibration along the span of the wing. The other method
consists of using the piezoelectrics to achieve airfoil camber
shape control to control lift, so that the change of lift can be
used to generate the same type of moments and hopefully
result in using fewer piezoactuators and less energy.

The plate wing motion was controlled by six piezo-
ceramic actuators bonded on the surfaces at the wing
mount root portion and two shape control actuators near
the wing tip. The piezo wafer sensors were located at the
wing mount root, and the signal was sent to a digital sig-
nal processor through filters. The control signal was sent
to power amplifiers. The amplified signal drove the piezo-
ceramic actuators and attenuated vibration at the wing
mount. This signal also drove the shape control actuators.
A control law was designed based on a discrete system
model.

Photographs of the test model system are presented in
Fig. 1a. The dimensions were determined on the basis of the
wind tunnel size, blowing air velocity, and the limitations
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Figure 1. (a) The experimental test article that has surface-bonded piezoelectric actuators; (b) first
three modal frequencies and shapes used in the controller design.

of the piezoceramic actuators. Structurally, it was aimed
at having a fairly flexible wing that had low bending and
torsion mode frequencies.

Six piezoceramic sensor patches (1.5’ long; 1.00" wide;
0.0075’ thick) are bonded to the top and bottom of the plate
near the root. The actuators are divided in two groups,
those to produce moments, two pairs near the leading edge
and one near the trailing edge, all near the root to maxi-
mize the bending moment. The other group, which is re-
sponsible for the camber shape control, is located near the
wing tip to change the wing camber and produce favorable
changes in lift. A finite-element modal analysis was per-
formed to generate natural frequencies and model shapes
(Fig. 1b).

The experimental setup is based on a DSP state-of-the-
art laboratory facility created for testing and validating
the theoretical models and applying of active control
design. A rigid plate was placed at the upstream end of
the test section. The wake from this obstacle was used to
generate buffeting flow. The position of this object was eas-
ily adjusted so that the resulting wake impinged on the
model mounted downstream. Using the control law gain
set to the desired value, the tunnel speed was increased to
and then held constant at a preselected value. Buffet re-
sponse measurements were made at a velocity of 5.5 m/s.
The output signal from the PZT sensor was routed to a
transfer function analyzer that was used to calculate the
autocorrelation function of the response signal.

With respect to the gust alleviation tests, a special flap
was mounted upstream of the model to deflect the flow
so that a vertical wind component would appear (20%
of the wind tunnel velocity). The wind tunnel speed was

maintained at 5 m/s, and the flap would change its in-
cidence at 2.5 Hz, creating a vertical gust of 1 m/s that
excited the bending on the wing. Maintaining the gust at
this frequency and turning on the controller, the amplitude
decreased considerably.

An appreciable buffeting reduction has been ob-
tained, especially when using airfoil shape control, which
combined with the root actuators to decrease the average
buffeting amplitude from 32 to 47.5% (Table 3). The airfoil
shape control also decreased the frequency of the vibration
by 34%. The airfoil shape control has presented a feasible
engineering design solution where the piezoelectric shape
control actuators are used to create favorable changes in
lift characteristics.

Supersonic Panel Flutter

Panel flutter is a self-excited, dynamic instability of thin
plate or shell-like structural components of flight vehicles.
It is a supersonic/hypersonic aeroelastic phenomenon that
is often encountered in the operation of high-speed aircraft
and missiles. The mode of failure for panel flutter is fa-
tigue due to limit-cycle oscillations. Therefore, to increase
the critical dynamic pressure or to suppress the limit-cycle
oscillations is an important design consideration. Conven-
tional design is to increase the panel stiffness, which in
turn, may result in additional weight.

Many researchers have investigated the supersonic
panel flutter suppression problem. Dowell (58) gave a com-
prehensive overview of panel flutter, and Olson (59) and
Bismarck-Nasr (60) presented applications of the finite-
element method to linear flutter problems for isotropic
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Table 3. Active Wing Shape Control (Buffeting Suppression)

Bending Control Only

Bending + Shape Control

Average Average
Amplitude Frequency Amplitude Frequency
Control law off 585 mm 1Hz 620 mm 1 Hz
Control law on 395 mm 0.9 Hz 325 mm 0.66 Hz
Improvement 32% 10% 47.5% 34%

materials. Lee and Cho (61) and Liaw (62) investigated the
use of composite panels in flutter problems due to strin-
gent performance requirements in high-speed aircraft.
Lee and Lee (63) performed supersonic flutter analysis of
anisotropic panels taking into consideration the effects of
panel geometry, boundary conditions, lamination scheme,
flow directions, and thermal effects. Gray and Mei (64)
conducted research on various theoretical considerations
and analytical methods for investigating of nonlinear panel
flutter. Zhou et al. (65) extended this work to include
finite-element methods. Scott and Weishaar (66) proposed
a linear panel flutter control using piezoelectric actua-
tors and sensors. Paige et al. (67) extended this study to
include anisotropic composites. Xue and Mei (68) studied
the feasibility of applying shape memory alloys in linear
panel suppression.

The flutter velocity of panels, or similarly the critical
dynamic pressure, can be increased by making piezoelec-
tric actuators induce in-plane tensile forces that alter the
effective stiffness of the panel. The same voltage is applied
to the top and bottom piezoelectric layers, resulting in uni-
form compression or tension in the plate.

Consider a case #1 where the patches cover only the
center 6% of the plate area (Fig. 2). Here, the mass in-
creases by 17% due to the addition of the piezo patches to
the base structure. Obviously, the effective stiffness also
increases. It was observed that the critical dynamic pres-
sure increased from 267 x 10% to 323 x 10> N/m?, an im-
provement of 27%. Note that this increase is solely due
to the bonding of the piezo patches to the top and bottom
surfaces of the aluminum panel. Subsequently, the piezo

#1 #2 #3

#4 #5

O

Critical aerodynamic parameter
Xcritica/ =36.8
Configuration
#1 #2 #3 #4 #5
oV 46.9 70.5 88.5 91.8 63.9
400V 66.7 93.5 92.5 99.2 76.5
Aeritical +42% +32% +5% +8% +20%
Mass +17% +69% | +86% +69% | +52%

Figure 2. Critical dynamic pressure for five different piezoelec-
tric actuator configurations.

patches were actuated with a voltage of 400 V and, in this
instance, a further increase of 42% was attained, relative
to the case where no voltage was applied. The effective
stiffness was increased by attaching of the piezo patches
in the first instance, and a further increase was obtained
by actuating the piezos with an applied voltage.

Next, the performance of a patch that covered 25% of
the plate area was assessed (configuration #2). Here, a
substantial increase in mass was observed (69%). The
addition of piezo patches with no voltage applied resulted
in an increase of 92% in dynamic pressure. Further appli-
cation of 400 V across each layer resulted in a smaller fur-
ther improvement in dynamic pressure to 645 x 103 N/m?,
or 32% relative to the 0 V case. Thus, it is noted that an
increase in the size of the piezo patches and/or actuating
power does not necessarily result in better performance.
In fact, the 25% patch configuration performed worse than
the 6% patch case. Apparently, the larger piezo patch
configuration resulted in a relatively much larger mass
increase that offset the benefits of increased actuation
capability.

Three more patch configurations were analyzed to probe
this matter further. Let us call these configurations #3, #4,
and #5. In configuration #3, five piezo patches are placed
in a star-shaped form, resulting in a mass increase of 86%.
The flutter dynamic pressure in the presence of an applied
voltage of 400 V exhibits poor performance, a mere 5%
increase in value relative to the no applied voltage case.
In other words, a larger actuation capability, followed by
a much larger mass increase, resulted in negligible im-
provement. For configuration #4, where four piezoelectric
patches were arranged in a cross, the mass increased by
69%. The resultant critical dynamic pressure increased by
8% to 684 x 10° N/m? due to an applied voltage of 400 V.
Finally, configuration #5, where the piezo patches were ar-
ranged along the perimeter of a square at the center of the
plate, exhibited an increase of 20% in dynamic pressure
and an increase of 52% in mass. Thus, in configuration
#5, better performance was attained in the presence of a
relatively smaller increase in mass, whereas in configura-
tion #3, poor performance was exhibited with and mass
increased.

Another aspect that draws attention is the fact that the
25% central patch configuration and the number #4 config-
uration provide a similar mass increase (69%). However,
the 25% central patch configuration resulted in a 32% im-
provement in dynamic pressure, whereas the actuation in
configuration #4 exhibited a poor 8% improvement. The
performance parameters of interest are the added mass
to stiffness ratio and the shape, size, and location of the
piezoelectric patches on the adaptive composite structure.
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Fuselage Noise Attenuation

During the last few years, there has been an increased un-
derstanding of the mechanisms involved in aircraft interior
noise and the transmission paths from the sources to the
cabin interior. Progress has been made in reducing inte-
rior noise levels, especially for propeller driven aircraft,
when traditional passive noise control methods are sup-
plemented by recent advances in active noise control. The
technical advances have not always translated into large
reductions in interior noise levels, but they have enabled
existing sound levels to be maintained despite increases
in the acoustic power generated by the sources. Because
weight is at a high premium, optimization of airplane
soundproofing is a design challenge.

Most aircraft use passive methods exclusively to control
interior noise. The general concept of cabin soundproofing
has remained constant for years, but design changes have
occurred, particularly in more efficient treatments. The
basic noise control treatment consists of one or more lay-
ers of porous material, an intervening sheet of heavy limp
material, and a covering impervious trim (69). Stiffening
the structural tends to incur a substantial weight penalty.
Broadband passive damping is not useful because the re-
sponse is primarily forced, rather than resonant. Narrow-
band damping using tuned vibration absorbers has yielded
10-dB reductions (70), but the problem is limited by the dif-
ficulty of keeping them tuned in a varying environment.

Active noise suppression methods include control of ei-
ther the acoustic field or the structural vibration. There
have already been flight tests using active control of the
internal sound field that have provided significant reduc-
tions in noise levels (71). However, the many microphones
and speakers required to obtain this performance create
a moderate weight penalty and some difficulty in locating
bulky speakers in the passenger compartment.

The first documented research on acoustic modeling
was reported by Foxwell and Franklin (72) and later,
Warburton (73) considered the effects of an acoustic field
on the vibrations of a cylindrical shell. The use of finite-
elements in acoustics was first suggested by Gladwell (74)
who considered some simple one- and two-dimensional
problems. Craggs (75) presented a model for studying
sound transmission between enclosures that allowed for
flanking as well as direct sound transmission.

The concept of controlling structural vibration to reduce
transmitted noise is not new. Previous analytical and ex-
perimental work established that interior noise in aircraft
is directly coupled to fuselage vibration (76-81). This ob-
servation implies that if the fuselage vibration can be re-
duced, then the associated interior noise levels should fall
everywhere in the interior space, that is, global attenu-
ation would be achieved. Piezoelectric actuators are well
suited for this problem due to their high bandwidth. Jones
and Fuller (82) used piezoelectric actuators bonded to an
aircraft fuselage and obtained acceptable authority over
internal noise using microphone feedback, indicating that
the required actuator strength is feasible.

Jayachandran and Sun (83) studied the potential use
of shallow, spherical-shell actuators, made of piezoelec-
tric materials supported on a flexible foundation along

the edge. The actuators were modeled analytically and
the effects of curvature, mount stiffness, mass, and other
parameters on the natural frequencies, linear stroke, and
volume velocity were studied. Shields et al. (84) investi-
gated sound radiation from a plate into an acoustic cav-
ity controlled by patches of active piezoelectric-damping
composites. Yoon et al. (85) used the fact that anisotropy
and the shape of a distributed piezopolymer actuator have
coupling effects with vibration modes of structure to con-
trol the sound transmission actively through composite
structures. Shen and Sun (86), on the other hand, com-
pared the performance of acoustic microphones and strain
induced by distributed piezoelectric actuators. A uniform
cylindrical shell is used as a simplified model of a section of
fuselage.

The referenced numerical investigations in noise atten-
uation concentrated on either flat plate or simple analytical
models to represent adaptive composite structures. Other
investigations more specifically implemented for aircraft
components do not account for the effects of curvature
of the fuselage to evaluate actuator performance properly
(87—-89). These models require refined meshes to capture
the physics of the curved fuselage panel accurately. The
model proposed in this investigation consists of a shell-
type adaptive composite finite element that has electrome-
chanical properties. The acoustic cavity model is based on
a solid brick element.

The results presented in this section are based on finite-
element computer simulations aimed at predicting the ef-
fectiveness of using piezoelectric actuators as passive con-
trol devices to attenuate the transmission of sound through
an aircraft fuselage. A relatively simple model comprised
of a finite, adaptive composite cylinder that has bonded
piezoelectric patches was chosen to represent the aircraft
fuselage. The properties of the cylinder material and its
dimensions were selected to represent a typical aircraft
fuselage and these values were obtained from Thomas et al.
(90). The cylinder is 16 m long, and the propeller plane is at
a distance of 3.5 meters along the axis of the cylinder. The
diameter is 1.3 meters. The objective is to provide a quan-
titative measure of the actuating capabilities of the piezo-
electric patches in internal noise attenuation applications
(Fig. 3a).

Simulations were carried out at a frequency close to
the blade passage frequency at 90 Hz. Forty acoustic
and structural modes were used to model the dynamics
of the coupled acoustic-structural system. Numerical
results are obtained for the following geometric and
material properties for the piezoactuators: E, = 63 GPa,
pp = 7650 kg/m3, v, = 0.3,d3; = ds2 = —180 x 10712 m/V,
L} =06 m, LY =0.6 m, and h, =1 mm. It is assumed
that the actuators are perfectly bonded to the aluminum
fuselage shell structure. A constant voltage of 300 V was
applied to each actuator patch.

The finite-element mesh for the structural-acoustic
coupled system is shown in Fig. 3b. Two actuator con-
figurations were selected to study the noise suppressing
capabilities of the actuator geometry (Fig. 3c). It was
observed that the response in the low-frequency range is
very low because no modes are excited in this frequency
range. Figure 3d presents the noise reduction attained
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Figure 3. (a) Passive actuation mechanism for interior noise attenuation; (b) finite-element mesh
for the aircraft fuselage and cavity with 16 elements along the fuselage length; (c) piezoelectric
actuator configuration in chess and line layouts; and (d) noise reduction in the interior of the

fuselage for both actuation configurations.
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in the interior of the fuselage as determined from the
numerical simulations at 90 Hz. It can be observed that
it is possible to attain noise reduction levels of the order
of 10-15 dB for the frequency simulated in this study. The
results presented are compared to those with no actuation
in the presence of the piezoelectric actuators. The effect of
adding the actuators in the dynamics of the coupled system
was taken into account. Noise reduction levels of the order
of 17% were attained for the chess-type actuator pattern,
and for the line-type configuration, the noise reduction
levels obtained were of the order of 22%. This demon-
strates that the actuator layout is an important design
parameter in applying piezoelectric devices for noise sup-
pression, as was observed in the panel flutter suppression
problem.

The results presented here are simply intended to
demonstrate the feasibility of applying piezoelectric
actuators passively to suppress noise in the interior of
closed acoustic cavities such as the interior of an aircraft
fuselage. The design concept is based on the effect of stiff-
ening the structure by actuating of the piezoactuators.

CONCLUDING REMARKS

An overview of the state of the art in adaptive composite
systems design and applications has been presented. This
area of research has been commonly known as the field
of smart structures. Two key technological developments

Structures

Vibration
reduction

Damage
detection

Shape
control

Structural
monitoring

Control ‘

Figure 4. Technologies that need to be addressed to enable adap-
tation in aircraft structures.

have combined to establish the potential feasibility of
smart/adaptive structures. The first is the development of
multifunctional materials (materials science) and their use
in devices such as distributed actuators and sensors (me-
chanical engineering). The second development in the field
of computer science and electrical engineering, is the ad-
vent of ever faster and compact computers, new control
algorithms, and signal processing technologies.

The adaptive structures design concepts presented here
are feasible engineering solutions to problems that require
active vibration suppression and shape control in aircraft
structures. However, for the adaptive composite systems
to see widespread commercial applications, lighter multi-
functional materials, new manufacturing techniques, and
cost reduction will have to be integrated into the design
process. There is also a need to link the engineered so-
lutions to the market needs. Materials supply is not a
viable commercialization position because synthesis and
assembly will ultimately address the design, shaping, and
functional issues of adaptive materials and structures.
Only vertical integration of the manufacturing process will
ensure that materials science research will be directly
connected to design, implementation, and production of
adaptive composite systems.

The multidisciplinary nature of the field of adaptive
composite systems requires a complex and sophisticated
effort for the transition from research to full implementa-
tion and commercialization. Figure 4 depicts technologies
and other aspects of research that must be addressed to
enable adaptation of structural composite structures and
systems.
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INTRODUCTION

Research and development of smart materials and smart
structural systems has been actively pursued during the
last decade. Smart materials are defined as materials
that can adapt to external stimuli, such as load or envi-
ronment. The control capabilities of the material can be
enhanced by material composition, processing, defect or
microstructure, and conditioning to adapt to various lev-
els of stimuli. When these special types of materials are
integrated into the structure, both the sensing and the ac-
tuating mechanisms become integral parts of the struc-
ture through induced strain actuation. The technological
applications of this class of materials span a wide range.
Today, a large variety of materials and techniques exist
(piezoceramics, magnetostrictives, electrostrictives, elec-
trorheological fluids, shape-memory alloys and fiber optics)
that serve as sensors and actuators in smart structures.
A material that is subjected to a mechanical load and
accumulates an electric charge is said to have piezoelec-
tric properties. Conversely, when the piezoelectric mate-
rial is subjected to an applied electrical field, it induces
strain. Thus, piezoelectric materials can be used as active
vibrational dampers for structures where they act as both
sensors and actuators. When placed in discrete locations
on a structure, these materials can sense movement and
can control that motion via localized strains. The strain
is either compressive or tensile depending on the polar-
ity of the applied electric field. Although these materials
generate very low strain, they cover a wide range of ac-
tuating frequency and therefore have more practical ap-
plications. Although piezoelectric materials are relatively
linear and bipolar, they exhibit hysteresis. Magnetostric-
tion is the change in any dimension of a magnetic material
caused by applying an external field. These materials are
monopolar and nonlinear and exhibit hysteresis. At room
temperature and higher, rare-earth transition-metal com-
pounds such as Terfenol-D offer considerable promise as
materials for magnetomechanical actuators. These mate-
rials generate low strains and moderate forces across a
broad frequency range. However, these actuators are of-
ten bulky. Electrostictive materials are similar in charac-
teristics to piezoelectrics and have slightly better strain
capability but high sensitivity to temperature. These ma-
terials are also monopolar and nonlinear but exhibit negli-
gible hysteresis. Electrorheological (ER) fluids consist of a
suspension of fine semiconducting particles in a dielectric
liquid that solidifies in a sufficiently large electric field.
More precisely, the particles align themselves and thereby
form columns that connect the two electrodes. The viscosity
of the fluid clearly undergoes dramatic changes as this pro-
cess takes place, and this effect has been used in a variety

of studies to suppress vibrations by increasing damping.
The very short response time of these fluids represents a
very important feature from the standpoint of vibrational
control. Fiber optics are increasingly becoming popular be-
cause like piezoceramics, they can be easily integrated into
composite structures. Shape-memory alloys (SMA) operate
via a martensitic phase transformation and its subsequent
reversal. The shape-memory effect is driven by cooling and
heating cycles. It is characterized by recoverable strains
as high as 10% and can generate a significant restoring
force. The most common commercially available SMA is
Nitinol™.

An intelligent or smart structure is generally consid-
ered an integrated system of structure, sensors, actuators,
and a control module. Currently, there is a great deal of
interest in applying smart structure technology to various
physical systems. Active vibration, noise, aeroelastic sta-
bility, damping, shape control, health monitoring, process
monitoring, and damage and delamination detection are a
few examples. A significant amount of the early develop-
ment was devoted to application to space-related systems.
Recently, studies have also been conducted to investigate
using this concept to improve fixed wing performance. Du-
ring the last decade, significant research efforts have also
been directed toward applying these concepts to rotary
wing aircraft which is the topic of this article. A review
of the applications of smart materials and structures in
aeronautical systems is presented in (1). The potential for
improving performance, handling qualities in stall, and in-
creasing fatigue life is discussed. Actuators that use smart
materials require relatively slow-acting shape and shape-
distribution changes in this respect. A similar review is
made of applications for improving aeroelastic divergence,
flutter instabilities, and tail buffeting on fixed-wing air-
craft and reducing vibrations, improving external acous-
tics, and providing flight controls for rotary wing aircraft—
all of these require a high-frequency response.

Vibration and noise are two long-standing problems
that have limited the expansion of military and commer-
cial applications of rotorcraft. Helicopters are particularly
susceptible to high vibratory loads compared to fixed wing
aircraft due to the high unsteady load and complex aero-
dynamic environment in which the rotor must operate
and the existence of the complex structural, aerodynamic,
and dynamic coupling. The structural flexibilities in the
rotor blade, lead to vibration and control problems dur-
ing operation (especially at high operating speeds) even
though lightweight and stiff advanced materials such as
composites and ceramics may be regularly used to build
them. Alleviating rotor noise and vibration presents a ma-
jor challenge to the aviation engineering community and is
essential for increased survivability, reliability, and main-
tainability of rotorcraft. The flexibility of the rotor sys-
tem in rotary wing aircraft makes it possible to impose
changes in shape, mechanical properties and stress—strain
fields upon it. The use of smart structures will allow tai-
loring the imposed changes according to the conditions
sensed by the rotor. Most importantly, by using distributed
sensors and actuators, control can be achieved across a
much broader bandwidth than by using a swash plate con-
trol system which is limited to n/rev for an n-bladed rotor.



Recently, a significant amount of research has been con-
ducted to control vibration using both active and passive
methods. Passive techniques, such as nonstructural tuning
masses and additional stiffening members, can help reduce
vibrational amplitudes. However, such techniques are sub-
ject to significant weight penalties. Active vibrational sup-
pression techniques offer definite advantages compared to
conventional methods because of reduced weight penal-
ties. An early study of different techniques for control-
ling rotary wing vibration by using smart structures was
done (2).

Friedmann and Millott (3) present a concise review of
the state of the art for vibrational reduction in rotorcraft
by using active controls. The principal approaches pre-
sented for vibrational reduction in helicopters are higher
harmonic control (HHC) and individual blade control
(IBC). In HHC, time-dependent pitch control is introduced
into the nonrotating frame through the swash plate. In the
IBC approach, each blade is individually controlled in the
rotating frame. Although the HHC method has been suc-
cessful in reducing hub vibration, a similar reduction in
airframe vibrational levels is not always possible because
conventional HHC methods employ a single frequency of
the form nQ. Other factors, including mechanical complex-
ity and weight penalty, also limit its application. In ad-
dition, if the hub moves as a result of a dynamic rotor—
airframe coupling, its filtering characteristics for frequen-
cies other than n/rev are severely degraded, this makes the
HHC scheme ineffective. In the IBC approach, control laws
are synthesized independently and are aimed at minimiz-
ing the modal contribution of each blade to the overall rotor
vibration. Therefore, vibrations due to manufacturing vari-
ability among the blades can be addressed effectively. The
procedure is not restricted by the (n+ 1) phenomenon
specific to the swash plate and hence can be more effective
in addressing airframe vibrations due to rotor-airframe
coupling.

A major improvement in helicopter performance can be
achieved by implementing active rotor control technology.
Smart material actuator technology for operation “on the
blade” is now becoming available and promises to over-
come the size, weight, and complexity of hydraulic and elec-
tric on-rotor actuation which should alleviate the problem.
Blade actuation by smart materials offers the chance for an
electrical system integrated into the blade itself. A study of
different blade actuating systems shows that, in principle,
there is a possibility of achieving this goal. A significant
amount of research has been conducted by using induced
strain actuation for improved IBC. These include using dis-
tributed induced strain actuation for active/passive control
of structural response for improved vibratory response, an
actively controlled flap located on the blade for possible
noise and vibration reduction, actuator driven servoflaps,
an active twist concept for controlling vibration and noise,
and novel active/passive damping treatments for increased
modal damping. Unfortunately, the development of high
force/high deflection actuators, the most critical issue in all
of these applications, has not been addressed adequately
and still remains a topic of future research. Finally, in
all applications involving smart materials, accurate mode-
ling of the material response and the integrated smart
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structural response is important because control authority
can be significantly mispredicted if inaccurate theories are
used. In the following sections, the current state of the art
in improving rotor vibratory response and aeromechanical
characteristics is reviewed. Advantages and disadvantages
of these techniques are discussed. Numerical results from
feasibility studies are summarized, and accomplishments
already achieved and the goals to be pursued in the near
future are discussed.

ACTIVE/PASSIVE CONTROL OF STRUCTURAL RESPONSE

Both the first elastic flatwise bending (second for hingeless
rotors) and the first elastic torsion modes of a single blade
require special attention in vibrational control. Theoreti-
calinvestigations supported by wind tunnel and flight tests
confirmed that these modes are responsible for the larger
amplitude loads at 3/rev in four-blade hingeless rotors.
IBC, based on a collocated actuator-sensor arrangement
along the blade and tailored to act specifically on the bend-
ing and the torsional modes, is expected to reduce further
the overall dynamic response of helicopters. Induced strain
actuation using both active and passive control has been in-
vestigated by several researchers. Nitzsche and Breitbach
(4,5) investigated the feasibility of employing adaptive ma-
terial to build sensors and actuators for attenuating the
higher harmonic loads of the helicopter rotor based on the
individual blade control (IBC) concept. The results indicate
that the adaptive material has enough power in a number
of applications to accomplish the task without saturating
the applied electrical field. Individual blade control of bea-
ringless composite helicopter rotors aimed at vibrational
attenuation by using adaptive structures is presented by
Nitzsche (6). A periodic model-following regulator was de-
veloped in the frequency domain to approximate the aero-
elastic response of a single blade in forward flight to its
hover characteristics. Two control strategies are investi-
gated: a robust one using distributed control and a cost-
efficient one using lumped control. Selective linearization
of the periodic system at determined frequencies is demon-
strated in both cases. Active and passive control of the
aeroelastic response of helicopter rotors was achieved by
using smart materials to tailor the blade root flexibility (7).
An individual blade controller designed to attenuate the
aeroelastic response of helicopter rotors in forward flight
by tailoring the blade root attachment conditions was de-
veloped. A feasibility analysis indicates that the open-loop
controller that incorporates both passive and active de-
signs is energy efficient and may be realized by available
adaptive structures. A thin-walled cantilever beam is used
to model a helicopter blade (8,9).The integrated distributed
actuator design methodology was based on the converse
piezoelectric effect and aimed at actively control of the
vertical and lateral eigen vibrational characteristics of the
beam.

A helicopter rotor system that employs an adaptive
rotor blade was developed (10). The unique feature of
this system is the replacement of the traditional swash-
plate-based collective control by adaptive rotor blades that
generate lift by using active camber control based on a



30 ADAPTIVE SYSTEMS, ROTARY WING APPLICATIONS

shape-memory alloy. A control scheme that allows a smooth
variation of camber changes was developed. However, ap-
propriate heating and cooling schemes necessary in active
SMA are not discussed.

An adaptive nonlinear neural network control algo-
rithm that can be used for smart structure actuators and
sensors to control the shape and suppress the vibrations of
flexible beams was developed (11). The algorithm couples
an explicitly model-based adaptive component that em-
ploys time-varying estimates of the beam’s material prop-
erties and an adaptive neural network, learning in real
time, which is used to estimate the additional actuator mo-
ments needed to offset the effects of periodic external dis-
turbances. Experimental results for a thin beam that has
bonded piezoceramic sensors and actuators demonstrate
the algorithm’s ability to track desired bending profiles
and reject vibrations caused by external disturbances and
to maintain this performance despite changes in the ma-
terial properties of the structure or in the properties of the
external disturbance. The development of one-dimensional
pure bending, coupled bending and extension, and com-
bined bending, extension, and torsion models of isotropic
beams that use induced-strain actuation is discussed (12).
An adhesive layer of finite thickness between the crystal
and beam is included to incorporate shear lag effects. Ex-
perimental tests evaluated the accuracy and limitations of
the models. The bending and coupled bending and exten-
sion models show acceptable correlation with static test re-
sults, whereas the combined extension, bending, torsional
model indicates the need for model refinement.

Chattopadhyay et al. (13) investigated the reduction
of vibratory loads at a rotor hub using smart materials
and closed-loop control. A comprehensive composite the-
ory was used to model the smart box beam. The theory,
which is based on a refined displacement field, is a three-
dimensional model that approximates the elasticity solu-
tion, so that the beam’s cross-sectional properties are not
reduced to one-dimensional beam parameters. The finite-
state, induced-flow model is used for predicting the dy-
namic loads. Significant reductions in the amplitudes of
dynamic hub loads are shown by using closed-loop control.
Detailed parametric studies assessed the influence of num-
ber of actuators and their locations in vibratory hub load
reduction.

All of this work suggests that distributed induced strain
actuation for IBC is a promising concept. However, the lack
of appropriate rotating blade actuating systems is a ma-
jor barrier that needs to be overcome before the impact of
these concepts can be truly realized in the area of vibra-
tion and noise control. The limited output capability of the
materials and the dynamic operating environment must
be fully addressed and resolved to take advantage of this
technology.

PASSIVE/ACTIVE CONTROL OF DAMPING

Both airframes and rotors are prone to vibratory motions
that can become severe when conditions of resonance, limit
cycle, chaos, or aeromechanical instability are approached.
Current advanced rotor designs tend toward hingeless and
bearingless rotors to reduce life-cycle costs, improve hub

designs, and achieve superior handling qualities. Due to
stress and weight considerations, advanced rotors are de-
signed as soft in-plane rotors. These rotor systems are sus-
ceptible to aeromechanical instabilities such as air and
ground resonance due to the interaction of a poorly damped
regressing lag mode and the body mode. The introduction
of damping into the system may alleviate aeroelastic flut-
ter, reduce gust loading, increase fatigue life expectancy of
rotor blades, improve maneuverability and handling, and
diminish interior noise levels. In conventional articulated
rotors, these instabilities are usually mitigated by using
hydraulic dampers. But hingeless and bearingless heli-
copter rotor designs have elastomeric lag dampers. Elas-
tomeric dampers have received a significant amount of
attention for damping in helicopter design due to the vari-
ety of advantages they exhibit over conventional dampers.
A new technology called Fluidlastic® which combines flu-
ids and bonded elastomeric elements to provide unique
dynamic performance in solving vibrational control and
damping problems in helicopters was introduced (14). The
fluids add a viscous component to the energy dissipation
mechanism in the dampers. These devices accommodate all
relative motion by flexing the elastomer, which eliminates
dynamic seals and achieves a long, predictable service life.
Incorporation of the fluid facilitates the design of devices
that have a much broader range of dynamic characteris-
tics than can be achieved by elastomers alone. Substantial
energy dissipation, as required in lead-lag dampers, can
be provided. Large inertial forces that have little damp-
ing, as required in tuned vibrational absorbers and py-
lon isolators, can also be achieved. However, elastomeric
dampers are sensitive to temperature, exhibite significant
loss of damping at extreme temperatures, and it has been
known that they cause limit cycle oscillations in rotor
blades. They are expensive and are susceptible to fatigue.
These dampers also exhibit complex nonlinear behaviors
that introduce additional modeling issues. As a result, a
variety of alternatives to auxiliary lag dampers are cur-
rently under consideration. The elimination of lag dampers
would further simplify the hub and reduce weight, aerody-
namic drag, and maintenance costs. However, the design
of a damperless, aeromechanically stable configuration is a
true challenge. Several concepts have shown some promise,
but no generally accepted solution has evolved for eliminat-
ing lag dampers (15,16).

Recently, new concepts for enhancing structural damp-
ing characteristics were introduced in the study of adap-
tive structures. Such active damping techniques, based on
combinations of viscoelastic, magnetic, and/or piezoelec-
tric materials, magnetorheological (MR) fluids, shunted
electric circuits, and active nonlinear control strate-
gies, have emerged as candidates for improving struc-
tural performance and reliability. A numerical study of
electrorheological (ER) dampers (17) used two models,
the Newtonian and the Bingham plastic models, to char-
acterize ER fluid behavior. Damping performance of two
damper configurations, the moving electrode and the fixed
electrode, were studied and the effects of electrode gap
sizes, the field strength, and the ER fluid model were quan-
tified. The study provides a basis for designing ER-fluid
based dampers. Magnetorheological fluid dampers are



attractive candidates for augmenting lag mode damping
in helicopter rotors, where additional damping is required
to avert instabilities during specific flight conditions. MR
fluids change properties dramatically as a magnetic field
is applied. This active damping component presents an
advantage over passive elastomeric and fluid—elastomeric
dampers. The feasibility of using MR fluid-based dampers
for lag damping augmentation in helicopters was explored
by Marathe et al. (18). An analytical study to examine the
influence of MR lag dampers on rotor aeroelasticity was
carried out by integrating a MR damper model and a rotor
aeromechanical model. Two different control schemes are
presented, the on-off scheme and the feedback lineariza-
tion scheme. The two control schemes are compared for lag
transient response in ground resonance and their ability to
reduce damper load in forward flight. The study examines
damper sizing, as related to the magnetic field saturation
limits and lag perturbation amplitudes, to produce the de-
sired damping. It is shown that a MR damper whose size
is comparable to an elastomeric damper can provide suffi-
cient damping for ground resonance stabilization and can
significantly reduce periodic damper loads by judiciously
choosing an operating scheme. An extensive comparative
study of fluid—elastomeric and MR dampers was done (19).
The MR dampers were tested when the magnetic field was
turned off (off condition) and when it was turned on (on con-
dition). The dampers were tested individually and in pairs,
under different preloads, and under conditions of single
and dual frequency excitation. The fluid—elastomeric and
MR (off) damper behavior was linear, whereas the MR (on)
behavior was nonlinear and the stiffness and damping var-
ied as the displacement amplitude changed.

The concept of active constrained layer (ACL) damping
treatment in reducing vibrational and augmenting stabil-
ity has also been investigated. An ACL system consists of
a viscoelastic damping layer sandwiched between an ac-
tive piezoelectric layer and the host structure. The piezo-
electric layers have sensing and control capabilities that
actively tune the shear of the viscoelastic layer accord-
ing to the structural response. Using such active/passive
control capabilities, the energy dissipation mechanism of
the viscoelastic layer is enhanced, and the damping char-
acteristics of the host structure can be improved. Thus,
the ACL configurations capitalize synergistically on both
passive and active techniques. The merits of ACL for sup-
pressing vibration of flat plates are discussed in (20-22).
The primary concern in ACL configuration is the fact that
the viscoelastic layer reduces the actuating ability of the
piezoelectric layer. An enhanced active constrained Layer
(EACL) concept was introduced by Liao and Wang (23,24)
to improve the active action transmissibility of ACL by
introducing edge elements. The edge elements are mod-
eled as equivalent springs mounted at the boundaries of
the piezoelectric layer. The viscoelastic layer model be-
comes the current active constrained layer system model
as the stiffness of the edge elements approaches zero.
Some important characteristics of enhanced active con-
strained layer damping (EACL) treatments for vibrational
controls are addressed in (23). Analysis indicates that the
edge elements can significantly improve the active action
transmissibility of the current active constrained layer
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damping treatment. The authors suggest that although
the edge elements slightly reduce viscoelastic material
passive damping, the EACL still has significant damping
from the viscoelastic material (24). However, debonding
of the edge elements, which are made of aluminum and
are bonded to the piezoelectric and viscoelastic layers still
needs attention before these treatments can be effective in
practical applications.

Limited efforts have been reported in using these novel
damping treatments to improve helicopter aeromechani-
cal stability. Badre-Alam et al. (25) developed a simplified
beam model that uses an enhanced active constrained layer
(EACL) damping treatment to represent the flexbeams
of soft in-plane bearingless main rotors. The goal was to
demonstrate the feasibility of using such damping treat-
ment to improve lag mode damping and aeromechanical
stability. A derivative controller based on the flexbeam
tip transverse velocity was used in this study. Design
optimization was studied to understand the influence of
various design parameters, such as viscoelastic layer thick-
ness, PZT actuator thickness, and edge element stiffness,
on PZT actuator electrical field levels, induced axial stress
levels, and available lag damping. All of this work used a
constrained layer treatment that covered the entire beam
surface. It is well known that segmentation of the ac-
tive constraining layer can effectively increase passive
damping in low-frequency vibrational modes by increas-
ing the number of high shear regions. The use of seg-
mented constrained layer (SCL) damping for improved
rotor aeromechanical stability was recently addressed by
Chattopadhyay et al. (26-28). The rotor blade load-
carrying member was modeled by using a composite box
beam of arbitrary wall thickness. The SCLs were bonded
to the upper and lower surfaces of the box beam to provide
passive damping. A finite element model based on a hybrid
displacement theory was used to capture the transverse
shear effects accurately in the composite primary struc-
ture and in the viscoelastic and piezoelectric layers within
the SCL. Detailed numerical studies assessed the influence
of the number of actuators and their locations on aerome-
chanical stability. Ground and air resonance analysis mod-
els were implemented in the rotor blade built around the
composite box beam by using segmented SCLS. Results
indicate that surface-bonded SCLs significantly increase
rotor lead-lag regressive modal damping in the coupled
rotor-body system (26). A hybrid optimization procedure
was also used (27) to address the complex design problem
of properly placing actuators along the blade spar as well
as to determine the optimal ply stacking sequence of the
host structure for improved modal damping. Active con-
trol, using SCLs was addressed in (28). For rotary wing
applications, the controller must be designed to deal with
the time-variant characteristics of the dynamic model due
to rotor rotation. A transformation matrix was introduced
to transform the time variant problem to a time invariant
problem. A linear quadratic Gaussian (LQG) controller was
designed for the transformed system on the basis of the
available measurement output. Numerical studies showed
that the control system was effective in improving heli-
copter aeromechanical stability across a wide range of op-
erating speeds (28).
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TRAILING EDGE FLAPS

Smart structure activated trailing edge flaps can actively
alter the aerodynamic loads on rotor blades. Using a
suitable feedback control law, such actuators could be
used to counter the vibrations induced by periodic aero-
dynamic loading on the blades, eliminate the bandwidth
constraints, and reduce the weight penalties of previous
actuating methods. The flaps are actuated by piezostack,
bimorph, or magnetostrictive actuators. It is, however, still
unclear if there is a single actuating mechanism that ad-
dresses both noise and vibrational reduction and still has
enough control authority to act as an extra control effec-
tor in its own right. The uncertainties about the actuating
mechanism, the precise amount of flap deflection available,
and the accuracy of current constitutive models of the
actuators lead to significant difficulties in analyzing the
potential of the concept for helicopter applications. Today,
the available materials are not quite ready for real “smart”
applications. The preferred materials, such as piezocera-
mics, have tensile strength that is too low and very low
active strains.

The feasibility of using piezoelectric materials as inte-
grated actuators for a trailing edge helicopter blade flap
was first demonstrated by Spangler and Hall (29). A model
of the dynamic behavior of this actuator was developed for
a fixed airfoil section using an aeroelastic Rayleigh—Ritz
procedure. A set of scaling laws for the dynamic similarity
between scaled test articles and representative full-scale
blades was developed and experimental tests were done
to verify actuator feasibility and effectiveness. The results
include the amplitude response of the flap angle to the ap-
plied electric field as well as the lift and moment on the
airfoil due to flap deflection. A feasible blade actuating
system for individual blade control is now a hinged flap
at the outer third of a rotor blade (30). This flap can be
controlled by a smart (piezoelectric) actuator. Initial anal-
ysis shows that such a system will work as desired. Vi-
brational reduction in a four-bladed helicopter rotor using
an actively controlled flap located on the blade was stud-
ied by Millott and Friedmann (31). This study examined
the influence of using a more sophisticated fully flexible
blade model on the potential of active flap control for re-
ducing vibrations. A deterministic feedback controller was
implemented to reduce the 4/rev hub loads. Trend studies
show that the torsional stiffness of the blade and the span-
wise location of the active flap are important parameters. A
time-domain simulation of the helicopter response to con-
trol was carried out to investigate the validity of the quasi-
static frequency domain approach to formulating control
strategies.

Samak and Chopra (32) developed electromechanical
actuators based on the concept of mechanical amplification
using piezo and electrostrictive stacks as drivers to achieve
high force and high displacement actuation. Two different
actuators were developed. The first, using a piezostack,
actuates a “Flaperon,” which consists of a small movable
surface to trip the boundary layer that is located on the
top surface of a wing model using a NACAQ012 airfoil. The
second actuator, using an electrostrictive stack as a driver,
was designed to move a leading edge droop flap hinged

at the 25% chord of a wing model using a VR-12 airfoil.
Experiments to evaluate the actuators were conducted.
The dynamic response of the actuators across a 33 Hz
frequency range showed that 7 1b of actuator force was
obtainable in both cases; the flaperon actuator produced
15 mils of dynamic displacement at 15 Hz, and the droop
flap actuator produced about 6 mils of displacement at
16 Hz. A helicopter trailing edge flap using piezostack actu-
ators was also designed and tested by Spencer and Chopra
(33). A flap actuator was constructed from two piezoelec-
tric stacks arranged in series, and mechanical amplifica-
tion was provided through a hinged arm. A test model
using NACAO0012 airfoil was constructed, and the flap per-
formance of the model was tested in no-load conditions. An
analytical model was formulated to calculate the predicted
flap deflection using quasi-steady-state aerodynamics. The
model showed that the high force piezoelectric stacks main-
tained flap deflection across a wide range of free-stream
velocities.

A parametric design of a plain trailing edge flap sys-
tem was studied for a typical helicopter (34). The results
show that plain flaps are effective in implementing multi-
cyclic control. Significant reductions in fixed system 4/rev
hub loads are predicted. The effects of variations in flap
length, spanwise location, chord, and aerodynamic effec-
tiveness could be largely offset by compensating adjust-
ments to the flap commands. A comprehensive aeroelas-
tic analysis was done to investigate plain trailing edge
flaps for vibrational control (35). Results of the analysis are
compared with experimental wind tunnel data and that of
another comprehensive analysis. Correlation between pre-
dicted and measured frequencies and forward flight trim
control predictions are good. Significant discrepancies are
observed in 3/rev in-plane bending. Using a trailing edge
flap moving +4° at 5/rev, the analysis overpredicts the 5/rev
flatwise bending moments due to the flap motion, whereas
the blade torsional moment is predicted fairly well. Varying
the phase angle of the flap motion had a significant effect
on the blade 4/rev flatwise and in-plane bending loads.

A new actuating mechanism for a smart rotor that has
an active trailing edge flap uses a piezo-activated compo-
site bending—torsion coupled beam as an actuator (36).
Spanwise variation in the beam layup and piezoceramic el-
ement phasing maximize the twist response and minimize
the bending response. The surface-bonded piezoceramic
elements are excited to induce spanwise and chordwise
bending of the beam, which results in an induced twist via
structural coupling. The composite beam has an outboard
integral flap, and the flap deflection corresponds to the tip
twist of the beam. Two one-eighth scale model rotor blades
that used the actuator beam were hover tested at various
rotor speeds and collective settings to evaluate the perfor-
mance of the flap drive system. The actuator beam was
excited at various frequencies and rms voltages, and 4/rev
peak-to-peak flap deflections of 3—4° were achieved at an
operating speed of 900 rpm. Two active rotor blade concepts
were developed using a piezo-induced bending—torsion cou-
pled composite actuator beam (37). The first is an active
moving blade, and the second is a rotor blade that has an
active linear twist. A spanwise variation in the beam layup
and piezoceramic element phasing maximizes the twist



response and minimizes the bending response. Two oper-
ational one-eighth Froude scale model rotor blades that
have a 90% main blade section and 5 and 10% span ac-
tive tips were used for hover testing. In the controllable
twist configuration, a nonrotating twist amplitude of 0.8°
is achieved at 100V,,s and 75Hz. In hover, at 875 rpm, this
reduces to 0.5° at 5/rev. The actuating power per blade is
estimated at 1.2% of the hover power required at 8° collec-
tive. In the moving blade tip configuration, a nonrotating
deflection amplitude of 1.7° is achieved at 100V,s. Non-
rotating dynamic tests show resonant amplification for all
frequencies up to 5/rev. The deflection at 120V,,,s increases
from a low frequency 2.25° to 3.5° at 4/rev, and for 90 Vs,
the low-frequency deflection amplitude of 1.5° doubles to
3.0° at 5/rev.

Koratkar and Chopra (38) reported on the analysis
and testing of a Froude scaled rotor model that uses
piezoceramic-bimorph actuated trailing-edge flaps. Piezo-
ceramic benders mounted into the spar of the blade actuate
the flap, and a rod-cusp mechanism is used to amplify the
actuator tip displacement. An analytical model was de-
veloped by coupling an unsteady-state aerodynamic model
for the flap hinge moment and a structural finite element
beam model for the piezoceramic bender. Two operational
one-eighth (Froude) scale rotor models that had piezo-
bimorph actuated trailing-edge flaps were tested. Flap de-
flections of +6° (4/rev excitation) were achieved in hover
at the Froude scaled operating speed of 900 rpm. Flap
authority of 10% for the rotor thrust was achieved at 4°
collective for a 4/rev excitation. The analytical model was
used to design a Mach scaled rotor model that had piezo-
bimorph actuated trailing-edge flaps. The analysis indi-
cates that two side by side, tapered, eight-layered bimorphs
excited by a bias voltage (2:1 amplification) can generate
flap deflections of +6° at the Mach scaled operating speed
of 2100 rpm. An active rotor blade that can be flown in
two different configurations (with a moving blade tip or as
a controllable twist blade) was designed and tested (39).
The inboard 90% of the blade that uses a bending—torsion
coupled actuator located in the spar is common to both
blade types. The actuator (both blades) is a piezo-induced
bending—torsion coupled composite beam. Two operational
one-eighth scale model rotor blades were used for hover
testing. In the controllable twist configuration, a nonrotat-
ing twist amplitude of 0.8° is achieved at 100V and 75Hz.
In hover, at 875 rpm, this reduces to 0.5° at 5/rev. The ac-
tuating power per blade is estimated at 1.2% of the hover
power required at 8° collective. In the moving blade tip
configuration, a nonrotating deflection amplitude of 1.7° is
achieved at 100V. Nonrotating dynamic tests show reso-
nant amplification for all frequencies up to 5/rev. The de-
flection at 120V, increases from a low frequency 2.25°
to 3.5° at 4/rev, and for 90V,,s, the low-frequency deflec-
tion amplitude of 1.5° doubles to 3.0° at 5/rev. The rotor
blades that had nonactivated moving tips were success-
fully flown in hover at 900 rpm and collective settings
from 4-8°.

Advances in developing a Froude scaled helicopter rotor
model featured a trailing-edge flap driven by piezoceramic
bimorph actuators for active vibration suppression (40).
Dynamic performance of the actuator and the actuator-flap
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assembly were examined. A beam model of the piezo bi-
morph, including rotor moment effects was formulated
to illustrate better the physical mechanisms that af-
fect the system in a rotating environment. An analytic
model and validation tests of Froude and Mach scaled ro-
tors featured piezoelectric bender actuated trailing-edge
flaps for active vibrational suppression (41). A finite ele-
ment structural formulation in conjunction with time do-
main unsteady-state aerodynamics was used to develop the
rotor blade and bender—flap coupled response in hover. A
two-bladed Froude scaled rotor that used piezobender ac-
tuation was tested to investigate the feasibility of piezoben-
der actuation and validate the analytic model. Flap deflec-
tions of +4 to £8° for 1 to 5/rev bender excitation were
achieved at the Froude scaled operating speed of 900 rpm.
The trailing-edge flap activation resulted in a 10% vari-
ation in the rotor thrust levels at 6° collective pitch. The
analytic model shows good correlation with experimental
flap deflections and oscillatory hub loads for different ro-
tor speeds and collective settings. Two Mach scaled rotor
blades using piezo-bender actuation were also designed
and tested. An eight-layered, tapered bender was used, and
the bender performance was improved by selectively apply-
ing large electric fields in the direction of polarization to
individual piezoceramic elements.

Lee and Chopra (42) developed an actuator for a
trailing-edge flap on a full-scale helicopter rotor blade us-
ing a high performance piezoelectric stack device. The ac-
tuator was designed and constructed using two identical
piezostacks that were selected from commercially avail-
able actuators. An analytical model was formulated by
using quasi-steady-state aerodynamics to calculate the
aerodynamic requirement of the flap actuator. A new am-
plification device that used a double-lever mechanism was
also designed. An amplification factor of 19.4 was obtained
experimentally under nonrotating conditions. The flap ac-
tuator can achieve the required flap deflections for active
vibrational control. A systematic approach was used to
design an active trailing-edge flap actuator for helicopter
vibrational suppression (43). The prototype actuator was
developed by using two piezostacks that had a double-
lever amplification mechanism. An extended piezostack
testing methodology, including both high preload and dc/ac
excitation, was used to evaluate the performance of the
piezostacks. The measured actuation stroke at 600 g of cen-
trifugal loading included more than 90% of nonrotating ac-
tuating capability. Koratkar and Chopra (44,45) reported
on the development of a Mach scaled rotor model that uses
piezoelectric bender actuated trailing-edge flaps for indi-
vidual blade control of helicopter vibration. An analytic
model was developed for the coupled actuator-flap-rotor
dynamic response in hover and was validated by using
experimental data obtained from a Froude scaled rotor that
had piezo bender actuated trailing-edge flaps. Future work
in this area will involve designing, fabricating, and testing
two Mach scaled rotor blades using piezo bender actuation.

A full scale demonstration system to provide active con-
trol of noise and vibrations as well as inflight blade track-
ing for the MD-900 helicopter was conceptually sized and
designed (46). Active control is achieved via a trailing-edge
flap and trim tab, both driven by on-blade smart material
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actuators. Fulton and Ormiston (47) studied a trailing-
edge control surface (elevons) used to generate local aero-
dynamic lift and pitching moments. A two-blade, hingeless
rotor that used 10% chord on-blade elevons driven by piezo-
ceramic bimorph actuators was tested in forward flight for
advance ratios from 0.1 to 0.3 at low to moderate thrust
coefficients. The fundamental dynamic response charac-
teristics and the effectiveness of elevon control in reducing
blade vibratory loads were studied. Deflections of +1-5° at
a nominal rotor speed of 760 rpm were achieved, and non-
linear actuator response characteristics were evaluated.
Aeroelastic and structural dynamic responses were evalu-
ated across a wide range of rotor speeds using sine sweep
excitation of the elevon up to 100 Hz. Preliminary experi-
mental results include actuator effectiveness, the effects
of low Reynolds number on elevon pitch moments, elevon
control reversal, and the variation of flap bending mode
responses to rotor speed and elevon excitation.

A new, robust individual blade control (IBC) control
methodology for vibrational suppression using a piezo ac-
tuated trailing-edge flap was explored (48). The controller
uses a neural network, learning in real time, to cancel the
effects of periodic aerodynamic loads on the blades adap-
tively, greatly attenuating the resulting vibrations. Com-
plete proof of the stability and convergence of the proposed
neurocontrol strategy is provided, and numerical simu-
lation results for a one-eighth Froude scale blade model
demonstrate that the controller can virtually eliminate
blade vibration from a wide variety of unknown, periodic,
disturbance sources. An innovative approach to vibration
reduction in rotorcraft that consists of modeling the smart
actuating mechanism by using a simple low-order linear
model that matches test data (with an associated varia-
tion or uncertainty) was introduced by Sahasrabudhe
et al. (49). The model is used along with a helicopter flight
dynamic model to optimize flap sizing and placement for
minimum fixed frame vibration. The effectiveness of the
flap in reducing interaxis coupling and as a redundant con-
trol for primary actuator failure was analyzed. Straub and
Charles (50) studied a bearingless rotor that had trailing-
edge flaps for active control of rotor aerodynamics and dy-
namics. The flaps are controlled by piezoelectric actuators
installed in the blade. Two aeroelastic codes are used to ex-
plore the aerodynamics and dynamics of this rotor. Results
show that a simple but efficient code may be used to pre-
dict rotor response and conduct concept development and
active control law development. An advanced code must be
used to obtain more accurate loads and to study the coupled
blade/flap dynamics and stability.

A numerical study to evaluate the aeroelastic steady-
state response of a hingeless rotor blade that used trailing-
edge flap controls was conducted by Yillikci (51). A new
aerodynamic environment due to flap control is formulated
on the basis of Theodorsen’s unsteady-state oscillating
airfoil aerodynamics representation, including unsteady-
state trailing-edge flap motions. Aeroelastic responses of
elastic rotor blades that have flap and pitch controls were
compared, and the responses of different blade configura-
tions that had variable chord and flap geometries were an-
alyzed. Control flap actuation using the magnetostrictive
material Terfenol-D was studied by designing a minimum

weight actuator, subject to a set of actuation and stress
constraints (52). The resulting device can reduce vibration
by more than 90% under cruise conditions.

C-blocks are midrange piezoelectric actuators that show
promise for use in dynamic applications, such as noise
and vibrational control. They can be combined in series
or parallel to generate tailorable performance and ex-
ploit the advantages of bender and stack architectures.
An analytical model of an individual C-block actuator was
developed, and the possible configurations for achieving
improved force and deflection characteristics were investi-
gated (53). The use of C-block actuators in trailing-edge
flap control was addressed (54). It was found that sev-
eral C-blocks, attached in series and in parallel config-
urations were necessary to achieve the required amount
of lift authority. Although important issues such as power
requirements were not investigated, this study shows that
it is possible to attach the C-block actuators directly to
the trailing-edge flap and thereby avoid the need for ex-
cessive hinge moments caused by other types of actuating
mechanisms. A more recent effort in using C-block actua-
tors is discussed in (55). Planar structural actuation that
uses anisotropic, active materials is addressed by Bent
et al. (566). The mechanisms for creating anisotropic actua-
tors and the impact of anisotropy at the individual lamina
level and at the laminated structural level are discussed.
Models for laminated structures were developed using an
augmented classical laminated theory and incorporating
induced stress terms to accommodate anisotropic actuator
materials. Four anisotropic actuators that have different
material anisotropies were compared. A laminate incorpo-
rating piezoelectric fiber composite actuators was manu-
factured and tested.

SERVOFLAP

Although a vast amount of research based on the IBC
concept has been reported, direct use of piezoelectric de-
vices is still infeasible due to excessive power requirements
and lack of sufficient induced strain for adequate control.
For this reason, research efforts have been directed to-
ward servoflap designs to suppress aeroelastic instabili-
ties. Though greater efficiency has been reported, servoflap
concepts increase the complexity of rotor designs and in-
volve expensive aeroelastic computations. Giurgiutiu et al.
(57) investigated the engineering feasibility of induced
strain actuators for active vibrational control. Rotor blade
vibrational reduction based on higher harmonic control—
individual blade control (HHC-IBC) principles is a possi-
ble area for applying the induced strain actuator (ISA).
Recent theoretical and experimental work on achieving
HHC-IBC through conventional and ISA means has been
reviewed. A benchmark specification for a tentative HHC-
IBC device based on the aerodynamic servoflap principle
operated through an ISA was developed. Preliminary stud-
ies based on force, stroke, energy, and output power re-
quirements show that available ISA stacks coupled with
an optimally designed displacement amplifier might meet
the benchmark specifications. Straub (58) investigated
the feasibility of using smart materials for primary and



active control on the AH-64 helicopter. The results sug-
gest that embedded actuator concepts, that is, pitch, twist,
and camber control, were not practical. Servoflap control
using hinged control surfaces driven by discrete actuators
emerged as the most suitable candidate for smart material
actuation. Preliminary data show that rotor control using
smart materials might be feasible if a combination of smart
materials is used and the rotor design is driven toward low
control loads and motions.

The basic concepts for analyzing, designing, and ex-
perimenting on induced-strain actuators for rotor blade
aeroelastic vibrational control are presented in (59). A
trailing-edge servoflap actuated by a hydraulically ampli-
fied, large-displacement, induced-strain actuator is consid-
ered. The principle of high-power induced-strain actuation
and the energy and energy density of several commercially
available induced-strain actuators and results from static
and dynamic tests on a full scale model are presented.
Prechtl and Hall (60) describe a servoflap that uses a piezo-
electric bender to deflect a trailing-edge flap for a helicopter
rotor blade. The design uses a new flexure mechanism to
connect the piezoelectric bender to the control surface. The
efficiency of the bender was improved by tapering its thick-
ness over its length. The authority of the actuator was also
increased by implementing a nonlinear circuit to control
the applied electric field; this allowed a greater range of
actuator voltages.

An analytically developed smart material actuator that
employed ETREMA TERFENOL-D® to demonstrate its
effectiveness for helicopter rotor servoflap control was
introduced by Ghorayeb et al. (61). The design enables
control of the rotor blade flap by an actuator embedded
in the blade itself. A series of loading conditions char-
acterized by an additive process of steady-state, cyclic,
and active control functions were considered for sustained
flight. Optimization of the overall system gave rise to a
system gain of 3.7 for sustained motion. Magnetostrictive
actuators used in conjunction with an extension-torsion
coupled composite tube were studied for actuating a ro-
tor blade trailing-edge flap to control helicopter vibra-
tion actively (62). Thin-walled beam analysis based on the
Vlasov theory was used to predict the axial force-induced
twist and extension in the composite tube. Tests of the
magnetostrictive actuator/composite tube systems showed
good correlation between measured and predicted twist
values.

A flap-operated, individual blade control (IBC) system
for reducing vibration in the Army UH-60A helicopter is
described (63). An alternative actuating technology us-
ing magnetostrictive materials was adapted. The advan-
tages of the design include all-electric operation, simplic-
ity, reliability, low mass, low voltage, and insensitivity to
centripetal acceleration. The actuator requirements are
derived for 17% chord width flaps integrated into the outer
half-span of the trailing edge. Four flaps per blade for
improved control effectiveness using opposing actuation,
particularly for the first flatwise bending mode which has
a node in the blade region under control, were used. An
optimized magnetostrictive actuator was developed using
Terfenol-D®, material. The impact of magnetostrictive flap
actuators on the development of practical IBC systems for
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reducing vibration is discussed. Straub and Merkley (64)
presented the results of a study to define conceptually an
on-blade smart material actuator for primary and active
control of a servoflap rotor. For a previously developed hy-
brid actuator concept, the design of the cyclic and active
(high speed) control actuator and the feasibility of the col-
lective (low speed) actuator and stroke multiplier were in-
vestigated. Sizing of actuator components based on AH-64
servoflap requirements shows that collective control us-
ing shape-memory alloys is well within the capability of
the material. Cyclic and active control using magnetostric-
tive material leads to a reduced maneuver envelope due to
weight and volume constraints.

Teves et al. (65) introduced an active control tech-
nology in the rotating system that uses pitch link actuators
and results in the first flying four-bladed helicopter whose
blades are individually controlled. To reduce the number of
free control parameters, the blade control technology was
tested in the harmonic mode. Recently, the design of large
stroke, electromechanical actuators to power a trailing-
edge servoflap system for feedback control of helicopter ro-
tor vibration, acoustics, and aerodynamic performance was
addressed by Prechtl and Hall (66). A new high-efficiency
discrete actuator, the X-frame actuator, is described.

ACTIVE TWIST

A smart rotor that actively controls blade twist by using
embedded piezoceramic elements as sensors and actuators
to minimize rotor vibrations was developed (67). A one-
eighth Froude-scale, bearingless helicopter rotor model
that uses banks of torsional actuators capable of manipu-
lating blade twist at frequencies from 5 to 100 Hz was
tested for vibrational suppression capability. Experimental
results show that tip twist amplitudes of the order of 0.5°
are attainable in forward flight by the current actuator con-
figurations. Test results also show that partial reduction of
vibration is possible. Open-loop phase shift control of blade
twist in the first four rotor harmonics produced measured
changes in rotor thrust up to 9% of the steady-state values
that resulted in 3 and 8% reductions in rotor pitching and
rolling moments, respectively. Results from hover tests of
a one-eighth dynamically scaled (Froude scale) helicopter
model that had embedded piezoceramic elements (vibra-
tional suppression) were reported (68). The twist perfor-
mance of several rotor blade configurations as investigated
using accelerometers embedded in the blade tip. A dynami-
cally scaled (Froude scale) helicopter rotor blade was devel-
oped that has embedded piezoceramic elements as sensors
and actuators to control blade vibrations (69). Each blade
of a bearingless rotor model has banks of piezoelectric ac-
tuators embedded in the top and bottom surfaces at +45°
angles with respect to the beam axis. A twist distribution
along the blade span is achieved by in-phase excitation
of the top and bottom actuators at equal potentials, and a
bending distribution is achieved by out-of-phase excitation.
A uniform strain beam theory was formulated to predict
analytically the static bending and torsional response of
composite rectangular beams that have piezoelectric ac-
tuators embedded. Parameters such as bond thickness,
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actuator skew angle, and actuator spacing were investi-
gated by experiments and then validated by theory. The
static bending and torsional response of the rotor blades
was experimentally measured and correlated with theory.
The viability of a vibrational reduction system based on
piezoactuation of blade twist was investigated.

The structural and aerodynamic characteristics of a new
class of active flight control surface were developed (70).
The control surface uses a symmetrical, subsonic aerody-
namic shell that is supported at the quarter-chord by a
main spar and actively pitched by an adaptive torqueplate.
Details of the structural mechanics of the torqueplate
and several actuator elements, an interdigitated electrode
(IDE) and constrained directionally attached piezoelectric
(CDAP) elements are presented. An experimental torque-
plate specimen constructed from PSI-5A-S2 piezoceramic
shows high torsional deflections and stiffness as well as ex-
cellent correlation with theory. An active moving blade tip
for a smart rotor that is torsionally actuated via a piezo-
induced bending—torsion coupled composite beam is pre-
sented (91). A novel spanwise variation in the beam layup
and piezoceramic element phasing is used to maximize the
twist response and minimize the bending response. The
bending results in an induced twist via structural coupling,
and this twist deflects the moving tip. A variety of tests
were conducted using a proof-of-concept actuator beam.

An interdigitated electrode piezoelectric in fiber com-
posite (IDEPEC) method uses smart materials to achieve
main spar twist (72). Active materials are embedded in the
composite plies of rotor blades actuated by applied electri-
cal fields. Active twist for a one-sixteenth scale CH-47 ro-
tor blade is demonstrated, and a preliminary design for a
one-sixth scale blade is presented. The benefits of actively
twisting the main rotor spar are demonstrated, and the
influence that active twist may have on rotor design con-
straints and traditional ground rules is illustrated. Over-
all system performance, including economic merit, weight,
and power consumption for this method of actuation is
evaluated, and the feasibility of applying this process to
rotorcraft is discussed. An active blade designed for con-
trolling rotor vibrations and noise was introduced (73). Ac-
tive fiber composites were integrated within the composite
rotor blade spar to induce shear stresses, which results in
a distributed twisting moment along the blade. The design
of an active blade model based on a one-sixth Mach scale
Chinook CH-47D is reviewed. The requirements for the
active fiber composites subjected to 160 kt., 3 g maneuver
loads and the experimentally determined actuator capabil-
ities are reviewed. The testing of a half-span active blade
test article is described. Twist actuation performance is
compared with model predictions. An analytical effort to
examine the effectiveness of embedded piezoelectric ac-
tive fiber composite laminae for alleviating adverse vibra-
tory loads on helicopter rotor blades in high-speed, high-
thrust forward flight conditions is detailed (74). Structural
and piezoelectric actuating properties for a conceptual full-
scale active fiber composite rotor blade were developed
using a classical laminated plate theory approach. The out-
of-plane bending and torsional dynamic responses of the
active fiber composite blade, both with and without piezo-
electric twist control, are calculated by using an aeroelastic

analysis code. The dynamic stall-limited maximum rotor
thrust versus forward flight speed trends for the active
fiber composite blade are compared with those of a base-
line, conventional rotor blade structure. The maximum
stall-limited rotor thrust using active blade twisting is ap-
proximately 5-10% greater than that achievable by using a
conventional passive blade structure. A corresponding 10—
15% increase in dynamic stall-limited forward flight speed
is also shown when the active fiber composite blades are
used. Torsional load buildup due to dynamic stall effects
is delayed by 4% in rotor thrust and 10% in forward flight
speed.

The vibratory load reduction at the rotor hub by using
smart materials and closed-loop control was investigated
by Chattopadhyay et al. (75). The principal load-carrying
member in the blade is represented by a composite box
beam, of arbitrary thickness, that has surface-bonded, self-
sensing piezoelectric actuators. A comprehensive shear de-
formation theory was used to model the smart box beam.
An integrated procedure for rotor vibratory load analy-
sis was developed by coupling an unsteady aerodynamic
model with the rotor blade dynamic model based on the
smart composite box beam theory. The dynamic deforma-
tions of the blade in all three directions, flap, lead-lag, and
torsion, were included in the analysis. The results showed
significant reductions in the amplitudes of rotor dynamic
loads by using closed-loop control. Aeroelastic modeling
procedures used in the design of a piezoelectric control-
lable twist helicopter rotor are described (76). Two aero-
elastic analytical methods were developed for active twist
rotor studies and were used in designing the wind tunnel
model blade. The first procedure uses a simple flap-torsion
dynamic representation of the active twist blade and is
intended for rapid and efficient control law and design op-
timization studies. The second technique employs a com-
mercially available comprehensive rotor analysis package
and is used for more detailed analytical studies. Analyti-
cal predictions of hovering light-twist actuating frequency
responses are presented. Forward flight fixed system n< vi-
bration suppression capabilities of the model active twist
rotor system are also presented. Frequency responses pre-
dicted by using both analytical procedures agree qualita-
tively for all design cases considered; the best correlation
results when uniform blade properties are assumed. The
development of the active twist rotor for hub vibration and
noise reduction studies is described (77). The rotor blade is
integrally twisted by direct strain actuation by distribut-
ing embedded piezoelectric fiber composites along the span
of the blade. The development of the analytical framework
for this type of active blade is presented. The requirements
for the prototype blade and the final design results are
also presented. Active rotor blade tips offer an alterna-
tive approach for main rotor active vibrational control. The
tips are actively pitched via a piezodriven bending—torsion
coupled actuator beam that runs down the length of the
blade. A near Mach scale rotor model design (tip Mach =
0.47) that has adaptive blade tips was reported (78).

A new type of flightworthy solid-state adaptive ro-
tor system uses directionally attached piezoelectric (DAP)
torqueplates to control Hiller servopaddles (79). The ser-
vopaddles change the rotor disk tilt and thereby induce



changes in forces and moments for flight control. The ser-
vopaddles were constructed from PZT-5H piezoceramic ac-
tuator sheets bonded symmetrically at 45°. An aluminum
substrate and a high temperature cure was used for pre-
compression. The classical laminate theory (CLT) along
with strip theory aerodynamics and inertial relations was
used in analytical modeling. Because rotor moments are
proportional to servopaddle deflections at a fixed rotational
speed, it was possible to cancel them out by balancing
an aeroelastic coupling between the center of mass, the
aerodynamic center, and the elastic axis. Bench testing of
the rotor system showed good agreement between theory
and experiment. The design and testing of a one-twelfth
scale solid-state adaptive rotor for helicopter flight control
via active pitch manipulation is described (80). The pitch
angle is adjusted by using piezoceramic directionally at-
tached piezoelectric (DAP) torqueplates mounted between
the rotor shaft and the blade root. Analytical models based
on classical laminated plate theory for steady torqueplate
deflection are presented and verified using the solid-state
adaptive rotor test article (Froude scaled).

MODELING

The presence of a sensor and actuator introduces discon-
tinuities in both the geometric and material properties of
a structure. Accurate and validated modeling techniques
are also necessary to account for the presence of multiple
and interacting failure modes. The efficient implementa-
tion of smart materials requires developing accurate an-
alytical models that incorporate their unique properties
and the discrete nature of their positions in the structure.
Important issues that need to be addressed include: (1) a
transducer model for smart materials that addresses the
coupling effects or interactions among all possible fields,
electrical, mechanical, and thermal; (2) a constitutive
model that addresses the application of large induced
strain when driven by a high electrical field, that is, a
hysteresis model; (3) in a composite primary structure, a
laminated smart structure model that efficiently predicts
transverse shear effects accurately; and (4) modeling the
presence of defects to predict the life of the structure ac-
curately. Although, a significant amount of research effort
has been directed to using smart materials for rotary wing
control, all of the issues of basic modeling have not yet been
fully resolved.

In the process of modeling rotor blades that use in-
duced strain actuators, composite box beams can be used
to model the principal load-carrying member in the blade.
These simplified reduced-order models can be designed to
meet the stiffness, mass, and twist distributions of a ref-
erence blade. The use of these models offers physical in-
sight and reduces the computational time requirement,
compared to the detailed finite element model. There-
fore, they can be used efficiently within an optimization
framework. Composite box beam analysis has been inves-
tigated by a number of researchers. Chandra et al. (81)
developed a formulation for a composite thin-walled box
beam that has distributed actuators. The results of the
static analysis were correlated with experimental data.
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Chattopadhyay and Seeley (82) developed a rotating com-
posite box beam model that has embedded actuators and
sensors, and results were obtained by developing a formal
optimization technique. Chen and Chopra (83,84) used a
one-dimensional, uniform strain model in their investiga-
tion of using distributed piezo actuators to twist the blade
actively. Later, they refined the one-dimensional uniform
strain theory to include closely spaced actuator interactive
effects, based on a block-force assumption, and developed a
Bernoulli-Euler plate theory to predict the static response
of smart composite beams (85).

In all of this work involving box beams that have em-
bedded actuators and sensors, the analysis was based on
the classical laminate theory (CLT), thereby neglecting
out-of-plane stresses and strains. The need for modeling
transverse shear deformation in composites has been well
documented. Transverse shear effects increase as lami-
nate thickness and material anisotropy increase. In mod-
eling composite laminates that have distributed sensors
and actuators, it is important to have a general frame-
work for evaluating the transverse shear effects accurately.
Full three-dimensional analyses can accurately predict
displacements and stresses, even at alocal level, but are too
computationally expensive to be used for practical analysis
of aerospace structures. First-order shear deformation the-
ories that use shear correction factors have been used by
some researchers to analyze composites that use embedded
adaptive materials (86). The dynamical modeling of rotat-
ing blades carrying a tip mass and surface-bonded piezo-
electric actuators is addressed in (87). The blade is modeled
as a thin-walled beam, including anisotropy and secondary
warping. Transverse shear is included using shear correc-
tion factors. Layerwise theory was used in to ascertain the
level of model complexity necessary to represent piezoelec-
tric actuation of beam structures accurately (88). A refined
hybrid plate theory that combines the layerwise theory and
an equivalent single-layer theory with linear piezoelec-
tricity was developed by Mitchell and Reddy to model smart
composite laminates (89).

Several researchers have shown that the higher order
theory can accurately describe transverse shear defor-
mation in composites without being computationally pro-
hibitive. Chattopadhyay et al. developed a higher order
theory for modeling smart composite structures (90-92). In
modeling plates of arbitrary thickness and surface-bonded
self-sensing piezoelectric actuators, it was shown that the
first natural frequency is highly overestimated by the clas-
sical theory, especially for thicker plates, whereas the first-
order and the higher order theories agree well. Larger dif-
ferences between the theories were observed in the second
bending mode. Even the first-order theory, it was shown,
overpredicts these frequencies (90). These results indi-
cate that it is necessary to include an accurate description
of the transverse shear stresses, which are important in
composites due to the large ratio between Young’s mod-
uli and shear moduli. Because a helicopter rotor blade is
very flexible, shear deformation plays an important role.
Therefore, an accurate description of the displacement
field is necessary. The higher order theory was extended
by Chattopadhyay et al. (92) to model a composite box
beam that has surface-bonded piezoelectric actuators and
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sensors. The new theory, based on a refined higher or-
der displacement field of an eccentric plate, is a three-
dimensional model, which approximates the elasticity so-
lution so that the box beam’s cross-sectional properties are
not reduced to one-dimensional beam parameters. Both in-
plane and out-of-plane warping are included automatically
in the formulation.

Coupling of thermal, piezoelectric, and mechanical
fields plays an important role in analyzing smart struc-
tures. However, these issues are ignored in most applica-
tions. In most of the work, a one-way coupling that consid-
ers only the effect of a known field on another field is used.
For example, it is assumed that the piezoelectric field can
be calculated directly from the applied voltage, which is
then introduced in the unknown displacement field as an
induced strain. However, piezoelectric actuation changes
the strain field during active control of the structure, and
the new strain field, in return, also affects piezoelectric
distributions. This is referred to as “two-way” interaction/
coupling. Two-way coupling between piezoelectric and me-
chanical fields was included in the hybrid plate theory de-
veloped by Mitchell and Reddy (89). The piezothermoelas-
tic behavior of composite plates was addressed by Tauchert
(93) using CLT and by Lee and Saravanos using layerwise
theory (94). In this work, a known thermal field was used
to study the effect on mechanical and piezoelectric fields.
The interactions between thermal and mechanical fields
and between thermal and piezoelectric fields were ignored.
Recently, a coupled thermal-piezoelectric-mechanical
(t—-p—m) model was developed by Chattopadhyay et al. to
address the two-way coupling of smart composites (95,96).
As shown in their work, coupling affects plate deforma-
tion and can lead to mispredicting the control authority of
smart composite plates.

In all of this work, the material is usually assumed
perfect and is not debonded or delaminated. Seeley and
Chattopadhyay addressed debonded in piezoelectric actua-
tors, which causes significant reductions in control author-
ity (97). Recently Chattopadhyay et al. developed a more
general framework for modeling adaptive composite beams
and plates that have delaminations in the primary struc-
ture by using a refined third-order displacement field (91).

The applications of piezoelectric materials in smart
structures are based mostly on a linear piezoelectric model.
This implies both low electrical fields and low mechanical
strains. However, to obtain greater actuating authority and
increased induced strain for practical applications, an elec-
tric field is required, whose magnitude exceeds the limit
of linear piezoelectric constitutive relationships. Piezoelec-
tric actuators exhibit only mild nonlinear response at low
voltage levels, but it is well known that the response can
be profoundly nonlinear at high field strength (98). The be-
havior of piezoelectric actuators under high applied voltage
was studied by Tiersten using a theory linear in displace-
ment gradients but cubic in electric field (99). Chatto-
padhyay et al. (92) used the experimental results of Craw-
ley and Lazarus (98) to develop an analytical model of the
nonlinear effect. In this model, the coupling coefficients
also depend on the actual strain in the actuator. The benefit
of this model is that the final governing equations remain
linear.

Piezoceramics exhibit constitutive nonlinearity involv-
ing hysteresis due to the variation in polarization if the
magnitude of the applied electric field is higher than that
of the coercive electric field. In addition, hysteretic be-
havior is also related to mechanical loading. Different
hysteretic loops are observed as mechanical stresses vary.
Several phenomenological theories have been proposed
during the last two decades to match experimental results
to assumptions motivated by certain piezoelectric charac-
teristics (100,101). These theories are not completely sat-
isfactory due to weak physical modeling or difficulties in
adapting the models to accommodate varying operating
conditions. Issues such as the crystal structure and inter-
actions between the crystallites, the unique crystallite ori-
entation distributions due to polarization switching, and
stress and strain states are neglected in these models.
A phenomenological hysteretic model based on a simpli-
fied piezoelectric microstructure was recently developed by
Zhou and Chattopadhyay (102). The internal constraint of
180° and 90° polarization switching was considered. The
energy losses due to orientation switching and the inclu-
sions in piezoelectric materials were modeled. The three-
dimensional stress state was addressed by using a new
form of Gibbs free energy. The research yielded an explicit
form of the constitutive relationships governing hysteresis.

The applications of SMA controllers result from their
large constrained recovery despite their slow response time
and high energy requirement, compared to piezoelectric
materials. Birman (103) published a comprehensive review
of work in the areas of SMA constitutive modeling and ap-
plications. A good overview of shape-memory alloy char-
acteristics and applications was recently presented by
Otsuka and Wayman (104). Lagoudas and Bo (105) stud-
ied the use of more than one active material by model-
ing piezoelectric and SMA layers in a composite laminate.
Hebda and White (106) investigated SMA transformation
behavior within an elastomeric matrix and concentrated
on the two-way shape memory effect (TWSME). Epps and
Chandra (107) embedded SMA wires in a composite beam
to tuning the beam actively. A thermomechanical model
under multiple nonproportional loading cycles was re-
ported by Lagoudas et al. (108).

Simple classical Euler—Bernoulli beam theories or clas-
sical laminate theories have been used in most applica-
tions of SMA fibers. The SMA fibers were heated by ap-
plying electrical current using some control device, and it
was assumed that the heat would not affect the composite.
This important effect was addressed by Turner et al. (109)
who observed significant changes in the properties, and
natural frequencies of laminates by including the ther-
mal effect. However, the model was macromechanical, so
that it depends only on measuring fundamental engineer-
ing properties. In embedded SMA actuators, the large load
transfer over a thin shear layer exacerbates the problem of
debonding and, even using improved composite design and
fabrication, debonding is expected at some point during
the useful life of an active composite. Therefore, mode-
ling must account for incipient damage to enable designing
damage-tolerant active composites. Therefore, although
significant research has been reported in modeling that
uses SMA fibers, a critical gap must be bridged between



micromechanics and structural lamination theories. The
strain energy absorption of SMA and the performance of
SMA hybrid composites for augmenting damping in rotary
wing structures have not yet been fully explored. Several
issues require further investigation to make these concepts
useful in rotorcraft application.

Several modeling approaches that describe the beha-
vior of elastomeric materials used in helicopter rotor lag
dampers are examined and evaluated in (110). Two of the
models are then used in a simulation of a helicopter ro-
tor startup, and the simulation results are compared to
each other as well as to flight test data. The simple models
(complex modulus models) that predict damper energy dis-
sipation well are inadequate for predicting forced response.
Elastomeric and Fluidlastic(R) damper activities at Boeing
Helicopters and issues that must be considered in design-
ing and analyzing such systems are discussed in (111).
Bench tests were performed on various damper configu-
rations to understand their dynamic characteristics.

FUTURE DIRECTIONS

Smart materials and composite structures have demon-
strated a huge potential for enhancing the performance,
reliability, and agility of rotary wing aircraft. Significant
advances have been made in piezoelectric, electrostrictive,
and magnetostrictive materials; shape-memory alloys; and
active fiber composites. However, practically implement-
ing of these proposed schemes still requires substantial
research in a number of areas. The following is a brief de-
scription of some suggested research directions.

Multifunctional Systems

Multifunctionality will be a cornerstone of future military
platforms and structures, and it is envisioned that these
systems will have sensors and control systems of the or-
der of tens of thousands. The excellent strength, stiffness,
and low weight of heterogeneous materials and their ex-
tensive tailorability make them the material of choice for
many present and future Army applications. Integration
with arrays of distributed actuators, sensors, and micro-
electromechanical systems (MEMS) can lead to the de-
velopment of new generations of efficient multifunctional
systems. These information technology devices that are
fabricated from active materials are self-contained data
processors and embedded components of control devices.
They can potentially be used for a multitude of rotary wing
applications, including vibrational and noise control, de-
tection and active mitigation of structural damage, and
stability augmentation. The control and optimal distribu-
tion of these types of devices still remains a major concern.
Data fusion techniques are also needed to optimize the
number of embedded devices, their distribution, and ma-
terial behavior within the system, so that crucial mission
information is efficiently processed and maintained. Fur-
thermore, the reliability of these embedded devices, not as
stand-alone devices, but as integrated subsystems within
systems that may comprise combinations of heterogeneous
materials, such as resin and metal matrix composites,
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high-strength laminated metals, toughened ceramics, and
functionally graded materials must be addressed. New ac-
tuating materials and control systems that have the de-
sired strain and frequency responses are needed so that
these devices, which can range in size from the micro- to
the mesoscale, can be easily integrated within larger scale
heterogeneous host structures for tailored applications. Fi-
nally, research in developing a multidisciplinary analytical
computational and experimental framework is necessary
for designing and optimizing such systems.

Health Monitoring

Structural damage of heterogeneous systems can occur
during production or field operations. Cyclic loading, ex-
cessive vibrations, and low velocity and/or high velocity
impacts can cause structural damage in a rotary wing en-
vironment. Inability to detect damage in heterogeneous
structures that may comprise combinations of composites,
ceramics, and metals is a factor that limits their use in
practice. Therefore, the development of integrated health
monitoring and inspection capabilities is a vital research
issue. The application of active materials to the develop-
ment of novel sensing techniques and the ability to in-
terpret sensor signals effectively and accurately in nearly
real time are fundamental for improving the reliability of
physical systems. Sensors based on active material can rev-
olutionize health monitoring, damage detection, and non-
destructive evaluation. However, this potential can be en-
sured only by deploying ultrareliable sensing techniques.
Advances in the development of microsystems have made it
possible for microsystems to be the enabling technology in
developing viable health monitoring strategies for complex
composite structures. Miniaturized sensory devices could
be incorporated into heterogeneous structures to signal the
presence, location, and extent of local and global failure
modes, such as fiber breakage, fiber pull-out, delamination,
and large matrix structural cracking. This requires inter-
disciplinary approaches that integrate research activities
focused on sensors, actuators, signal processing and inter-
pretation, structural modeling, system integration, elec-
tronics, and computational techniques.

Given the complexity of studying damage phenomena in
solids, it may be necessary to incorporate a hierarchy of an-
alytical networks and achieve structures that have large
sensory array capabilities to ensure structural integrity
and reliability based on continuous and dependable struc-
tural health monitoring, status inspection, and damage
detection with minimal human intervention/involvement.
Because practical structures are often subjected to impact
loads and high strain rates that cause large nonlinear de-
formation and failure, the physical modeling of hetero-
geneous structures that contain integrated microdevices
must be addressed. Investigation of physical models for
nonconservative and nonlinear structural and sensor/
actuator response and robust hierarchical control sys-
tem models for fault-tolerant design of distributed embed-
ded devices will be important. Appropriate numerical and
analytical techniques and optimization procedures also
need to be developed. The precision and reliability of the
health monitoring system strongly rely on the accuracy



40 ADAPTIVE SYSTEMS, ROTARY WING APPLICATIONS

and analysis that relate sensor measurements to physical
changes due to fracture initiation and progression. It would
be desirable to integrate sensors and actuators based on ac-
tive material, the structural components, the power supply,
and the localized control circuit into a single unit.

Enhanced Structural Damping

Successfully incorporating advanced, active damping
schemes and/or treatments into rotary wing aircraft would
lead to a more comfortable ride, quieter interiors for
greater crew and passenger comfort, safer flight due to
enhanced rotor stability, more economical operation be-
cause of extended fatigue life of airframe and rotor blades,
and improved maneuverability. Therefore, developing a
more effective and economical structural damping ap-
proach that can adjust its mechanical properties to appro-
priate specifications will be beneficial in designing future
rotorcraft systems. Because currently used damping mod-
els are fragmented and ad hoc, they must be generalized to
become useful in design and analysis. Although recent re-
search has demonstrated the feasibility of tailoring damp-
ing methodologies on a small scale, their synthesis on a
practical scale is still not proven. Innovative approaches to
modeling damping, compatible with current finite element
codes, and the introduction of damping mechanisms into a
structure are needed for vibrational suppression, noise re-
duction, increased system performance, extended service
life, and lower maintenance costs. Thus, fundamental re-
search is required to devise actuating schemes, develop,
and validate experimentally new modeling methods and
controller designs for damping mechanisms. The control
issues in this initiative are on the frontier of distributed
nonlinear control. These issues range from structural mod-
eling of control elements, through coupling and feedback to
the elements of the system, to the study of the overall dy-
namics of the control system. Improving the performance
of active vibrational suppression systems by using nonlin-
ear approaches and subsequently exploring the new de-
sign space holds the promise of higher energy dissipation
capabilities, more robustness, and adaptability to chang-
ing demands and diminished requirements from resources
and infrastructure. However, a number of hurdles in sys-
tem concept definition, nonlinear systems modeling, and
design need to be addressed.

Improved Actuators

Much progress has been made recently in using active
materials in actuator design for damping and/or induced
strain. However, successful application of such actuators
will depend upon their cost and ease of system integra-
tion and retrofitting. Therefore, innovative concepts to
address issues in the development of design tools,
methodology, modeling, simulation, prototyping, and real-
time software/hardware implementation are necessary
for a number of designs of actuators based on ac-
tive materials. Low-cost, high-bandwidth, high-authority
(force/displacement characteristics), innovative actuators
for both military and commercial applications need to be
developed, and the associated driving electronics and con-
trol systems must also be addressed.

Aerodynamic Control

The application of smart materials, intelligent systems and
control logic concepts to aerodynamic problems has been
very limited, primarily because of the lack of knowledge
and understanding of the way these techniques might best
be used in aerodynamic flow control. There is a real need for
better understanding of the fluid physics and fluid mecha-
nisms that will become available from using advanced ma-
terials and intelligence technologies. Although major im-
provements in aerodynamic performance and control from
using unsteady flow control techniques seem feasible, their
use will depend upon developing techniques to create the
flow interactions that govern the manner in which these
new flow control ideas are implemented. Much better un-
derstanding must be established concerning the benefits
and difficulties of using the various advanced actuators
that are needed to create physical interaction with flow. Re-
search activity in this area might combine concepts derived
from the areas of adaptive structures, MEMS devices, con-
trol theory, modeling and numerical analysis techniques,
and other relevant technologies to evaluate the various
possible actuators for such applications.
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