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F~~KEI\‘OlW TO KEYKJNT EI~ITION 

13.4\‘ID GOKIWS Il’Il.SOS 

.-\rcl1il~~tld Sllaty’s clefiniti1.e \vork on i,ic)rcles al1c1 tricylcs mztrkerl, 

ant1 licl~wd to bring ahut. tile clttl of 311 cscitittg period i:1 

tn~cli;it~ic~;~l crtgitieeritig. Tlic iti\wt tioii 01’ the ptbhled bicycle 

Iwre fruit alter steam power liad lxwi applied ~t~cccssl‘i~ll~ to ro;tcl, 

rail. anrl water. But tlte ewitemei~t ctiget~clerecl by tile bic~vclo x15 

iti wmc ~‘;Iv+ more bTiclesI>rc’d~l 211~1 ititciise thati was inspired 1)) 

tltc triumplis of stedm. For ott tlie 011~ li;~nd it ctn;liicipatecl ldrg~ 

tttinil~-4 of c)rdili;iry INY~I~~~, ;~ttd p;tt~ticularl~ women, from Iifc- 

tinit’ \lwttt maittly uitiiitt \valkitlg distattct’s of tltcir llomes. .Ancl 

oii tlte otlter liatitl it game hcope to tinkerers, l~lacksmitlts, atid 

c~tt,gittea-4, ;tllowittg tltcir imagiii:ttions full rcigtt in concei\,ing 

tiw tic,ii;ti\ of’ tnacititta atic of ccmpotictits. 

*I‘lie rt.~iilt \V;IS tlut. itt tlie tbx) dccxles followitlg Starley’s 

I Hi6 itt\ t.tttiott of tltc tatlSCtttt-~~,c,ke~l tertsion wheel, whose light 

wxziglit atid ltiglt stretigtlt opened t+ lx-oad at-cas of design frcc- 

tlorn. ;ttt estr;tortliriar~~ \3riety icycles was produced. hIany of 

these sliowecl “utter ignorance mdianical science.” x Sharp 

states iti lli\ preface. One of 11 ims in lvritirlg this book xvas to 

make it more tfifficttlt for rn: cturers to produce such “me- 

chanical nionstrosities.” 

.Anrl 11~ seems to lla\.e been supremely successfu1. His was not 

the first hook oii I,icycle design. He acknowledges his inclebted- 

ness iI1 his preface to K. 1’. Scott’s (;yling .W, ETzergy, nut1 Loco- 

motion and C. Korlrlct’s Trtrilk t1c.s Bicycles et Bicyrlette.~. Hut 

SIlarp’s work was more tllorough, complete, and authoritati\.e - 

arid was almost the last hook 2s well ;14 tlie last word on 1,icycIe 

design. The designs Ile scc.xIis liere \~irtuaIIy disappeared after the 

I~ul~lication of Iii3 book (it is true that mady were already becorn- 

ing cstiwt i)ecause of tiieir owl all-too-ohrious inadequacies). 



while the simple diamond-frame chain-driven “safety” bicycle. 

which he praised, ruled supreme and almost unchallenged as a 

utility and recreation vehicle during the following five decades of 

bicycle popularity all over the world. 

The mass-produced, low-priced automobile running on inex- 

pensive fuel relegated bicycles to the role of children’s playthings, 

first in the United States in the twenties and thirties and later in 

Europe and 0th :’ places in the fifties. But the very success of the 

automobile led to the end of the cheap-fuel era and to concern 

over the pollution and congestion resulting from over-use of auto- 

mobiles in cities. A second great bicycle boom started in the 

IJnited States in the late sixties and appears to be spreading to 

other countries. ,\nd wit11 it leas come a new outpouring of creative 

energy on the part of skilled engineers and of less skilled enthu- 

siasts. Many have already wasted much effort repeating some of 

the mistakes Sharp pointed out in 1896. The reprinting of his 

book will have practical as well as historical and educational value. 

His book can also be read for s18cer enjoyment. He was no dry 

academic. It is true that at the time his book was published he 

was instructor in mechanical design in a prominent London 

college and that thereafter he was often irreverently and inaccu- 

rately referred to as “Professor” Sharp. But he spent much of his 

professional life as an independent consultant, inventing and 

developing improved machines and compohents for himself and 

for others. His salty and down-to-earth nature is very evide’nt in 

the acrimonious letters he wrote to the correspondence columns 

of bicycling journals, + in which he attacked poor mechanica‘l- 

engineering science wherever he saw it, regardless of how impor- 

tant, or how self-important were the perpetrators. He was almost 

always right. 

The same forthrightness, and concern for the accuracy of 

engineering fundamentals, shines through every page of this book. 

The MIT Press will earn our gratitude for bringing back to us 

the complete Archibald Sharp: educator, engineer, entrepreneur, 

and concerned human being. 

*Frank Rowland Whitt, senior author of BicycEing Science, 
sent me copies of some of Archibald Sharp’s correspondence . 
“wars” with contemporary bicycle manufacturers. 



PKIZFACE 

A BICYCLE or a tricycle is a rnoreor less csrnples machine, 

and for a thorough appreciation of the stresses and strains 

to which it is subjected in ordinary use, and for its efficient 

design, an extensive knowledge of the mechanical sciences 

is necessary. Though an extensive literature on nearly all 

other types of machines exists, there is, strange to say, 

very little on the subject of cycle design ; periodical 

cycling literature being almost entirely confined to racing 

and personal matters. In the present &iTork an attempt 

is made to gilye a rational account of the stresses and 

strains to which the various parts of a cycle are sub- 

jected ; only a knowledge of the most elementary portions 

of algebra, b ceometry, and trigonometry being assumed, 

while graphical methods of demonstration are used as far 

as possible. It is hoped that the kvork will be of use to 

cycle riders who take an intelligent interest in their 

machines, and also to those engaged in their manufacture. 

The present type of rear-driving bicycle is the outcome of 

about ten years’ practical experience. The old ‘ Ordinary,’ 

with its large front driving-wheel, straight fork, and curved 

backbone, was a model of simplicity of construction, 
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but with the introduction of a smaller driving-wheel, c 
driven by gearing from the pedals, and the consequent 

greater complexity of the frame, there was more scold for 
variation of form of the machine. Accordingly, till a 

few years ago, c, a oreat \-aricty of bicycles were on the 

market, many of them utterly wanting in scientific design. 

Out of these, the pre5cnt-day rear-driving bicycle, with 

diamond-frame, extended wheel-base, and long socket 
steering-head-the fittest-has survived. A better techni- 

cal education on the part of bicycle manufacturers and 

their customers might have saved them a great amount 
of trouble and espense. Two or three years ago, when 

there seemed a chance of the dwarf front-driving bicycle 

coming into popular favour, the same variety in design of 
frame was to be seen ; and even now with tan&m bicycles 

there are many frames on the market which evince on the 

part of their designers utter ignorance of mechanical 

science. If the present work is the meatris of influencing 

makers, or purchasers, to such an extent as to make the 

manufacture and sale of such mechanical monstrosities in 

the future more difficult than it has been in the past, the 

author will regard his labours as having been entirely 

successful. 

The work is divided into three parts. Part I. is on 

IMechanics and the Strength of Materials, the illustrations 

and examples being taken with special reference to bicycles 

and tricycles ; Part II. treats of the cycle as a complete 

machine ; and Part II 1. treats in detail of the design of its 

various portions. 

The descriptive portions are not so complete as might 

be wished ; however, the Cyclist Year Rooks,’ published 



early in each year, enable anyone interested in this part 0.f 

the subject to be well informed as to the latest novelties 

and improvements. 
The author would like to express his indebtedness to 

the following works : 

The ‘ Cyclist Year Books ’ ; 

‘ Ricycles and Tricycles of the Year,’ by H. H. Griffin, 

a vaJuable series historically, which extends r‘rom 

ISp3 to 1889; 

‘ Cycling Art, Energy, and Locomotion,’ by R 

Scottk ; 
1) . . 

: 

‘ Trait6 des BicvcJes et Bicyclettes,’ par C. Bourlet ; II 
The ‘ Cyclist’ weekly newspaper ; 

and to the various cycle manufact.urers mentioned in 
the text, who have, without exception, always afforded 

information and assistance when asked. He has also to 
thank Messrs. Ackermann and Farmer for assistance in 

preparing drawings, and Messrs. Ackermann and Hummel 

for reading the proofs. 

In a work like the present, containing many numerical 

examples, it is improbable that the first issue will be 

entirely free from error ; corrections, arithmetical and 
otherwise, will’therefore be gladly received by the author. 
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PART I 

I'Rli'2'CYZ~LES OF MEI‘f~~~l~1~C.s 

CHAPTEG I 

FUND.151k:NT.IL COSCEPI‘I0S.c; OF ME:CH.\SICS 

I. Division of the Subject.--Gmlefry is the science which 
treats of relations in space. K&WI~E~~LS treats of space and 
time, and may be called the geometry of motion. Dyzamks is 
the science which deals with force, and is usually divided into 
two parts-statics, dealing with the forces acting on bodies which 
are at rest ; kinetics, dealing with forces acting on bodies in motion. 
Mdza/rics includes kinematics, statics, kinetics, and the applica- 
tion of these sciences to actual structures and machines. 

2. Space.--The fundamental ideas of time and space form 
part of the foundation of the science of mechanics, and their 
accurate measurement is of great importanw. The British unit 
of length is the iq‘wid~~ard, defined by Act of Parliament to be 
the length between two marks on a certa.in metal bar kept in the 
ofice of the Exchequer, when the whole bar is at a temperature of 
60” Fahrenheit. Several authorised copies of this standard of 
leqth are deposited in various places. The original standard is 
+ +ly disturbed at very distant intervals, the authorised copies 
serving for actual comparison for purposes of trade and commerce. 
The yard i- Cvided into three)et, and the foot again into twelve 
im-hes. Feet and inches are the working units in most general use 
by engineers. The inch is further subdivided by engineers, by a 
process of repeated division by two, SO that L”, i”, $“, mi’c”Y kc., 
are the fractions generally used by them. A more convenient 



subdivision is the decimal system into rl,,, 1 (‘, o, r ,;1,, ,,, L&c. ; this is 
the subdivision generally used for scientific purposes. 

The unit of length generally used in dynamics is the&nt. 
AZelrr’c L’;ltsttr,r . - ‘l’hc metric system of measurement in 

general use on the Continent is founded on the I~M~YI’, originally 
defined as the ,cJ.J..,,., part of a quadrant of the earth from the 
pole to the equator. This length was estimated, and a standard 
constructed and kept in France. ‘l’he metre is subdivided into 
ten parts called decimctreq, a decimetre into ten centimetres, 
and a centimetrc into ten millimetres. For great lengths a 
kilometre, equal to a thousand metres, is the unit employed. 

I metrt’ = 39.37 I inches = 3xSoc) feet. 
I kilometre = 0.62 138 miles. 
I inch = 2j3c)g5 millimetres. 
I mile = I -6093 I kilometres. 

3. Time.- I’he measurement of time is more difficult theo- 
retically than that of space. ‘I‘n-o diffwnt rods may be placed 
alongside each other, and a comparison made as to their lengths, 
but two different portions of time cannot be compared in this 
way. ‘ Time passed cannot be recalled. 

‘I’he measurement of time is effected by taking a series of 
events which occur at certain intervals. If the time between any 
t\vo consecutive events leaves the same impression as to duration 
on the mind as that between any other two consecutive events, 
we may cowider, tentatively at least, that the two times are equal. 
The standard of time is the sidtwd LAY), which is the time the 
earth takes to make one complete revolution about its own axis, 
and which is determined by observin g the time from the apparent 
motion of a fixed star across the meridian of any place to the 
same apparent motion on the following day. ‘The intervals of 
time so measured are as nearly equal as our moans of measure- 
ment can determine. 

The s&w &I* is the interval of time between two consecutive 
apparent movements of the sun across the meridian of any place. 
‘This interval of time varies slightly from day to day, so that for 
purposes of everyday life an average is taken, called the 7mm 

sdrrr dtly. ‘I’he mean solar day is about four minutes longer than 
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the sidereal day, owing to the natu.re of the earth’s motion round 
the sun. 

The mean solar day is subdivided into twenty-four LOWS, 
one hour into sixty IlrGzzcies, and one minute into sixty secunds. 
The second is the unit of time generally used in dynamics. 

4. Matter.---Another of our fundamental ideas is that 
relating to the existence of matter. The question of the measure- 
ment of quantity of matter is inextricably mixed up with the 
measurement of force. The 7mzss, or quantity of matter, in one 
body is said to be greater or less than that in another body, 
according as the force required to produce the same effect is 
greater or less. The mass of a body is practically estimated by 
its weight, which is, strictly speaking, the force with which the 
earth attracts it. This force varies slightly from place to place 
on the earth’s surface at sea level, and again as the body 
is moved above the sea level. Thus, the mass and the weight 
of a body are two totally different things ; and many of the 
difficulties encountered by the student of mechanics are due to 
want of proper appreciation of this. The difficulty arises from the 
fact that the@znd is the unit of matter, and that the w~&4t of 
this quantity of matter, Le. the force by which the earth attracts 
it, is used often as a unit of forse. A certain quantity of lead 
will have a certain weight, as shown by a spring-balance, in 
London at high level water-mark, and quite a different weight if 
taken twenty thousand feet above sea level, although the mass is 
the same in both places. 

The British unit of mass is the imperial patind, defined by 
Act of Parliament to be the quantity of matter equal to that of a 
certain piece of platinum kept in the office of the Exchequer. 

: The unit of mass in the metrical system of measurement is the 
~~utt~tlle, originally defined to be equal to the mass of a cubic 
centimetre of distilled water of maximum density. This is, how- 
ever, defined practically, like the British unit, as that of a certain 
piece of platinum kept in Paris. 



CHAPTER II 

SPEED, RATE OF CH.\NGE OF SPEED, VELOCITY, .ZCCELERATION, 

FORCE, JIOMENTCJI 

5. Speed.-A body in relation to its surroundings may either 
be at rest or in motion. Gzenr speed is the rate at which a body 
moves alon:: its path. 

Speed day be either u~~z~~~j~r or varirzb/e. With uniform 
speed t’. ti body passes over equal spaces in equal times ; with 
varial;lc -1 l ,‘tf#. f the spaces passed over in equal times are unequal, 
The motiozi nay be c&i; Aer in a straight or curved path, but in 
both cases we may still speak of tiic Jpeed of a point as the rate 
at which it moves along its path. 

6. Uniform Speed is measured by the space passed over in 
the unit of time. The unit of speed is one foot per second. Let 
s be the space moved over by the body moving with uniform 
speed in the time t, then if v be the speed, w have by the above 
definition. 

s 
7’ =-. . . , . . . . . . . 

t ( ) I 

Exlz7lz$e.-If a bicycle move through a space of one mile in 
four minutes we have, reducing to feet and seconds, L 

3 x 1760 
V = 22 feet per second. 

= 4 x 60 

It will be seen that the unit of speed is a compound one, in- 
volving two of the fundamental units, space and time. 

In the above example, the same speed is obtained whatever 
be the time over which. we make the observations of the space 
described. For example, in one minute the bicycle will move 
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through a distance of a quarter ot‘ a mile, that is 440 yards? or 
3 x 440 feet. Using formula (I) we get 

7’ = 
I320 
---- = 22 feet per second, 

60 

the same result as before. 
No,w, consider the space described by the bicycle in a small 

fraction of a second, say -&th, if the speed is uniform, this will be 
2’2 ft. Using formula (I) again, we have 

2'2 
z! = ----- = 22 feet per second. 

1'6 

Proceeding to a still smaller fraction of a second, say -&,th, 
if our means of observation were sufficiently refined, the distance 
passed over in the time would evidently be found to be the 
&$h part of a foot, Le. = ‘022 feet. Again using formula (1) 

we have 
‘022 

V =---- 
l-i&i3 

- 22 feet per second. 

Un2;/;v-m &fotl’nn z?z CL G-t/e.- -Another fami!iar example of 
uniform motion is that of a point moving in a circular path ; a 
point on the rim of a bicycle wheel has, relative to the frame of 
the bicycle, such a motion, uniform when the speed of the 
bicycle is uniform. The linear spe-;d, relative to the frame, of a 

point on the extreme outside of the tyre will be the same as the 
linear speed of the bicycle along and relative to the road, while 
that of any point nearer the centre of the wheel will be less. 

7. AnguIar Speed. -Wh en a wheel is rotating about its axis, 
the linear speed of any point on it depends on its distance from 
the centre, is greatest when the point is on the circumference of 
the wheel, and is zero for a point on the axis. The number of 
complete turns the wheel, as a whole, makes in a second gives a 
convenient means of estimating the rotation. Let 0 (fig. I) be 

the centre of a wheel, and A a point on its circumference ; UA 
may thus represent the position of a spoke of the wheel at a 
certain instant. At the end of one second, suppose the spoke 
which was initially in the position 0 A, to occupy the position 
i? A, ; if the motion of rotation of the wheel is uniform, the iinear 



s peed of the point A on the rim is measured by the arc A, A,, 
while the angular speed of the wheel is measured by the angle 
A, 0 A,. Genera.lly, the angular speed of a body rotating uniformly 
is the angle turned through in unit of time. 

The angular speed may be expressed in various ways. For 
example, the number of degrees in the angle A, 0 A, swept out per 
second may be expressed ; this method, however, is little used prac- 
tically. The, method of expressing angular velocity most in use 
by engineers, is to give the number of revolutions per minute, ?z. 

One revolution = 360” ; &volutions per 

minute can be converted into degrees 
per second by multiplying by 360 and di- 

A/ 
viding by 60, that is, by multiplying by 6. 

For scientific purposes another 
method is used. Mathematicians find 
that the most convenient unit angle to 

FIG. I. 
adopt is not obtained by dividing a 
right angle into an arbitrary number of 

parts ; they define the unit angle as that which subtends a circular 
arc of length equal to the radius. Thus, in figure I, if the arc A, A, 
be measured off equal ,to the radius 0 A ,, the angle A, 0 A, will 
be the unit angZe. This is called a mdict~. 

The ratio of the length of the circumference of a circle to its 
diameter is usually denoted in works on mathematics and 
mechanics By the Greek letter r (pronounced like the English 
word ‘pie ‘), and is 3 . 14159 . . . . This number is ‘ incom- 
mensurablei’ which means that it cannot be expressed exactly in 
our ordinary system of numeration. It may, however, be ex- 
pressed with as great a degree of accuracy as is desired ; a very 
rough value often used for caculations is 3:. It is easily 
seen that there are TT radians in an angle of half a revolution, 
and therefore the angle of one revolution, that is, four right 

angles, is 2n radians. Therefore, I: radian = 360 
2ri 

= 57’28”. 

The angular speed w of a rotating body is expressed in radians 
turned through per second, and 

2r n 
_- -- 

w=60 --***-* 2 
( ) 



8. Relation between Linear and Angular Speeds.~-- The 
connection between the :~ngular speed of a rotating hod\ , 
and the linear sl:ecbd of an>- point itr it m:ry no\v 1~ cnsily C‘N- 

pressed. Let 0 (f 1~. I) Ix tho centre of the rotating bod!~, and A 
a point on it, distant Y from the centre, which moves in unit of 
time from A, to A,, the number of units in the linear speed of A 
is equal to the number of units in the length of the xc ,;I, A,, 
similarl\* the angular speed of the rotating body is numericalI\ 
equal to the angle -4, 0 -.I2 in radians. Hut this 11. definition 
must be equal “0 the arc A, A1 dkided by the radius 0 A r, hence 
if 0) (omega) be the angular speed of a rotating hod!-, 7’ the linear 
speed of any point on it distant I- from the centrc, we have 

7’ 
01 = . . . . . 

,: . 
. . . . (3) 

The speed of a bicycle is convenientl~~ expressed in miles per 
hour, and the angular speed of the drivin, (r. wheel in revolutions 
per minute. Let T’ be the speed in miles ~)et- hour, 1) the 
diameter of the driving-wheel in inches, ;tnd /I the number of 
revolutions of the driving-wheel per minute ; then feet and 
seconds being the units in (;), 

2x II 
fJ) = ---- 

60 ' T' = 

Substituting in (3) we get 

27i ?I 
-__ = 

Y x 5280 x 2 x I2 
-.._ __ -._-~_-- 

60 3600 x D ’ 

from which . . . . . (4) 

that is,‘the speed of the bicycle in miles per hour is equal to the 
number of revolutions per minute of the driving-wheel, multiplied 
by the diameter of the driving-wheel in inches, and divided by 
336’13. 

A more. convenient rule than the above for finding the speed 
of a bicycle can be deduced. Let Iv be the number of revolu- 
tions of the driving-wheel made in f seconds ; then 
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Substituting in (4), we get 

60 ND y= .-- . 
“6.13 f 33 

Now, suppose that Iv be chosen equal to V; that is, t is 
chosen such that the number of revolutions in t seconds is equal 
to the number of miles travelled in one hour. Substituting above 
we get 

B 
d=--,. . . . . . . . . (5) 

5’502 

which is equivalent to the following convenient rule. Divide the 
diameter of the driving-wheel in inches by 5302, the number of 
revolutions of the driving-wheel made in the number of seconds 
equal to this quotient is equal to the speed of the cycle in miles 
per hour. 

If, in a geared-up cycle? D be taken as the diameter to which 
the driving-wheel is geared, YVwill be the number of revolutions 
per minutrl of the crank-axle, and formula (5) will still apply. 

9. Variable Speed.-The numerical example in section 6 
may help towards a clear understanding of the measurement of 
variable speed. When the speed of a moving body is changing 
from instant to instant, if we want to know the speed at a certain 
point, it would be quite incorrect to observe the space described 
by the body in, say, one hour or one minute after passing the 
point in question ; but the smaller the interval of time chosen, 
the more closely will the nz~~,ce speed during that interval 
approximate to the speed nt t/ze lltstunt of passing the point of 
observation. 

NOW; suppose the body after passing the point to move with 
exactly the same speed it had at the point, and that in t seconds 
it moves over s feet, its speed at the point of observation would 

be +- feet per second. In a very small fraction of a second, say 

T&Kth, the amount of change in the speed of the body is very 
small, and by taking a sufficiently small period of time the average 
speed during the period may be considered equal to the speed at 
the beginning of the period, without any appreciable error. The 
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speed at any instant will thus be expressed by equation (I), 
pmvia?ed t be i-hose~r srrrd! emq@z. 

Suppose a bicyclist just starting to race, and that we wish to 
observe his speed at a point 5 feet from the starting-point. We 

observe the instant he passes the point, and the distance he 
travels in a period of time reckoned from that instant. If in a 
minute he travel 2,300 feet, his ~zz’e~~z,~e speed during that time 

2400 
= 60 

= 40 feet per second. But in a quarter-minute, reckoned 

from the same instant, he may only travel 420 feet, giving an 
420 

average speed of - 2s feet per second ; while in five 
I5 - 

seconds he may only have travelled I IO feet, in one second 
15 feet, in one-tenth of a second 1.05 foot, in one-hundredth part 
of a second one-tenth part of a foot, with average speeds during 
these periods of 22, I 5, IO*;, and IO feet per second. The last 

of these values may be taken as a very close approximation to his 
speed when passing the point in question. 

IO. Velocity.-If the speed of a point and the direction of 
its motion be knoivn, its 7le/~z+r is defined : thus, in the concep- 
tion ‘ velocity,’ those of ‘speed ’ and ‘ direction ’ are involved. 

Velocity has been defined as ‘ speed directed, or ‘ rate of chnnge 
of position.’ Again, speed may be defined as the u7~7~~~~lihd~~ of 
velocity. 

Velocity, involving as it does the idea of direction, can there- 
fore be represented by a straight line, the direction of which 
indicates the direction of the motion, and, by choosing a suitable 
scale, the length of the line may represent the speed, or the 
magnitude of the velocity. A quantity which has not only 
mag,nitude and algebraical sign, but also direction, is called a 
vector quantity. Thus, velocity is a vector quantity. A quantity 

which has magnitude and sign, but is independent of direction, is 
called a scaZar quantity. Speed is a scalar quantity. 

Velocity may bz LGzenr or n~~+~zr ; it may also be uniform or 
variable. A point on a body rotating with uniform angular speed 
about a fixed axis has its linear speed uniform, but since the 
direction of its motion is continually changing, its linear velocity 
is variable, its angular velocity is uniform. Atig-uZar veZocit_l, can 
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also be represented by a vector, the direction of the vector being 
parallel to the axis of rotation, and the length of the vector being 
equal to the angular speed. 

I I. Rate of Change of Speed.--If :I moving body at a 
certain instant has a speed of 3 feet per second, and a second 
later a speed of 4 feet per second, two seconds later a speed 
of 5 feet per second, three seconds latet. a speed of 6 feet 
per second, and so on ; in one second the speed increases 1,) 
I foot per second. In other words, its rate of change of speed 
is I foot per second per second. 

Rate of change of speed may be either un;form or variable. 
An important example of uniform rate of change of speed is that 
of a body falling freely under the action of gravity. If a stone be 
dropped from a height, its speed at the instant of dropping is 
zero ; at the end of one second, as determined by experiment, 
3~2 feet per second approximately ; at the end of two seconds, 
64-4 feet per second ; at the end of three seconds, 96.6 feet per 
second -at least, these would be the speeds if the air offered no 
resistance to the motion. Thus the rate of change of speed of a 
body fallin g fruely under the action of gravity is 322 feet per 
second per second. 

If ~1 be the rate of change of speed of a body starting from 
rest, at the end of t seconds its speed will be 

v-ttt . . . . . . . . . . (6) 

Its ne!ema<qe speed during the time will be $ (I t, and therefore the 
space it passes over in time t is 

S = ~cdxt=$d2 . . . . - (7) 

A cyclist starting in a race affords a good example of variable 
rate of change of speed. At the instant of starting the speed of 
the machine and rider is zero ; at the end of two seconds it may 
be five miles an hour ; at the end of three seconds, nine miles an 
hour ; at the end of four seconds, thirteen ; at the end of five, seven- 
teen ; at the end of six, twenty ; at the end of seven, twenty-two ; 
at the end of eight, twenty-three ; at the end of nine, twenty- 
three and threequarters -the increase in the speed with each 
second becoming smaller and smaller until, say fifteen or twenty 



seconds from the start, the rmsin~um speed is reached, that speed 
remains constant, 2nd the rntc of ch3ngc btxomct5 xro. In this 
cast3 not 01~1s the speed, but nl5o its rate of rhangc, is vxialde. 
The rate of’ cA~ange l)robabl!. incrtlzxs at first, :lnd rtxwhc~ its 
maximum soon after the start, then diminishes, AIJ’.~ ultim:~tclv 
reaches the value zero. If the speed of a body diminish, its 
rate of change of speed is negative. ;1 cyclist while pulling up 
previous to 5toppit-k. (r is ino\-iiig with negative rate of change of 
Sp?d. 

The unit of rate of change of speed, like that of speed, is a 
impound one, into which the fundamental units of time and spxe 
t3ltcr. In cspressin g rate of change of speed we haw used the 
I)tlrze 6 feet 1)t.r second lxr second ’ ; this deserves careful stud) 
on the part of tht* b~ginntx, as a proper understanding of the 
ideas involved in these units is absolutely necessary for satisfactor) 
progress in mechnnks. ‘I‘his rate of change is often loost21!~ 
spoken of in some of the earlier test books a5 so many ’ feet per 
second ? ; this method of expression is quite wrong. For instance, 
considering the rate of change of speed due to gravity, we have 
stated at)ovc that it is 32 feet per second lxr second. ‘This means 
that at the ~4 of ww second the speed of a freel\. falling body 
is incrtlxed 1)~ an additionnl speed of ,;z feet pt!r second, or 
1,920 f&t lwr minute. In one minute the speed would 1~ in- 
creased by sixty times the above additional speed-that is, by 
1,920 feet per swond, or I I 5,200 feet per minute. This rate of 
change of speed ma>- therefore be expressed either as ‘ 32 feet 
per second per second,’ ‘ 1,920 feet per minute per second,’ or 
‘ I 15200 feet per minute per minute.’ 

The relation between the units of rate of change of speed, 
<pace. and tiillt! is espwssed by the fwmula (7), which may be 
written 

2s 
(I = 

f?’ 

which shows that the magnitude of the unit rate of change of 
speed is proportional to that of unit space, and inversely propor- 
tional to the .:quare of that of unit time. 

I 2. Rate af Change of Angular Speed.-The angular speed 
of 2 rota+i,lg body may be either constant or variable ; in the 



latter case the r&e (rf i*Awqe of tzIl.\w/(rr s/wlj is the increment 
in one unit of time of the angular speed. Let H be the rate of 
change of angular speed, (I the rate of change of linear speed of 
any point on the body distant Y from the centre, ther: 

I 9 Acceleration is rate of change of velocity ; it may be 3’ 
zero, uniform, or variable. When it is zero the velocity remains 
constant, and the motion takes place in a straight line. 

\\‘hen a point is moving with uniform speed in a circle, though 
its speed does not change, the direction of its motion changes, 
and therefore its velocity also cha~~ges. It must thtArefore be sub- 
jected to acceleration. An acceleration which does not change 
the speed of the body on which it acts must be in a direction at 
right angles to that of the motion, and is called rru’~~r/ accelera- 
tion. An acceleration which does not change the direction o,f a 
moving body must act in the direction of motion, and is called 
farzgefztiaZ acceleration. The ~,rq,~zit~de of the tangential accele- 
ration is the rate of change of speed. 

14. Force.-The definition and measurement of force has 
afforded scope for endless metaphysical disquisitions. Force has 
been defined as ‘ that which produces or tends to produce motion 
in a body.’ The unit of force is defined as ‘ that force which, 
acting for one ‘1 ,nit of time on a body initially at rest, produces at 
the end of the unit of time a motion of one unit speed.’ If tl-e 
units of space, mass, and time be one foot, one pound, and 
one second respectively, the unit of force is called a pnzrn&/. 
In the centimetre-gramme-second system of units, the unit of 
force is called a &VW. The measurement of the unit of mass 
involves the idea of force, so that perhaps no satisfactory logical 
definition can be given. 

The unit of force above defined is called the nbsoZ~fe un~?. 
The magnitude of a force in absolute units is measured by the 
acceleration it would produce in unit of time on a body of unit 
mass. The force with which the earth attracts one pound of 
matter is equal to 32.2 poundals, since in one second it produces 
an acceleration of 32.2 feet per second per second. Generally, 



if a force f acting on a mass /it produces an acceleration (1, w 
have 

f I--//z tt. . * . . . . . . (9) 

The unit of force used for practical purposes is the wt;;r/l~ of 
one pir~d of matter ; this is callcad the gravitation unit of force. If 

f be the number of absolute, and F the number of gravitation units 
in a force, f = g& or 

1; =bi . . . . . . . . . (10j 
<r *!I 

The acceleration due to gravity is usually denoted by the 
letter g. The value of g, or, in other words, the lvcight of unit 
t-nass in absolute units of force, as has already km stated abow, 
varies from place to place on the earth’s surface. k’or I :ri tain its 
value is approsimntely 32’2, the foot-pound-second system uf units 

being used. 
Great care must be escrcistrd in distinguishing betiveen one 

pound cluantity of matter nnd I !b. weight, the former being a 
1Jnit of mass, the latter an arbitrary unit of force. 

15. Momentum.--‘The product of the IH;LSS of a body into 
its velocity is called its qzcnnfilf~l (7f NIO~~;)O or wowe~z2~/~lr. ‘I‘he 
momentum of a body of mass one pound moving bvith a velocit) 
of ten feet per second, is thus the same as that of a body of mass 
ten pounds moving with a velocity of one foot per second. 

16. Impulse.-Multiply both sides of equation (9) by t, we 
then get 

Hut if the b&ly start from rest, (t t = z’, its velocity at the end of 
t seconds, therefore 

ft = ill 2! * . . . . . . . (14 

Equation (I I) asserts therefore that the momentum, 111 q of a 
body initially at rest is equal to the product of the force acting 
on it and the time during which the force acts. The product ft 
is called the Zjl~~z~Zsc of the force. 

Equation (I I) is true, however small f, the time during which 
the force acts, may be. Now a momentum of 10 foot-pounds 
per second may be generated by the application of a force of 
I lb. acting for ten seconds, or a force of ten poundals for one 
second, or a force of IOOO poundals acting for &th part of a 



second ; and so on. When two moving bodies collide, or when 
a blow is struck 1.))~ a hanlnler, the surfaces are in contact for a 
very small fraction of a sccC)nd, and the mutual force ljctweell 
the bodies is very great. Neither the force nor the time during 
which it acts can be dirtxtly measured, llut the momentum of the 
bodies before and after collision can be easily measured. Such 
forces of great magnitude acting for n \‘ery short space of time 
are called ir/~/~rrljti~ forces ; they differ only in degree, but not in 
kind, Corn forces acting for appreciably long periods. 

17. Moments of Force, of Momentum, &c.-- I,et tigure 2 
represent a body fastened 1’~ a pin at 0, so that it is fret to turn 

about 0 as a centrc, l)ut is otherwise 
constrained. I xt it lx xted on by the 
forctzs P, and P2. X01\-, it is a matter 
of every day esperience th;lt the turning 

l-1(,. etfect of such a force as P, depends not 2. 
only on its magnitude, but nl~o, in popu- 

lx- language, on its leverage, that is, 611 the length of the perpen- 
dicular from the centre of rotation to the line of action of the force. 
For exampie. in scre\ving up a nut, if a long spanner be used the 
force required to be cserted at its end is nluch smaller than if a 
short spanner be used. The product i’, I, of the force into this 
distance is called the tzonre~lf of the force about the given cttntre. 
The force P, tends to turn the body in the direction of the hands 
of a watch, while P2 tends to turn the body in the opposite direo- 
t ion. Therefore, if the moment I’? /,, be considered positkti, the 
moment P, Z, mu.st be considered negative. The positive direction 
is usually taken ~-~~~~~YIz-L-/oc~~~~s~. 

If the body be at rest under the action of the forces P, and 
P2 their mon~ents must be equal in magnitude but of opposite 
sign ; that is, their algebraic sum must be zero. 

The ~~~~txt OJ IHOWM~ZWI about a given point 0 of a body of 
mass NI moving lvith velocity zj is the product of its momentum 
311 z!, and the length of the perpendicular C from the given point to 
the directicrn of motion--+& NC v Z. In the same way the moment 
of an impulseft is the product )f the impulse and the length of 
the perpendicular from the given point to the line of action of the 
impulse - i.e., ft 1. 
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the same instant to t\yo or more velocities, and its aggregate 
velocity may be required. For example, take a man climbing the 
mast of a ship. Let the ship move horizontally in the direction 
n b (fig. j), and let the length IZ b indicate the space passed oIer 
9,~ it in one second. Let (2: c be the mast, and as it passes t9le <. 
point rz let the man commence climbing. At the end of ‘one 
second suppose he ha s climbed the distance tz rz’. The line lz ri 
will represent the velocity of the man climbing up the mast, the 
line n b the velocity of the ship. But if ct c be the position of the 
mast at the beginning of the second, at the end of the second it 
will be in the position b 8, and the man will be at d *, the length 
b ~1 being, of course, the same as cz d. The actual velocity, in 

magnitcde and direction, of the man is represellted by the lint: 
(7 d’. At the end of half a second the fodt of the mast would be 
at e, [I e being equal to i- (I 6, and the man would have ascended 
the mast a distance of; the actual position of the man would be 

f, midway between n and d! ‘Thx his actual motion in space 
will be along the line tz CZ! I. 

The two velocities (z b and LZ d above are called the ct~t~r~o~zent 
velocities, and the velocity tz dt the reszc~%~zt velocity of the 
man. 

20. Relative Velocity.-Wc have spoken above of the 
motion of a body, meaning thereby the motion of the body in 
relation to the objects in its immediate neighbourhood, but these 
objects themselves may be in motion in relation to some other 
objects. For example, a man walking from window to window of 



a rai! ,vay carriage in rapid motion has a motion of a certain 
selflcity relative to the carriage. I:ut the cnrrissc its& is il-1 
motion rekttive to the earth, and the motion of the man relnti~.e 
to the earth is quite differtxt from that rclativt> to the c~nrriqe. 
;\gair,, the etnrt!? it5eif is not at reA, but rotates on its o\\‘n axi9, 
so tha; th.2 man’s ‘Ilotion relative to n plan~ of fiscd direction 
passing through the earth’s axis is still more compl~s. But bc5idt3 

a motion round its own axis, the earth has ;I motion round the 

sun. The sun itse!f, and wit!1 it the whole solar system, has a 
tnotion of translation reiativc to the visible universe ; in fact, 
there is no suc:h thin g as absolute rest in nature. ‘I’hercforc, 
having no body at rlzst to which we can refer the nlotion of any 
bcdy, we kncxv nothing of ai)solutc nlotion. The niocions we 
deal with, therefore, are all relative, XKI the vttlocities are also 
relative. It will thus often be necessary7 in specifying a velocity 
to express the body in rclation !L) whxh it is measured. 

2 I. Parallelogram of TWocities.-Given two coniponPnt 
unifortn velocities to which a body is subjected, the resultant 
velocity 5i ihe body may therefore be found as follows :- 
Draw ;L parallelogram wilh fwo adjacent sides, o n and o b (fig. 6), 

FIG. 6. l.‘l(.. - I’ 

representing in mngnitude and direction-: the component velocities 
The resultant, velocity is represented in magnitude and direction 
by the diagonal o c of the parallelogram. ‘This proposition is 
known as Ge @uL%/~;~uw~ qf 7~4whi3s. Since velocity involves 
the two ideas of speed and direction, but not position, the 
resultant of txo velocities may also be found by the ftr:lowing 
t-nethod :-Let o b (fig. 7) be one of the given velocities ; from b 
draw b c equal and parallel to the other ; n c will represent the 
resultant velG;c.its. 

Yecfoi- A&&&z..---The geometrical process used above is 



called ‘ vector addition, and is used in rompountlin~ any l’h!-sic31 
quantities that can he rcprixcnted by, and ;Lrt’ suljjcct to the same 
laws as, vectors. Accelerations, foix‘es acting at a point, r0t;xtions 
ahout intersectins axe5, are trtxtcd in this way. In general, the 
c;um of any number of vectors is obtained by placing at the final 
point of one the irlititil point of another, and so forming an 
unclosed irregular polygon ; the vector formed by joining the 
initial point of the first to the final point of the last is the required 
sum, the result being independent of the order in which the com- 
ponent vectors are taken. Thus, tile sum of the vectors I’ 0, I, r, 
c a’, d t*, and C/ (fig. 7 1 is the vector of: 

z 2. Velocity of any Point on a Rolling WheeLLet a 
wheel roll along the ground, its centre having the vt+-Aty ~1. 
The wheel as a whole partakes of this vLblocity, which may be 

A, 

---- 

FIG. 2. 

represented by the line 0 (I (fig. 8). The relative motion of the 
wheel and ground will be the same if we consider the centre of 
the wheel fixed and the ground to move backwards with velocity 
7’. In this way it ir; seen that the linear speed of any point on 
the rim of the wheel relative to the frame is equal to V. We can 

now iind the vt31ocit)‘, relative to the earth, of any point A on the 
rim of the wheel. The point A is subjected to the horizontal 
forward velocity A lt., xith t;ljeed %I, and to the velocity with speed 

77, in a direction ,4 tz, at right angles to 0 A, due to the rotation of 
A round 0. The resultant velocity is obtained by completing 
the parallelogram A n, A1 (t2. The diagonal A A1 represents the 
velocity of A in magnitude and direction. If the point on the 

rim be taken at A(,, the point of contact with the ground, it will be 
seen that the parallelogram in the above construction reduces to 



two coincident straight lines. In this cast, howcvur, it is easily 
seen that the velocity of A, clue to the rotation of the whwl, is 
backwartls, and, therefore, when addt;d to the forwxtl velocity due 
to the translation of the wheel, the rcsultnnt velocity is zero. 011 
the other hand, if the point be taken at A ,, the top of the wheel, 
the velocity due c fo rotation is in the forward direction. ‘l‘h~~s, the 

velocity of tht: uppermost point of the wlwul is 2 ~-that is, twice 
the velocity of the centrc. 

In the smw way the wiocity of any point fl on one 
of the spokes may be found. Join 0 0, and draw /z 0, 
p~ra,llcl to if (I,, meeting 0 (I, at /‘,. ‘I’hc wlocity of B, due to 
rotation, is reprewnted l)y 1; hi. I )raw B P, equal and parallel to 
,-I ll ?, and complete the parallelogram I;: /‘? Bi J1. The velocity of 
h’ is represented by B R’. It will be found that the v&city of B 
is greatt’st when passin, (r its topmost position B,, and least when 
pas5ing its lowest position f!?,,. 

The above problem can be dealt with by another method. 
The motion of the wheel has been compounded of two motions, 
the linear motion of the bicycle and the motion of rotat’on of the 
wheel about its axis. I3ut the resultant motion of the wheel-- 
that is, its motion relative to the ground-can be rn(~lre simply 
erprt’5sed. If the \vheel rolls on the ground without slipping, its 
point of contact A4, is, at the moment in question, at rest. ‘The 
linear velocity of the wheel’s centre 0 is evidently the same as that 
of the bicycle P, and is in a horizontal direction. The centre of 
the wheel, therefore, may be considered to rotate about the point 

J&P But as the wheel is a rigid structure, everj~ point on 
it must be rotating about the same centre. The point A,) 
is called the tirsf~z~2f~r22eo2~s zntre of mtt~fzb~z of the wheel. The 
linear velocit>- of any point on the wheel is, by (3) (chap. ii.), equal 
to o r, where I* is the distance of the point from the centre of 

rotation A,,. I:ut trl is equal to “, where q, is the radius of the 
70 

wheel ; therefore, the linear velocity of any point B on the wheel 

is equal to *’ .A& and is in the direction BP at right angles 
I’(, 

to A, n. 
The ccntw of rotation A,, of the wheel is called an zitstt~~- 
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t.rn~us ce:ltre of rotation, as distinguished from a fixc~I centre of 
rotation, since when the wheel is rolled through any distance 
however small, its point of contact with the ground, and therefore 
its centre of rotation, is changed. 

23. Resolutian of Velocities is the converse of the addi- 
tion of velocities, and has for its object the finding of com- 
ponents in two given directions, whose resultant motion shall be 
equal to the given motion. If o r (fig. 6) be the given velocity, 
;’ b and o n the directions of the required components, the latter 
are found by drawing from c straight lines, c b and c n, parallel 
respectively to 0 n and o b, cutting them at (I and LZ : 0 (, and o n 
represent the required components. 

E.i-rr/tz~I~.-Suppose a cyclist to ride up an incline of one in 
ten at the rate of ten miles an hour. To find at what rate he 

rises vertically, draw a horizon- 
c 0 tal line A R (fig. g) ten inches 

A--- B E long, and a vertical line R C 

FIG 9. one inch long ; join A C. 
Along this line to any conve- 

nient scale mark off A D, Ihe velocity ten miles an hour (145 feet 
per second). Ijraw D E t a right angles to A R, meeting A B, 
produced, if necessary, at E. D E is the required vertical velocity 
of the cyclist. By measurement this is found to be I l 46 feet per 
second (less than I mile per hour). 

E-~~?tti/:lc.-A cyclist is riding along the road with a velocity 
indicated in direction and magnitude by 0 A (fig. IO). The wind is 
blowing with velocity GE, and is therefore partiaily in the direction 

in which the cyclist is riding. To find the apparent 
A 

Lsz!! 

‘2 direction of the wind, that is, its direction relative 
I 
4 to the moving bicycle, join A B and draw 0 C I 
I 
I equal and parallel to A B ; 0 C will be the 

t velocity of the wind apparent to the cyclist, which is 
I 
8 thus apparently blowing partially against him. The 

B c velocity 0 C can be resolved into two, UD dead 

FIG. IO. against the cyclist, and D C sideways, CD being 
drawn at right angles to A 0. For, from the 

parallelogram of velocities it is seen that the actual velocity, 023, 
of the wind relative to the earth is compounded of its velocity 
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relative to the bicycle 0 C, and the \elocity of t!x bicycle, O --I, 
relative to the earth. 

n-1 
1 tie ;L’uuvt.2 i;gui-c iiiAy explliiii 

-. . wily cyclisis seldo~n sjt’t’l~l to 

feel a back wind, while head winds stxm nlwnys to he present. 
24. Addition and Resolution of Accelerations. -- An XC&- 

ration involves the idcn of magnitude and dirtxtion, but not 
position ; it ma)‘, tliereforc, be represented 1)~ ;I \.ector. Figs. 6 
and 7 are, therefore, directly npplicable to the compounding and 
resolving of accolt’rations. 

25. Hodograph ---If a body move in any path, its velocity at 
any instmt, both as to direction and mqnitudc, can be COII- 

gamin rqr~xnwd by n vector di;:tmn fr-un~ a Used point ; the 
curve furnwd by the ends of such vector is called the /,wlt;~,~~~~z~/r 
of the motion. 

24. Uniform Circular Motion. --The hodogrnph for uniform 
circular motion cm easily be found as follows :-When the 
body is at ,-I (fig. I I ), it s velocity is in the direction A ,P. 
From a fixed point 
0 (fig. 12) set off 
mz equal and pxal- 
lel to ,-I 2. When 
the body is at B its 
velocity is repre- 
sented by B 3, 
equal in length to 
A LP ; the corre- 
sponding line o // 
on the hodograph FIG. Il. I.‘ll,. 12. 
(fig. I 2) is equal and 
parailel to BH1. Kepcating this construction for a n~nilxr of 
positions of the movin g body, it is S.XI~ that the hodograph lz b t 
is a circle. 

Since the direction of motion changes from instant to instant, 
the moving body must bc subjected to an acceleration, which 
can be determined as follows : -When the body is at A, its 
velocity is represented by o, II, and whcln at B by o b ; therefore, in 
the interval of passing from A to H an additional velocity, repre- 
sented by tz B, has been impressed on it. If the point B be taken 



very close to A, 22. if a very short interval of time be taken, 
b will be very close to tz, and therefore tz fi, the direction of the 
impressed velocity, will be lx~alle1 to A 0, i.~. directed towards 
the centre of rotation. If the interval of time is taken sum- 
ciently small, the additional velocity II (I is also very small, and 
the resultant velocity (1 b does not sensibly differ in magnitude 
from 0 12 ; thus the only effe& of the additional velocity is to 
change the direction of motion from o rz to (I (, (lig. I 2). 

When at B suppose the body to undergo the same operation, 
at the end of it the direction of the motion will be o i. After a 
number of such operations the body will be at D (fig. I I), and its 
velocity will l!e represented ?,!I o G’ (fig. I 2). The total additional 
velocity imparted to it between the positions A and I) has only 
had the effect of changing the direction, but not the magnitude 
of its velocity. This total additional velocity is represented by 
the arc (I Lt. 

Now, suppose the body to take one second to pass from A to 
D, then tz ct represents the increase of velocity in unit of time, and 
is, therefore, numerically equal to the acceleration a. Let z’ be 
the linear speed of the body, and r the radius of the circle in 
which it moves ; then the arc A D is numerically equal to 21, o 11 

is by definition equal to TT, and since o IZ and :? d are respec- 
tively parallel to the tangents at A and D, the angle lr ~1 ct is equal 
to the angle A 0 D ; therefore, 

U arc (2: d arc A D u = -- 
v radius IZ I) = radius A 0 = P-’ i 

That is, in uniform circular motion, the radial acceleration is 
proportional to the square of the speed, and inversely propor- 
tional to the radius. 



27. ‘Definitions of Plane Motion.-If a 1,ody move in such 
a manner that each point of it remains al~vays in the same 
pIail+ it is said to have ~(,l~l~~ ii/of;, /I. I’Ianc* motion can he 
perfectly represented on a flat sheet of paper : and, fortunatt-$ 
for the tqineer, most moving parts of machines have only plane 
mot ion. In cycling mo~~hanics there are more examples of 
motion in three dimensions. The motion of the wheels as the 
machine is moving in a curve and the motion of a ball in its 
bearing are examples of non-plane motion. 

Each particle of a body having plant: motion will describe a 
plane curve, which is called a1%r’rz&pu~7z. 

2% General Plane Motion of a Rig id Body.-The plane 
motion of a rigid body may be-- 

( I) L’?i~~/plt’ tram-dahint, without rotation. In this case any 
straight line drawn on the rigid body always remains in the same 
direction. The motion of the body will be completely determined 
if that one point of it is known. 

(2) Rot~f&)n rzbunt a j.xt’LL’ ~T,TIs.---III this case the path of any 
point is a circle of radius equal to the distance of the point from 
the axis of rotation. 

(3) ThilSZaiiiiii Ci;lll(,i/l<‘d Wlith :Z ,‘f!c!i?;??! r>f ?%?fUfictll.---We 

s;Ed set kiter that ifi this C’c-a~~ it i(; poc;);i& (0 rPl3rPyp.t the U-VI -L 

motion at any irzsiad by a rotation of the body about an axis 
perpendicular to the plant! uf motion, the posit-ion of the axis, 
however, changin, (r from instant to instant. 

If the paths of two points of a rigid body be known, the path 
of any other point on the rigid body is determined. Let A, H, 
and C (fig. 13) ?,e three points rigidly connected, ,.1 moving on 
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the curve tl II, B on the curve A A The path of the point C’ can 
evidently be found as follows :-Let A 4 

E‘l(x. ‘2. 

29. Instantaneous Centre.--- Let A 

, be any position of the 
point on the cur\-t‘ II rz ; 

the corresponding posi- 
tion I’i, is found bydrnw- 
ing an arc with centre 
A, and radius A B, 
cutting the curve (,b in 
B,. With ccntres A, 
and I’,, and radii A C’ 
and A’ C respectively, 
draw two arcs iriters;eci.- 

f- 1iig 3’; bt. C will be a 
point on the path de- 
scri t)ed by C. 

and B (fig. 13) be t\vo 
points of a rigid body, cz ~2: and lzI b their respective point-ljaths. 
In the position shown the direction of the motion of ,-4 is a 
tangent at the point ,4 i to the curve lz (T. The point ,4 may 
therefore be considered to rotate about any point, M, lying 011 the 
normal at A 1 to the curve (1 a. For, if A be considered to rotate 
either about /II: or I!L..~ tht: dii=ec*tic-)n of the m~tign nt; t,hc Ip.stant 
1s Sn either case the same tangent7 &4 i a!. In the same uvay? 
since the tangent 23, b, is also the tangent to any circle through 
B having its centre on the normal B, II il the paint H may l)e 
considered to rotate about any point in the normal at B, to the 
curve b 6. If the normals A, ~12, and B, $2 i intersect at I, A and 
H may be both considered to 1 .x rotating at the instant about t’ne 
centre L No other -point in the plane satisfies this condition, 
1 is therefore called -the ~~S~LZ~~~WZEOUS ce~tre Gf rut~rfiorc of the 
rigid body. r;.uPr\r point C!l 

- 1 -- = j 
the rigid body is at tf;c ii~s~~ii~ 

rotating abvui the centre 1, therefore the tangent at c’, to the 
point-path cc is at right angles to Ci P. 

3”* Point-paths, Cycloidal Curves.--A few point-paths de- 
scribed in simple mechanisms are of great importance in mechanics. 
We will briefly notice the most important. 

C~AZ.- If a circle roll, without slipping, along a straight 
line, the curve described by a point on its circumference is cal!ed _ 



E‘rc,. 14. 

say 9, on the circ*umftxence of the circle is rolled into cont3.ct 
-+ 1. r?- - :1.- ̂  \’ \’ LL ̂  _. .-A.. \ 

\51lll l.llC 1lllC 11 '1, LIIC ~.ellLlc Ul 
*xc the c-r& -;;il! l;c (ii1 +c cG\rrc- 

sponding point, 9, of the straight line. !jKL?V the cirt-!e in this 
position. The corwsponding position C.‘!, of C is evidently ob- 

tained by projecting o\-er from the point 9 of the circtimfercnce. 
Hy repeating this process for each of the points of division, twnt)r 
four points on the cycloid will 1~ obtained ; through these a fair 
curve may be drawn freehand. The curve Cg C C, shows one 
portion of the cycloid. The point-path is n repetition, tilnc after 
time, of this curve. 

Pvidirie il?fU’ Cfii’i~ik’ C;vC/i:id. ‘I‘he path described t)y n point, 
D, inside the r o!!ing circle is Called ;I l+/*GliJfi’ cycloid. a, f!J a 
shows one complete portion of the curve. The method of dra\iT- 
ing it is exhibited in figure I 4, mid hardly requires any further 
explanation. 

The curve described by a point lying outside the rolling circle 
is called a ~wtt& cycloid. E,, E E, (fig. 14) shows one complete 
portion. 
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A point on the circumference of a bicycle whwl describes 3 
cycloid as the machine moves in a straight line. Any point on 
the spokes, or any point on the crank, describes a prolate cycloid. 

Ejig’cZoid ~na’ ~~l;n,)~~~~~-~)i~.--If one circle roll on the cir- 
cumference of another, the curve described by a point on the 
circumference of the rolling circle is rAcd an ~~c’~~~/,,l;t or a 
hyp0<1~-1/~i according as the rollin, (r circle lies outside or inside 
the fixed circle. These curvt’s are of great in1~wrtnnct.z in the 
theory of toothed-wheels. 

In figure I j, LX is an epicycloid and HH a hypocycloid, in 
each of which the diameter of the rolling circle is one-third that of 

the fixed circle. rV A: method of draw- 
ing these curvt- k 51 nilar to that of 
drawing the cyc,. ‘. ti !e only Jiffertwe 
being that tile dix;!;!ons along the l>ath 
of the centrt: of the rolling circk will 
not be ecpl to those along the cir- 

FIL. I j. 

diameter of the x-o 

F 
cumferenc~ oi ihe rolling circle, but the 
divisions along the fixed and rolling 
circles will correspond. 

1 
A particular case occurs when the 

ling circle is equal to the radius of the fixed 

FIG. 16. FIG. 17. 

circle ; the hypocycloid in this case reduces to a straight line, a 
diameter of the fixed circle. 
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Ej?Jit~~?L~L?Uid.f CliiLZ ~~~~~i7!~il?L~l2l~~d~. -If t!x h-wing point dots not 
lie on the circumference of the rolling circle, the curw traced is 
called an t-pitiwchc,id or a jz1~~*iwc/Ioic2’. IGgures 16, I 7, and I 8 
show some esamples of epitrochoids and hypotrochoids. 

~?~7Vlilf~~ .-Let a string be wrapptxl round a circle and hxe a 
pencil attached at some point ; as it is unwound from the circle 

the pencil will d~~scribe a curve on the paper, called an iwn/rt~~ 
(fig. 19). This curve is also of great importance in the theory ot 

toothed-wheels. 
The involute is a particular case of an epicycloid. If the 

rolling circle be of infinitely great r;Ldius its circumference will 

become a straight line. The curve traced out by a point P(fig. 19) 

of a straight line, which rolls without slipping on a circle, is an 
involute. 

3 I. Point-paths in Link Mechanism.- We have already 
shown how to find the path described 
by any point of a rigid body of 
which two point-paths are known. If 

A 

) 
P 

the paths IL lz and b b (fig. I 3,) be cir- 
cular arcs, the bar A B may be con- B 
sidercd as the coupling link between 
two cranks. The variety of curves 
described by points rigidly connected E’K. 20. 

to such a coupling link is very great ; some of them have been 
of great Ijra(:tic:;ll w:. Iq’igurc 20 shows a point-path described 



by a tracing point, P, which does not lie on the axis of the link 
A B. 

In Singer’s ‘ Extraordinary ’ bicycle the motion given to the 
pedal was such a curve. The mechanism and the path described 
by the pedal are discussed in chapter xxix. 

32. Speeds in Link Mechanisms.---If the speed of any point 
in a mechanism be known, it will in general be possible to de- 
termine that of any other point. In a four-link mechanism, 
A B CD (kg. z I), in which CD is the fixed link, the nature of the 
motion will depend on the relative length of the links. IfDA 

be the shortest, A B + D A be less 
fi than C D + 27 C, and ,il 23 - D d 

be greater than C D - B C, D A 
will rotate continuously, and C B os- 

C ciliate. The speeds of points on the 
. \ I lever C B are proportional to their 

. I . distances from the fixed centre of \ I . . I 
N I 
‘4 

rotation C ; similarly for points on 
the lever D A. Now in any position 

F-IL. 21. of the mechanism the link A B may 
be considered to have a rotation about the instantaneous centre 1, 
the point of intersection of A D and CB, produced if necessary; and 
thus the hnear .;jljued ui ;tny point of the link is proportional to its dis- 
tance from I. If the point A rotates with uniform speed, the point 
_6 di osdate in a circular arc with a variable speed. Let V, be the 
uniform speed of A, and zlb the corresponding speed of H. Then, 
since the body A B is rotating at the instant about the centreI, 

Draw D c parallel to CB, meeting A B, produced if necessary, 
at e. Then the triangles A D e, A 1 B are similar, and therefore 

IA DA -- 
m= De’ 

and 

or 

7’h De - -r;i,- 

vu,, D A ’ 

Z’h = - 
;A 

De . . . . . . ( ) I 



Now DA is constant whatever be the position of themechanism, 
and therefore if yrT the speed of A, be constant, the spc’d of the 
point R is proportional to the intercept .D P. 

Mark off Dfalong D A equa1 to b (7. The length Z?fis thus 
proportional to the speed of the point B when the crank D A is iti 
tEle corresponding position. If this construction he rq)e.nted for 
all positions of the crank D A, the locus of the pointfwill be the 
poh- ~-2~7~ of the speed of the point /-I’. 

33. Speed of Knee-joint when Pedalling a Crank.-In 
pedalling a crank-driven cycle, the motion of the leg from the hip 

to the knee is one of oscillation about the hip-joint. If the ankle 
be kept quite stiff during the motion, as, unfortunately, is too 
often the case with beginners, the leg from the knee-joint down- 
wards practically constitutes the coupling-link of a four-link 
mechanism. The pedal-pin (fi g. 22) rotating with uniform speed, 
figure 23 shows the curve of speed of the knee-joint. It may be 
noticed that the maximum speed of the knee during the up-stroke 
is less than during the down-stroke. Also, the point B is at the 
upper end of its path when the pedal-pin is in the position A,, 
some considerable distance after the vertical position D A, of the 
crank ; while B is in its lowest position when the pedal pin is at 



A,. The angle A, D A,, passed through by the crank during the 
down-stroke of the knee is less than the angle passed through 
during the up-stroke ; consequently, since the speed of the lIedal- 
pir, is uniform, the average speed of the knee during the down- 
stroke is less than during the up-stroke. If the rider can just 
barely reach the pedal when at its lowest point, the speed of the 
knee-joint is very great immediately before and after coming to 
rest at the lowest point of its path. 

33. Simple Harmonic Motion,--If I’ be a point moving 
with uniform speed in a circle of radius r of which (1 (, is a 
diameter, and P/, be a perpendicular let fall on cz b (fig. zq), 
while P moves in the circle, the point f will move backwards and 
forwards along the straight line n 6. The point p is then said to 
have sin/p/t hr//~onic tilofiou. The motion of a point on a 

vibrating string, and of a particle of air 
in an organ-pipe when the simplest pos- 
sible, is of this character. The speed of 
p will vary with its varying position. At 

6 any instant the velocity of the point P is 
P 

in the direction 3’ nr, the tangent at 1”. 
Setting off z=.P 771 to scale along this line 
it may be resolved into t\vo components 
P II and 12 /II respectively parallel, and at 

FIG. 24. right angles, to fz (1. The parallel com- 
ponent Pfz is, of course, equal to the speed of the point $. If the 
scale of 2) be taken such that P 111 is equal to r, the triangles 
P P/Z IZ and P op are equal, and therefore Pp is equal to 2’ n. 
That is, in any position of the point p moving along n B with simple 
harmonic motion, its speed may be represented by the ordinate 
/3 P to the circle on a b as diameter. 

If P moves uniforndy in the circle, its acceleration is constant 

in magnitude and equal to Vu” , and is in the direction of the radius 
r 

P o. The scale of acceleration may be chosen such that the 
vector P o represents the. acceleration of P, which may be decom- 
posed into Pjn and f o respectively at right angles, and parallel to, 
n 6. The parallel component p a is, of course, equal to the 
acceleration of the point p along n b-that is, in simple harmonic 



motion the acceleration is proportional to the distance of the 
moving point from the centrc of its motion. If an ordinate p Q 
be set off equal to op, the locus of Q will lx the acceleration 
diagram of the motion ; this locus is a straight line A ~5’ passing 
through I?! the centre of the motion. 

The motion of the knee-joint when pedailing approximates to 
simple harmonic motion, the approximation being closer the 
shorter the crank D .J (fig. 22) is in comparison with the lever CH 
and connecting-link ,1 3’. If the motion were exactly simple har- 
monic motion, the polar curve of speed of knee-joint (fig. q) 
would consist of two circles passing through D. 

35. Resultant Plane ~otion.-.~t~slLZtlrl2t of Tzew T/WIZS~- 
fiOFiZS. --If a rigid body be subjected to two motions of translation 
simultaneously, the resultant motion will evidently be a motion of 
simple translation, which can be found by an aiplication of the 
parallelogram of velocities. 

&wdtiz~rt of ~‘iw ~ofm’io~zs dout hrd’t~b axis - 1 .ct a body 
be subjected to two rotations, W, and w2, about the axes A and B 

s,*c F/ rr 
A’-- ---.. -!. .&--- 

‘f 
A CB 

/ 
FIG. 23. FIG. 26. 

(fig. 2;). If the motion be plane, the axes must be parallel, and at 
right angles to the plane of the motion. Let J’ be any point in the 
body. Join P to 4 and R, and draw P LZ and P fi at right angles 
to PA and P R respectively. The resultant linear velocity of Pwill 
be the resultant of the velocity wl x A Pin the direction P (I, and --~ 
of w’, x i[;’ .P in the direction P A If 1” tz and P b be marked off 
respectivelv equal to these velocities to any convenient scale, r 
the resultant P c can be found by the parallelogram of velocities. 

From P draw a perpendicular P Q on the line, produced if 
necessary, joining the centres A and B. Draw n tzl and b b1 per- 
pendicular to P Q. Then, the velocity of P due to the rotation till 
about A may be resolved into the velocity a1 a parallel to, and the 
velocity P II’ at right angles to, A’ 3. Similarly, the velocity of J’ 



.,;- 

_,,’ 

‘i.., 
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due to the rotation tVj2 about B may be resolved into the two 

components 1’ (I1 and b* b. The triangles A Q P and P (~1 ct are 

similar ; so, also, are the triangles B Q Pand P(,’ b. It is, there- 

fore, easy to show that the components of P’s velocity due to w,, 
at right angles, and parallel, to A & are respectively (w, x A Q) and 
@, x Q p>. Similarly, the components due to lr+ are (f,,., x H Q) 

and ((#j, x Q-Pi. Therefore, the components of P’s -resultant 
velocity at right angles! and parallel, to A Bare respectively : - 

and 

u,=(q x14 Q)+(f~);!xB Q) . . . . (2) 

Z+- -(rl,r, + WI )f’Q . . . . . . . (3) 

Let C be a point on the straight line A B, dividing it in the 
inverse ratio of the angular speeds wI and (L’~, then 

AC % 
CR=w, 

and 

Substituting ,4 Q = A C+ C Q, and B Q=C Q-C ~5’ in (2), it 
is easily deduced that 

_-.- 
71, = (w , + w2) C Q . . . . . . (4) 

From (3) and (4) it is evident that the resultant velocity of P 
is (w, + We) CT?. That is, any poini P, and therefore the whole 
body, is rotating with angular speed equal to the sum of the 
component angular speeds, about a parallel axis in the same 
plane, and distant from the axis of the component rotations 
inversely as the component angular speeds. 

The above result can be more simply attained by an applica- 
tion of the principle of ’ addition of vectors.’ Let p be the vector 
A P, from the axis A? to any point P of the rotating body, and 
let u be the vector A B. Then P n is a vector of magnitude ol p, 
at right angles to p ; BP is the vector (p - U) ; and Pb is a 
vector of magnitude o2 (p - a), at right angles to (p - a). 



c;3 

= (w, + w) Cl’, and at right angles to C 1’. 

That is, any point /’ rotates about the axis C (wklere 
A c’ : c I,’ = (0.j : cl), ) with mgdar speed equal to the sum of the 
component allgul3r sl~L”~ls. 

Let iigure ~5 be a Gcw of the body taken in a direction at 
right angles to that of figure ~5, A 1’; now representing the plane 
of the motion. The rotation fJ)l may be represented by a line 
,-I A, at right angles to A B, its length representing, to some 
scale, the nqnitude of the rotation q. In the sal,~ way 1,’ B, 
may represent the rotation w.,. The resultant rotation, C C, is 
equal to the sum of the rotations 01; and o.,, and takes place about 
an axis whose distances from A a~1 li arc’ inversely proportional 
to the rotations W, and o?. 

Thus, rotations about parallel axes can be represented in the 
same way as parallel forces, and their resultant found by the 
methods used to find the resultant of parallel forces (SW 
chapter vi.). 

E.~(zI/rfiZe.-Find the instantaneous centre of rotation of the 
crank of a front-driver geared two to one. Let ?z be the 
number of revolutions the cranks make in a C-W 
minute, the wheel makes 2 1~ revolutions, 

-N / \ / \ 
and the crank must make II reyolutions / \ 

tjackward relative to the wheel--G. makes / I 
- ic revolutions per minute. The crank?s \ 

Q 

\ 

J IA I 

nlotion may be considered as the resultant ‘, 
‘B 

I 
I I 

’ / 
of a rotation 2 II about B, the point of ‘L. :[ / / 

contact of the wheel with the ground, and ----=-=---- 
a rotation - /z about the wheel centre A FIG. 27. 

(fig. 27). Applying the preceding results, the instantaneous w-m 

is on the line A B, and 



.9 A c- 2 M 
,- c-j.j = - & = - 2. 

That is, 11 (.’ = - 2 c’h’ 

or AC=2BC=2AB. 

The motion of the cranks r4ative to the ground is, therefore, 
the same as if they were fixed to a wheel twice the size of the 
driving-wheel, and running on a flat surface below the ground. 

Trtr~rs?&~~ n& Rot&on.-Let a body be subjected to a 
rotation o1 about an axis A? (fig. q), and to a translation with 
velocity z’ in a direction f,f in the same plane as that of the 
motion. From A draw Af at right angles to ffi. Let P be 
any point on the body. From P draw P Q at right angles to 
A$ Then proceeding as before, the components of P’s resultant 
velocity at right angles and parallel to Afare respectively 

721 = (w* x A Q) - v ......... (5) 

V2 =w~xQP. ......... (6) 

Let C be a point on Af such that (UJ, x A C) = v ; then (5) 
becomes 

v, = 01 x(AQ-AC)=w, xCQ . . . (7) 

By comparing (6) and (7), it is evident that the resultant 
velocity of P is one of rotation about the centre C with angular 
velocity w!. Thus, the resultant of a rotation and a translation is 
a rotation of the same magnitude about a parallel axis, the plane 
of the two axes being at right angles to the direction of transla- 
tion. 

E.uz~%&----A cycle wheel, relative to the frame, has a motion 
of rotation about the axle ; the frame, and therefore the axle, has 
a motion of translation. The instantaneous motion of the wheel 
is the resultant of these two motions. The resultant axis of rota. 
tion of the wheel is the point of contact with the ground. 

36. Simple Cases of Relative Motion of Two Bodies in 
Contact.-In the thedry of bearings it is important to know the 
relative motion of the portions of two bodies in the immediate 
neighbourhood ol the point of contact, the motion of the bodies 



being such that they remain always in contnc-?i. IMore discussing 
the general case we will notice a few simpler examples. It will 
be convenient to consider one of the bodies as fixed, we will 
then have to speak only of the motion of one of the bodies ; this 
may be done without in any way altering the relative motion. 

SZzXq,~.--If the motion of the body can be expressed as a 
simple translation, ‘ sliding ’ is said to take place at the point of 
contact. 113th this definition, pure sliding can only exist con- 
tinuously when the surface of tither the fixed or moving body is 
cylindrical ; the elcmtlnts of the surLtccs at the point of contact 
will constitut62 a ‘ sliding pair.’ An esample is afforded by the 
motion of ;t pump-plunger in its barrel. 

Rf ‘ZZiq-. -- -- If the instantaneous: asis of rotation passes through, 
and lies in the tangent plane at, the point of contact of the fixed 
and moving bodies, the motion is said to be ‘ rolling ’ ; the 
rolling is therefore the same as the relative rotation. At the 
point of contact of a wheel rolling along the ground, the motion 
is purt’ rolling. The position of the instantaneous axis con- 
tinually changes ; but in plane motion it always preserves th; 
same direction. 

Spit~ning. -- 1 f t hc instantaneous axis of rotation passes 
through, and it is at right angles to the tangent plane at, the 
point of contact, the motion is similar to the spinning of a top, 
and may be ca!led sjtknz7zg. An example of pure spinning is 
found at the centre of a pivot-bearing. 

Klcb&q-~ In a turning pair, the motion can be expressed as a 
simple rotation about the axis of the pair. For example, the 
motion of a shaft of radius 1’ in a plain cylin- 
drical bearing is a rotation, OJ, about the centre 
r3 of the hearing (fig. 2s). The motion can also W ’ 

0 

c 
be espresscd as an equal rot;ttim, W, about a c p / 7 

parallel axis through P, a point :)n the surface ’ * 
of the bearing, and a translation with speed P’IG. 28. 

V = (1) Y in the direction 1’ Tat right angles to 0 P The motion at 
1’ is kinematically more complex than ‘ sliding,’ as above defined, 
and yet there is nothing of what is commonly understood as 
YozL?-~zg ; we may give it the name rz&z’?z~. Thus, rubbing at 
any point on the surface of contact of a cylindrical shaft of radius, 



7’ 
r is equivalent to a translation v and a rotation ..- about an axis, 

parallel to that of the shaft, passing through the point in question. 
More generall, , 77 let A and B be two ‘bodies in contact at the 

point P (fig. 29): let r, and r, be their respective radii of curva- 
ture at .P, and let I be the instantaneous axis of rotation of 
angular speed W. Pmust lie on the common normal at P, since 
the bodies remain in ccntact during the motion. Suppose A 
fixed, and that the same point of the body B rubs along A with 
speed Vfor at least two consecutive instants. The motion of B 
on ,4 may then be said to be pure rubbing. In this case I must 

FIG. zg. FIG. 30. 

evidently coincide with the centre 4-Z curvature of the body A at 
the point P ; then V,, the rcbbkg of 3’ on A, takes place with 
speed, VC1 = o r,,, and is therefore equivalent to a translation 

Y 
Y, and a rotation a, or 

rfl 

V, E Y, and 3 . . . . . . . . . . (8) 
rft 

Similarly, if the position of 1 be such that the same point of A 
rubs on B for at least two consecutive instants, 

U, E Y;, and ‘I . . . . . . . . . . (9) 
rlJ 

37. Combined Rolling and Rubbing.-In fipx 29 let A be 
fixed, and let the motion of the body B be kinematically a 
translation L7” = V, anti a rotation 0, = w about the point of 
contact P. The moticrn at P is compounded of rubbing and 



I’,, = ( I :, XlC! (I),,) - (1 :,alKl ‘I,!;) 

= 63,, - - K = (,) _ 1 - I . 
c-t, ‘;I 

. (roj 

In using the formula ( IO) the positit-c diwctions of the axis 
of w),, of I-,,, and c!!‘ i :, should be taken so that, in the order 
nan~~l, they form a right-handed system of rectangular aws. 
‘[‘hat is, looking along the 1’05itivt. direction of the axis of (0, a 
I’0sitib.e rotatioll, (0, \vill appear clock-wise, and the psit,i1-e direc- 
tiara of I- it’ rotated a right angle in thtl positive dircc.tion of ti), will 
come illto the positive direction of 11 Y,, and I-,, nxty tx taken 

positL-e for corn-es surfm.3, n chgativc for concfw surfaces. Y’he 
positive directiom of CO,,, I-,~ and /:, art’ shown in figure q. 

In figure 30 let the rclatiw motion of the bodies be exactly the 
saint as in fiyre y, but let 1; be fixed. Then I;, and c!+$ will be 
oppositely dircctud in spact’ to J/, and w,, rcspcctively. Hut with 
the above ccjnventicjns as to positive directions, taking ?a,, positive, 
Y;, wi 11 1~ positive and equal to 1’; Q~ will 1~ negatiw and equal 
to - ItJ. l’herefore 

From formu!;t? ( IO) and ( I I ) it is st,:c’n that A.m rolling and 
rubbing con) t )ined take place, the ‘ rolling-s ’ 
of the two lwclies art‘ not r Aprocal. ‘I‘hc 
at tion5 at the points of contact in tile t\vcJ 
bodies are not reciprocal, as may 1~ illus- 
trated by a few emnples. 

E.wlrrpZe L -Let the bodies A and B be a 
plane and cy’linder of radius Y respec’tively, III 

contact at P (fig. 3 I). Let the instantaneous 
FIG. 3r. 

axis of rotation coincide with the axis of the cylinder, and let w be 

the angrilar speed of B relative to A. Then at A?- I(~ = m ; yt, = Y; 
the speed of rut&q V= VU, -= - w K 



& = - 0 - ! = - w zrz.Y’I’-r = 0. 

Y/t Y 

That is, the cylinder’s motion on th,e plane is compounded of a 
rubbing of speed o r, and a rolling of 
angular speed O. The plane’s motion 
on the cylinder is one of pure rubbing 
with speed o Y. 

Esn~qVe ZZ. --Let the bodies ,4 and 
B be a circular bearing and shaft respec- 

FIG. 3’. tively, of the same radius Y (fig. 32), w 
being the angular speed of the shaft. Then at II, Y,, = - r, Y,, = r, 
Y= Y;, = - w r, and 

&=w - .Y.= w ---W.Lo 
7-t t, -7- 

K, = -- f$j - Y. = --WY 
-- 6J - _--- . _. = 0. 

rtJ Y 

Thus the definitions given in (IO) and (I I) of the magni- 
tudes of the rollings of one body on the other are consistent 
with our usual conceptions in these simple cases. 
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KINEM.\TICS : MOTION IN ‘L’IIKEE 1~IMI~:N~Ir )SS 

$3. Resultant sf Translations.--Ii a body be subjected to a 
number of translations in different directions in sp;xc~, the rc- 
sultant velocity czz be found try fil>ding the resultflnt of ;uly two 
of the givtx translations, \vhich rcsultxnt must Cdently lie in the 
same plane as the tivo given translations. The resultant of a 
third given translation with the resultant of the iirst two can again 
be found by the same method ; and so on for any number of 
given translations. Thus the resultant of any number of transln- 
tions in space is a Inotion of translation. 

39. Resultant of Two Rotations about Intersecting Axes.- 
Let the axes 0 A and 0 B of the rotations intersect at the point 
0 (fig. 33). Th c rotations o1 and (I)2 may be represented by the 

length oI f the lines 0 A and 0 B respectively, ,znd since rotations 
are resolved and com- 
pounded like forces, the 
resultant rotation will be 
represented by the dia- 
gonal 0 C of the paral- 
lelogram of which 0 A 
and 0 B are adjacent 4? 
sides. This proposition Frc;. 33. 

is called the ~~tz~~~ZZ~~l~~~~~llll~ (!f mttrtrbns. In usiilg tllis proposition, 
attention must be paid to the sense of the rotation. Thtl lengths 
of the lines representing the magnitudes of the rotations must be 
set off along the axes of the rotations in such directions that when 
looking in the positive directions the motions both appear either 
in watch-hand direction, or both in contra watch-hand direction. 

I 
In figure 33, the rotations are both in watch-hand direction ; the 



resultant rotation about the axis 0 C will therefore be in the 
direction indicated by the arrow. 

The above proposition is so important that a sclxmtc proof 
depending on first principles will be instructive. Let OJ and 
OB be the axes of rotation, and let 13 be a point on the body 
lying in the plane A 0 R. Draw 1%~ and P(, perpendicular to 
OA and 0 ~5’ respectively. If 1’ lie in the mxJe bctwccn the 
positive directions 0 A and 0 B, the linear velocity of P, which 
is in a direction at right angles to the plane of the axes, will be 

O1 1 i-P - w,bP . . . . . . (I) 

If P lit 011 the n\is of resultant rotation its velocity is zero, and ___. 
(3) b ecoiiws w 1 (Z i? - w2 (/ i’ = 0, 

05 

Draw PC and I’d parallel respectively to 0 B and 0 A, meeting 
0 A and 0 R at c and d respectively. Then, the triangles P(z L- 
and P b d are similar, and therefore - 

. . ( ) 2 

That is, 0 P is the diagonal of a parallelogram whose adjacent 
sides coincide with the direction of the axis of rotation, and are 
of lengths respectively proportional to the component angular 
velocities about these axes. 

4~. Resultant of Two Rotations about Non-intersecting 
Axes.---Let A ,4 and 
2” i5’ (fig. 34) be the 
two axes, and let g/z 
be the common per- 
pendicular to ,4 A 
and B B. Through 
AT draw a line CC 
parallel to A A. 

C Then by section 35, 
FIG. 34. the rotation w I abdu t 

the axis A A is equivalent to an equal rotation about the axis C C, 



together with a tratl5lntion ill the: diwction 15 k 3t ri$lt angles 
to the plane containing ,*I -4 mid c’ C’. ‘I‘lw nxiltant of the rotn- 
tii!ns alwut the rises 13 1; nli(l C‘ C1 is;, 1))’ t;wtion ,<y, a rotation 
about m axis D II pns5in~ tlirmgh 12. ‘l’hus, tllc gi\-cn irlotioIi is 
quivnltmt to a rotation ahout 311 asis D />, 311cl a trniislntion in 
the direction /r 4. ‘I’he tr;lll5l:ItioIi ill the ditwtion /I k in:i~. lx 
r~sol~tx~ into tjvo conqwwnts, 15 / along 0 Id a1lc1 i k at ri;llt 
an&5 to f9 ITI. l’ry sct:tion ;;5, the rotation about /) I> acid the 
translntivn in tht2 diwction //2 arc eqC&nt to 211 eflu;~l rotation 
about a parallel asis E E. I‘hu~, fi!inll!., the rcsultnnt nlotic,ll is 
a rC3tation about an axis .E LI and 3 translation ill the Jirc(:tioil of 
th,lt 1 xis. ‘ L cr. Sucll n inotion is c.:allcd 3 ,\‘~-nJz’ nlotioll. 

4 I. Host General Motion of a Rigid Body. III the sww 
WJ~ it can be shown that the resultant of my mdm of tradn- 
tions 2nd of any numlxr of rotation5 nlmut intersecting or non- 
intorscc:ting ast’ki inlay l)e rcducxd to n rotation nl,out 211 nsis and 
;I tramlntiun in the: dirtxtioll of that axis. If a ~:oimnoi~ m-e\\ 

llolt. by iised and its nut by nio1.cc1, the motion inilm-tL’d is of 
this character. The motion oi‘ tho nut cd11 be spccificd t)y giviilg 

the pril*,$ of the screw and its ;~ngulnr spud of rcjtatic!> Z.!IOI.I~ 

its ask In the snme way, t hc motion of n rigid l~ody at any 
instant can be esprtxzd 1,)~ slwcifj,ing the asis and pitch elf its 
screw, and its angular speed. 

42. Most General Motion of Two Bodies in Contact. IYe 
have seen that the nest general motion of a rigid body can be 
resolved into ;I rotation w and a translation T in the direction of 
the asis of rotation. ;Ilso that :I rotation about :III~~ axis is 
equivalent to an equal rotation alJ(il;t a l’aKIlle1 axis tlllY)~Igh ;llly 

pint. together U’ith a trilIiI,hticJn at I-i$it angles to the l)biic Of 

the parall4 aws. ~lcnct‘, if tlvo l&it2 move iti cont;.x~:t, the 
relative motion at any iJoint of contac? caii Ix resolved into ;I 
translatim, and a rotatioli about an ask passing through the point 
of contact. The direction of the translation must b>c in the 
tangent plane at the point ; since, if the two bodies n~ove in con- ’ ’ 
tact, there can be no conq~onent of the translation in the 
direction of t 8 I -rnial. 

Let figure a,3 be a section of the two bodies A al;d B by a 
plane, passing through the point of contact P, at right angles to 
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the instantaneous axis of rotation II. The body A may be con 
sidered fixed, the body B to have a rotation w round, and a 
translation v along, 12. If PI be perpendicular to 11, the 
motion of B is equivalent to a rotation w about the axis Pa, 
par&e1 to 14 together with a translation w . iF’ along Pb at 
right angles to the plane of PI and Pa, plus a translation v 
along Pa. The resultant of these two translations is a translation 

FIG. 35. 

Y along PC. PC must lie in 
the ‘common tangent plane to 
the surfaces at R 

Let F’Nbe the normal at 
P, and Pd the intersection 
of the tangent plane with the 
plane containing PIV and Pa. 
Then, the rotation w about 
Inn can be resolved into rota- 
tions (LJ~ and O, about PN 
and Pd respectively. Thus, 
the motion at 2’ consists of 
translation with velocity C’ in 
the direction PC, a spinning, 
wS, about the normal PN, 
and a rolling, o,., about the 

axis Pd lying in the tangent plane. Therefore the most general 

relative motion of two bodies in contact is compounded of 
‘ rubbing,’ ‘ rolling,’ and ‘ spinning.’ 

We have in the chapter on Plane Motion given examples of 
the pure motions just mentioned. We shall see, in the chapter 
on Bearings, that the motion of a ball on its path in the ordinary 
form of adjustable bearing is compounded of rolling and 

spinning ; while, in some special ball-bearings, the motion at 
the point of contact of a ball with its path is compounded of 
rubbing, rolling, and spinning. 



4,;. Graphic Representation of Force,---k’or the cornplctc 
I;~kxili(*:Ition of n iorcu ;lc-tilig 011 2 l)oJp, its dinxtion, lint of 
qq)licati0n, and nqnitudc firt’ rqukd. A fore-e C;LII thtxefort2 
t )t‘ rcr,rtx~nted conll,letcll. t)y :I strnight line dr;Lwn on =L dingpun, 
the lcnsth of the line rq)r~.ivntin!g to sc;ll;j its mqlitude, the 
direction and I,u.;it ioll (tf the line giving the direction and positions 
of npplicntion of the f~-CC. Thus a force can be represcntecl by 
2 /octz/i~-t’d vector. 

4-1. Paralie~ogram oA C Forces.--.--Whc!I tw or mcrc forces 
31-i’ aijp ltx ‘ & 1’ ’ 2’. the S11111~ point, :L single force can be found which 
is tquivaknt to the original for-93 This is c:~llt~rl the ~ttwdiant 
force, and the original forc’t’s are calkd the components. If the 
forces act in the sanlt direction, the resultant is, of course, equal 
to the SUIII of the component forces. If two forces act in opposite 
directions, the resultant is the difference of the two. Generally, if 
a number of forces act along a straight line, some in one direc- 
tion, others in the oL)yositc direction, the resultant of the whole 
system is equal to the diffclrence bctiveen the sum of the forces s 
acting in one direction and that of the forces acting in the 
oppo5ite direction. 

Suppose t\vo forces acting at a point in different directions 
are represented by o rl and u b respectively (fig. 36), then it is 
evident that some force such as c G in a direction between u a and 
ob ivill be the resultant. The resultant D t is found by completing 
the parallelogram II cz c b and drawing the diagonal a r, exactly as 
~1 the case of the parnllelogram of velocities. 

Want of space prevents a strict elementary mathematical 
proof of this proposition, but it can be easily verified experi- 
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mentally as follows : Fasten two pulleys, A and B (fig. 37), on a 
wall, the pulleys turnin, (r with as little friction as possible on their 

spindles. Take three cords jointed together at 0 with weights 
rV,, W2, I& at their ends. Let the heaviest weight hang 
vertically downwards from 0, and let the other two cords be 
passed over the pulleys A and B resycctively. Then, if the 
heaviest weight, I&, underneath 0 be 1~“s~ than the sum of the 
other two, the h0k systt3’l Gii come to rest in some particular 

position. \Vhile in this position make a drawing on the wall of 
the three cords mectin~ at i;. l’roducc the vertical cord upwards 

to any point c, and from c draw parallels t cz and c b to the other 
two cords. It will be found on measurement that the lengths 
0 n, 0 B, and 0 G are exactly proportional to the weights WI, \K, 
and W,. Thus the resultant of the forces along On and 0 b is 
given by the diagonal 0 c of the parallelogram whose sides 
represent the component forces. 

Exam$e.-The crank spindle of a bicycle is pressed vertically 
downwards by the rider with a force of 25 lbs., while the horizontal 

0 50 0 pull of the chain is 50 lbs, What is 

FIG. 38. 

the magnitude and direction of the 
resultant pressure on the bearing ? 
Set off 0 A (fig. 38) vertically down- 
wards equal to 25 lbs. and 0 B hori- 

c zontally equal to 50 lbs. Complete 
the parallelogram 0 A B C. The re- 

sultant is equal in magnitude and direction to the diagonal 0 C, 
which by measurement is found to be 55.9 lbs. 

45. Triangle of Forces.-Suppose that in addition to the 
two forces Q LZ and o b (fig. 36) a third force, c o, acts at the point ; 



tz, !J, L-, o’, and r’, acting at the mile point (fig. ;(,> can be foul-ld 
by tlrawing a \-actor 11olygoti (jig. 40) whose sides represent the 
given forcv5 ; tlic rc5ult:ttit c’cctor R rclmscnts the resultant 
forw. If a forty ~1~4, but ol3l)ositely directed, to R acted at 
the same I,oint as the forces (1, I/, C, Li, and e, they would tw in 
equilitx-ium. ‘l’hct-eforc, if a number of forces acting at a point 
are in ~~luilibt-ianl, they mn he r~prtxmttvl in magnitude and 
dircctic)tl tjy the sides of a polygon, taken in order round the 
pt.Jygon. Cmwrscly, if a numtwr of forces acting at a point 
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are represented in magnitude and direction by the sides of a 
polygon taken in order, they are in equilibrium. 

In the preceding paragraph it must be clearly understood 
that the sides of the polygon represent the forces in magnitude 
and direction, but not in $WS~ZYWZ. Thus the sides of the polygon 
0, b, c, d, c (fig. 40) represent in magnitude and direction the five 
forces acting at the same point. If a body were acted on by 
forces represented by the sides of a poiygm, in ~osificl~~ as well 
as in magnitude and direction, a turning motion would evidently 
be imparted to it. 

47. Resultant of any Number of Co-planar Forces.--The 
resultant of any number of forces all lying in the same plane 
acting on a rigid body, and which do not necessarily all act at 
the same point, may be found by repeated applications of the 
principle of the parallelogram of forces. The resultant R, of 
any two of the given forces P, and F’? passes through the point 
of intersection of the latter ; the resultant K, of K, and a third 
force, P,, passes through the point of intersection of A’? and P., ; 
and so on. This process is very tedious when a great number 
of forces have to be dealt with. The following method is more 

convenient : 
Let figure 41 represent the position of the given forces, and 

figure 42 the corresponding force-polygon P, Pg. . . . The 
resultant R of all the given forces is evidently represented in 
magnitude and direction by the line nf forming the closing side 
of the pol;.tgon ; for if a force of magnitude and direction fa 
were added to the given forces, the resultant would be of zero 
magnitude. It only remains therefore to determine the poszXolt 
of the resultant R on figure 41. 

No difference will be made if two equal and opposite forces 
be added to the system. We will add a force Q, represented by 
Oa in the force-polygon, which acts along any line a (fig. 41). 

The resultant of Q and P, is 06 (fig. 42), and it passes through 
p,, the point of intersection of Q and P, (fig. 41). Draw from 
the point p, the line 3 parallel to 0 b (fig. 42), cutting the line of 

action of Pz at j,. The resultant of Q, P,, and E, is 0 G (fig. 42), 

and it passes through j,. Draw from the point p2 the line t 

parallel to 06 (fig. 42). Continuing this process, the resultant 
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of Q, P,, Pz, P3, Ps, and P5 is Of (fig. 42), and acts through 
*Lo m-b*:-t A 
LllL L/Ul"L yj* I"TGiZ $,j 

. 
Cii8JX tl* 1:-n LlC 1111L J p F -ra!!el to 0-f (fig. 42)? 

FIG. 41. FIG. 42. 

cutting the line a, the line of action of the added force Q, at pr. 
The resultant of 0 j and - Q is af = R (fig. 4~)~ and it acts 
through the point jr. 

The above construction may be expressed thus : Take any 
pole 0 and from it draw radius vectors to the corners of the force- 
polygon. Draw another polygon, which may be called the Link- 
po&-on, having its corners p,, p, . . . on the lines of action of 
the given forces P,, P9, . . . and having its sides a, b, . . . 
parallel to the radius vectors 0 a, 0 b . . . of the force-polygon ; 
the sequence of sides and corners LZ, p,, b, $, . . . in the link- 
polygon being the same as that of the corners and sides 
a, P,, 6, 32, . . . of the force-polygon. The point of inter- 
section of the first and last sides of the link-polygon determines 
the position of the resultant R. 

It is readily seen from the above, that if a system of forces 
acting on a rigid body are in equilibrium, both the force- and link- 
polygons must be closed. 



48. Resolution of Forces,- A single force may 1.~ resolved 
into tVV0 Co!?>poncnt3 iii gi\ ~11 litit:, ii-hi& ii;tcrscct on the lin:i cjf 
action of the given force. The principle of the parallelogram of 

forces is, of course, used again here. 

2 

c Let o t (fig. 43) be the given force -------m____ 
\ \ acting at O, and let its components ii1 \ \ \ the directions o n and o (/ bc rccluired. 

\ Frgrn c draw G n and c fi respectively 
i? ‘,J parallel to /I o and IZ o, meeting 0 n 

FIG. 43. and o (, in fz and (7, respectively : n n 
and o (, arc the rccluircd components 

of the given force in the two given directions. 
~.vn/lr/)Z(~.--(‘Iivcll the vertical pressure on the hub of the 

driving-wheel of a Safety bicycle, to find the forces acting along 
the top and bottom forks, 0 A and 0 B 

(fig* -i-d- 
Draw 0 G vertical and equal to 

the given pressure on the hub. This 
is the dire&ion and magnitude of the 
force with which the wheel presses on 

the hub spindle. From t draw c n 
and c 0 parallel to 0 B and A 0 
respectively, meeting 0 i4 and B 0 
produced in u and (, respectively. nn 
and (I b are the forces acting along the 
top and bottom forks respectively. It 

FIG. 44. will be seen that the top fork 0 A is 
compressed and the bottom fork QB is in ter:sion. 

ResoZutioz qf n Fom into Thtii-Ee C~~lr@mtw ts liz g-ivera Directions 
and Pu.sitims.--Let R be a force whose components acting 
along the given lines P,, P2, and P, (fig. 45) are required. Let 

R and P, intersect at A, P2 and E, intcrscct at B. Then R may 
be resolved into two forces acting along P, and A B respectively, 
the latter into two forces acting along P2 and 17., respectively. 
The constructions necessary are inclicntcd in fig. 46. 

Any force, K, acting on a rigid bodjv can be resolved into t\vo, 

one acting along a given line I’,, the other passing through a 
given point B. The latter force must pass through A, the point 



If the point of intersection A 
be inaccessible, as in figure 47, the 
link-polygon method may be used 4 
with advantngc. In the force dip- 
gram (t;g. $3) set off (11 equal to -R 
to any convenient scale, draw fh 
p;lrallcl to I’,. Conlmcllce the 

link-polygon at 1’3, by drnwing the 
si& II lx~-~~llel to the vtxtor 0 tl, 
then draw the side f lxx-allcl to 
the vector Of; cutting the lint of 
action of P1 at f,. The closing 
side (, of the link-polygon is thu 
straight line p1 B. 1 )raw the E‘IC;. .$j. FIG. 46. 

vtxtor 0 (I paralltA to the side (, 
of the link-polygon, cuttin, (r the side I’, of the force triangle at (/. 
The force P., is represented in rmgnitudu and direction by the 

FIG. 47. Frc;. 4s. 

third side (I !I 01 the force trinnglc. Cw-nparin g with figircs 4 1 
and 12, the truth of the above wnstruction is obvious. 

~0. Parallel Forces.--- -IJet two lxtrlrllel forces P, and P., act 
on a body (jig. 49). Required to find their resultant. it is 
evident that tht. resultant force K is qud to the sum P, + 
P2 ; the only element to be found is the point at which it acts. 
Let A B be a line in the body at right angles to the directions of 
P, and P.,, and let c’ be the point nt which the resultal..t I;’ acts. 



I,et another force, Q, equal and opposite to A’, be applied to the 
body ; then since it is equal and opposite to the resultant of Pi 
and r),, the body is in equilibrium under the action of the three 

forces P,, P2, and c). Uonsidcr the 
f moments of the forces about the point 

C ; that of Q is zero, and, therefore, 
the algebraic sum of the moments of 
P, and f2 must also be zero, since the 
body is in ecluili brium. Therefore, 

I”Ic;. 40. P2 x cb’ = P, x A c . (1) 

that is, the point C divides ,-I H into two parts inversely propor- 
tionate to the forces Pi and &. 

If the forces P, and P2 acted in opposite directions (fig. jo), 
paying attention to the sign of the moments, it is seen that the 

:;Ii-1’ 

point C will lie beyond A, the point 
e of application of the larger force. 

__-_---- Here again 
:<A-_~ Ji -.- 

r-), x CB = P, x A-c . (I) 
4 

The above is often referred to 
FIG. jo. as the principle of the lever. The 

experimental verification is easy. 
The resultant of any number of parallel forces P,, P2, . . , . . can 

be found by the method of figures 41 and 42 ; the force-polygon 
(fig. 42) becoming in this case a straight line. 

50. BIass-cerrtre.-An important case of fkkg the resultant 
of a number of parallel forces is finding the centre of gravity of 
a body. The earth exerts an attraction on every part of the 
body, and therefore the resultant force of gravity on the body is 
the resultant of a great number of parallel forces. 

Considering a body as made up of an indefinite number of 
small particles of equal mass, the t~~s.s-ce~trt! of the body is a 
point such that its distance from any plane is the mean distance 
of all the particles from that plane. If the body is subjected to 

3 gravitational attraction, every particle is acted on by a force, the 
total force acting on the body is the resultant of all such forces. 
The centre of gravity is a point at which the total mass of the 
body may be considered to be concentrated, in considering its 
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attraction by other bodies. 1C’hen the attractions on the l)articles 
of a body are proportional to their mass, as is practically the case 
on the surface of the earth, the mass-centrc and the ccntrc of 
gravity of a body art’ coincident. 

If the density of the body is uniform, the mass centre will also 
be the geometrical centre of figure ; in fact, it is the geonlctricnl 
centre of figure that is of importance in problems on mechanics. 

The mass-centres for a few important cases may be given here. 
Cirdar, SqZitm’, or li’t~fa~rs”/l’zr Disc. ---If thcsc discs be cut 

out of metal plate of uniform thickness, it is e\*ident that the 
mass-centre will also be at the geometrical centrc of the figure. 

T~il7?1gk. ---I ,et ,-I B C (fig. 5 I) he a trinnglc, whicll we ~nay 
consider cut out of thin metal plate Consider any nnrrmv strip, 
f/~, parallel to the side H C ; the 
mass-centre p, of this strip is at A 

the middle of its length. I jivid- 
ing up the triangle into a number 
of such slips, their mass-centres 
will all lie on the line A a, joining 
A to the middle point of B C. 
In the same way, by dividing the 
triangle up into a number of l“Ir.. 51. 
strips parallel to A B, it may be 
seen that the mass-centres of all the strips will lie on the line CC 
joining C, the middle point of ,4 B. The mass-centre of the 
whole triangle must lie somewhere on the line A (1 ; it must also 
lie somewhere on the line Cc ; 0, the y ca P 
point of intersection of these lines, is 
therefore the mass-centre. It can easily 
be proved ihat n 0 is one-third of n A, 
and Ca one-third of c C. 

Circukar Ai-c.---Let AR (fig. 52) be 
a portion of a circular arc with centre 0. 
Consider the moment about any dia- # 
meter 0 X. Let PP be a portion Iz p/’ 

of the arc so short that it does not FIG. 52. 

sensibly differ from the straight line P PI, and its length is 
negligible in comparison with the radius. The mass may be 



ryx OG’=2?- x?-. 

Therefore cl c; = 2 I’ . . . . . . . ;; (2) 

CB s-&w q- tr c>k-/IL ‘l’he n1nss-cc11t I-c of 

A 
a sector of a cirr:k 0 ,#I 1,’ (fig. 53) is found l)y 

_- 6 dividing it up into a nunltwr of‘ smaller sectors, 
0 C./i, tlic arc ./; C’ tluing so short as nut to 
tlitictr scnsitAy frmi a htraigtit lint. ‘1’11~ sector 
0 <‘/I’ may the11 he cvnsidercd a triangle, its 
mass-wntrv will tw at a clistzwe from 0 qua1 to 

0 two-thirds 0 1;. 
Fl(,. jJ 

‘l’hus, the mass -centres of the 
small sectors into which II ,-I 1’,’ can be divided 

all, lie 011 the arc LZ /‘! whose radius is two-thirds that of the arc 



A4 B ; and therefore the mat;s-izcntrc of the sector C3 ;*_I B is tlic 
smx is that of the arc n (,. 

In particular, the ccntrc of area included bctwtxn n semi- 

circle and its diameter is at a distance 3 -Y from the centre of the 
3;r 3 

(-ir&* 

51. Couples.--If two parallcl but oL)positc forces, P, and P2 

(fig. j-+‘;, are also ec lunl, their resultant is zeroY they tend to turn 
th6 body without giving it, a motion of translation. 
Two equal, paralkl, but ol)positely directed forces pz 
c-onstitutc a WQ/C, whose magnitude is measured L 
l)y the product 1’2 of ant of tlx equal forces :B A 

into the ptxpt-ndicular distnncc between their 6 + - - d- - + p 
lint2 of action. A couple may he rcgnrdcd as 
equivalent to a zt’ro force acting at xi infinite 3 

distance ; with this I,r,int of view they form no 
Ft(;. j4. 

exception to the general cnse of finding the resultant of given 
forces. 

In the construction of figures 41 and 42, if the points ft andf 
of the fort:e-I)O1)SgOtl coincide, the resultnnt of the given forces is 
zero. If, in addition, the line pj p, is parallel to 0 II, the link- 
polygon is also closed, and the given forces are in equilibrium. 
If, however, j.i~‘l is not parallel to 0 (I, the 
resultant of the given forces is n couple. 

Let two parallel forces P1 and ID2 ( fig. 59, 
each equal to P, at a dista.nce I apart, con- 

7- 
k-x- + .--& - 

stitute a couple. The SLUM of the moments \ca : 
of the two forces about any point 0 in the 
plane of P, and P2, distant x from P,, is 6 

r), (x + z) - PI “‘c’ = Iv, FIG. 55. 

that is, the turning effect of a couple depends only on its moment 
PZ, and not on the position of its con.“;tituent forces relative to 
the axis of turning. The axis of the couple is at right angles to 
its plane. 

Let a single force I, act on a body at A (fig. 54). Introduce 
at B two opposite forces PI and P2, each equal to, alld distant I 
from, P. No change in the condition of the body is effected by 



this prnrp= ,..~.uur~, since P, and P2 neutralise each other. But the 
system of forces may now bc expressed as a single force P, 
acting at fi, together with a couple PZ formed by the forces P 
and (‘.,. Thus, a force acting on a body at A is equivalent to an 
equ:~! force acting at R, together with a L-W@ O@-~~HS~W~CP PZ. 

A couple may be graphically represented by a vector parallel 
to its axis-- I:t*. at right anglt’s to its plane ; the length of the 
vector being equal, to some scale, to the moment P / of the 
COLq )k. 

52. Stable, Unstable, and Neutral Equilibrium,--If =t hcnvJ7 
body 1~ situatccl so that a vertical line through its mass-centre passes 
within its tx1t;;tz it is in equilibrium. If the vertical line through 

A the mass-centre fall outside the base, the body is not 

/: 

i 
in equilibrium, and ivill fall unless otherwise supparted. 

u If a body, supported in such a way that it is free to 
,I; 

turn about an axis 0 (fig. 56), be left to itself it will 

ti 

& ;c 

I come to rest in such a position that its mass-centre 
(7 will be vertically underneath the axis of suspension 
0. If the body be displaced slightly, so that its mass- 

F‘lf;. jfl. centre is moved to C’, when left to itself it will 
return to its original position. In fact, the forces 

now acting on the body are, its weight acting downwards through 
G’, and the reaction at the support 0 acting vertically ; these 
two forces form a couple evidently tending to restore the body 

to its original position. In this case the body is said 

0 

to be in sMZe equilibrium. 
If now the body be placed with its mass-centre 

tc above 0 (fig. 57), though in equilibrium, the smallest 
1 

displacement will move G sideways, and the body 
0; 

will fall. The equilibrium in this case is said to be 
FIG;. ,j 7. ZdPfSh2 Llk. 

If the mass-centre of the body coincide with 
the axis of suspension, the body will remain at rest in any position, 
and the equilibrium in this case is said to be nez&ud. 

A body may have equilibrium of one kind in one direction, 
and of another kind in another direction : thus a bicycle resting 
on the ground in its usual position is in stable equilibrium in a 
longitudinal direction, and is in unstable equilibrium in a trans- 
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verse direction. A bicycle wheel resting on the ground ‘is in 
neutral equrXbrium in a longitudinal direction, and in unstable 
eqnilibrium in a transver32 direction. 

53. Resultant of any System of Forces.- Cowwentfivces. - . 
If the given forces al! pass through the same point, but do not 
all lie in the same plane, the method of section 46 can be ex- 
tended to them ; their resultant will be represented as before, 
by the closing side of the vector-polygon, the only difference from 
the case of coplanar forces being that the vector-polygon is no 
longer plane. ‘Thus;, the resultant of a system o:F concurrent forces 
is either zero or a single concurrent frrce. , 

Ilicln-n!~1-21l-ri~~2~t, mv+blnr JWLS. ---Let P,? P2, . . . ‘be the 
&-en system of forces. Take any point 0 as origin and introduce 
two opposite forces, p, and - p,, each equal and parallel to P,. 
No change is made by this pr/Jcedure, since p, and - p, neutralise 
each other. The force lr:, is therefore equivalent to a single force 
p, acting at 0, and a cgouple of transference P, I, ; Z, being the 
length of the perpendicuiar from 0 to I’,, and the axis of the 
couple being perpendicular to the plane of P, and p;: Similarly, 
P2 is equivalent to an equal and parallel force p2 acting at 0, 
together with a couple of transference P2 Z2 ; and so on for all the 
given forces. The resultant of the concurrent forces f,, p2 . . . 
is either zero or a single concurrent force, j. Since the couplez 
P, z,, &I A!, . . . are vector quantities, their resultant is also a 
similar vector quantity-k. a couple C. Hence the resultant of 
any system of forces can be expressed as the sum of a single force 
p and a couple C. 

The magnitude of i3 does not depend on the position of the 
origin 0, while that of C does. The couple C can be resolved 
krto two couples C’ and C”, having their axes respectively parallel 
to, and at right angles to, the direction of p. The resultant of p 

c” and C” is a force p’, equal to, parallel to, and at a distance -. 
P 

in a direction at right angles to the plane of p and the axis C’ 
from, p. Thus, finally, the resultant of any system of forces can 
be expressed as a single force p’ and a couple C” having its axis 
parallel to p’. 



54. Laws of Moth-In section I; we have seen that the 
measurement of force is clost:ly associated with that of motion. 
The general phenomcnn of for(‘e ant1 motion have bcun summed 
up by Newton in 2s well-known laws of motion : 

I. Every body continues in its state of rest or of uniform 

motion in a straight line, except in so far as it may bc 
comp4led by applied forces to change that state. 

II. Change of motion is proportional to the force applied, 
and takes place in the dircotion in which the force acts. 

III. The mutual actions of any two bodies are always equal 
and oppositely directed in the same straight line ; or, 
action and reaction are eclual and oppcsite. 

These Iaws apply to forces acting in the direction of the 
motion, and also to forces acting in any other direction. A force 
like the latter will alter the direction of the body’s motion, and 
may, or may not, increase or diminish its speed. It follows from 
Newton’s first law that any body moving in a curved path must 
be continually acted on by some force so lc,ng as its motion in 
the curved path continues. 

55. Centrifugal Force. -An important case of motion, es- 
pecially to engineers and mechanicians, is uniform motion in a 
circle. If a stone at the end of a string be whirled round by 
hand, the string is drawn tight and a pull is exerted on the hand. 
This pull is called cenf++-ad force. At the other end the string 
exerts a pull on the stone tending to pull it inwards towards the 
hand. This puil is called the ;e~ri~zj~~C force, and it is the con- 
tinual exercise of this force that gives the stone its circular path. 
If this force ceased to act at any instant the stone would continue 
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its motion, neglecting the influence of gravity, in a straight line 
in the direction it had at the instant the centripctnl ftircc ceased 
to act. 

‘The distinction bctwcen the two forces must be cnrcfully kept 
in mind. 

that the rnclia,l acccler’;~tioll f( is -. I:ut if j tw thv radial forr*c 
Y 

acting, by section 14, 

56. Work.-\Vhen a force acts on n body and produces 
motifon it is said to do TUOT~~. If a force acts on a bOcly at rest, 
2nd no motion is p-ociuced, no work is done. The idea of 

~zotio~ is essential to work. If a man support a load without 
moving it, although he may beconle greatly fatigued, he cannot 
be said :Q have done mechanical work. ‘l’he load, as regards 
its mechanical strlrroundings, might as \vcii have been supported 
by a table. If the applied force be constant throughout the 
motion, the work done is measured by the product of the force 
into the distance through ivhich it acts. The practical unit of 
work is theflwt-jound, which is the work done in raising a weight 
of one pound through a vertical distance of one foot. 

It should be noted particularly that the idea of tl’~rez does not 
enter into work ; the work done in raising one ton ten feet high 
being the same whether a minute or a year be taken to perform 
it. In the same way, the work done by a cyclist in riding up a 



hill of a given height is the same whether he does it slowly or 

quickly. 
The work done in raising a body through a definite height is 

quite independent of the manner or path of raising, neglecting 
frictional resistance and considering only the work done against 
gravity. The work a cyclist does against gravity in ascending a 
hill of a certain height is quite independent of the gmdz2nt of the 
road over which he travels. 

E.vn7~@~~.-Let the machine and rider weigh 200 lbs., then 
the work done by the rider in rising TOO feet vertically is 
zo,ooo foot-lbs. If the gradient of the road be known, this can 
be calcuiated in another way, which, for the present purpose, is 
roundabout but instructive. Consider an extreme gradient of 
one vertical to two on the slope (~fig. sS), the length of the hill 

will be 200 feet. The work done in 
ascending the hill may be estimated by 
the product of the force required to 
push the machine and rider up the hill, 
into the length of the hill. The machine 
and rider weigh 200 lbs. J this force acts 
vertically downwards, and can be re- 
solved into two, one parallel to the 

FIG. 53. 
road’s surface, and one at right angles 
to it. If On be set off equal to 

zoo lbs., and the construction of section 48 be performed, it will 
be found that the component b 0 required to push the machine 
and rider up the hill is 100 Ibs. The work done will be the 
product of this force into the distance through which it acts, 
200 feet ; the result, 20~000 foot&s., being the same as before. 

This is only the work done against gravity. In riding along 
a level road there is no work done against gravity, any resistance 
being made up of the rolling friction of the wheels on the road, 
air resistance, and the friction of the bearings. These resistances 
will remain, to all intents and purposes, the same on an incline 
as on a level. The work done in riding along 200 feet of level 
road would have to be added to the 20,000 foot-lbs. of work 
done against gravity, in order to get the tdad work done by the 
cyclist in ascending the hill. 
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Generally, the work done by, or against, a force is the product 
of the force into the projection on the direction of action of the 
force of the path of the moving body. Thus, if a v -‘1 
body move from A to B, and be acted on by the force ’ 7 ’ IC 

f; which always retains the same direction, the work 
1 
I I 

done is ,L A C ; R C being perpendicular to A C \ ‘6 

(fig* 59). 
Frc. =jy. 

The centripetal force acting on a body moving in a circle is 
always at right angles to the direction of motion ; consequently 
in this case the projection of the path is zero, and no work is 
done. 

In the Simpson lever-chain the pressure of the chain rollers 
on the teeth of the hub sprocket wheel is at right angles to the 
surface of the teeth, and consequently makes a considerable angle 
with the direction of motion of the rollers. In this case, there- 
fore, the projection A C (fig. 59), on the line of action of the 
pressure, of the distance A R moved through, is very much less 
than .A B. The claims of its promoters virtually amount to saying 

- ~__ 
that the work done on the hub by the pull of the chain is-f. A B, 

whereas the correct value is f . i4 C. 
In driving a cycle up-hill, the work done against gravity by 

the rider at each stroke of the pedal is the product of the total 
weight and the vertical distance moved through during half a turn 
of the crank axle. Let the gradient be x parts vertical in IOO on 
the slope, D the diameter in inches to which the driving-wheel is 
geared, and W the total weight of machine and rider in lbs. 
The vertical distance passed through per stroke of pedal is 

X 7rD 

100’ 2 
inches. 

The work done per stroke of pedal is therefore 

r x e W inch-lbs. 
200 

= ~001309xD Wfoot-lbs. . . . . (2) 

Table I., on the following page, is calculated from equa- 
tion (2). 



Diameter, 
to which 

driving-wheel 
is geared I 2 

Gradient, parts in 100 

3 4 s j 6 7 

15.70 

17’67 
19’63 
21.60 
23.56 
25 ‘52 

27 ‘49 
29.45 
jI’4I 

20 ‘94 
zj ‘56 
26-1s 
28’79 
31’42 
34 ‘04 
36,‘65 

39’27 
41 ‘S9 

26-1s 31.41 
29-45 35’34 
32.72 39’27 
36 ‘00 43 -20 

49 ‘09 jS ‘90 
52.36 62*S3 

,166j 
41’23 
47 ‘97 
50’39 
54’97 
59’56 
64’14 
hS*72 

73’30 

8 

41.89 
47 ‘I2 
52 -36 

57 ‘59 
62’83 
68 ~08 
73’30 
78’54 
83.78 ! 

5;. Power.-The rate of doing ivork is called the f,li;‘PY of 
an agent, and into its consideration time enters. ‘i’hc standard of 
I)owcr used by engineers is the J~o~T~~-$w~~vT-. &Any agent whit,h 
perform5 33. ooo foot-11)s. of work in one minute is said to be 
of I H.P. ‘I’hi5, \I’;ltt’s cstimatt’, is in excess of the avclagc 
~wv-ty- of a horse, but it has been retained as the uni of power fol 
cngineerinl_[ 1)urposcs. ‘I’hc avq?ge power of n man is about 
one-tenth that of a horse that is;, equal to 3,300 foot-11,s. per 
minute. 

If T’be the sl~t~l, in miles per hour, of a cyclist riding up a 
gradient of x parts in TOO, the vertical distance moved through in 
one minute is 

x r x pso 
TOO . GO 

= . SS x Y feet, 

and the power cspcnded is 

*SS ,I: V IP’ foot-11)s. per minute. . . . . (3) 

Table II. is calculated from equation (3). 
58. Kinetic Energy.-~- So far w have dealt with the work 

done by a force which gives motion to a body against a steady 
resistance, the speed of the body having no influence on the 
question, further than it must be the same at the end as at the 
beginning. If a body free to move be acted on by a force, the 
work done will be cspendcd in increasing its speed. The work is 
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IOj6 2112 3168 
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at rest a certain height above the ground possesses therefore an 
amount of energy due to its position ; this is called /)o&tijtr/ t~~~c~~~~~~‘. 
If the body be allowed to fall freely under the action of gravity, 
at the instant of reaching the ground it possesses no potential 
energy, but kinetic energy due to its speed. Its initial store of 
potential energy has been all converted into kinetic energy. 

60. Conservation of Energy--7’lx great principle of con- 
servation of energy is an assertion that energy cannot be created 
or destroyed. This is one of the most comprehensive generalisa 
tions that has been deduced from our observations of natural 
phenomena. Applied to the case of a body moving under the 
action of force without any frictional resistance, it asserts that 
the sum of the kinetic and potential energies is constant. A 
cyclist ridin, u down a short hill with his feet off the pedals and 
not using the brake, will have a b ‘Treater speed at the bottom than 
at the top, part of the potential energy due to the high position at 
the top of the hill being converted into kinetic energy at the 
bottom. If another short hill of equal height has to be ascended 
immediately, the kinetic energy at the bottom gets partially con- 
verted into potential energy at the top ; the rider arriving at the 
top of the second hill with the same speed as he left the first. 
The friction of the air, tyres, and bearings has been neglected in 
the above discussion. If the rider just work hard enough to over- 
come these resistances as on a level road, the above statement 
will be strictly true. 

Applied to mechanism used to transmit and modify power, the 
principle of the conservation of energy is sometimes quoted, ‘ No 
more work can be got out at one end of a machine than is put in 
at the other.’ The work got out will be exactly equal to that put 
into the machine, provided the friction of the machine is zero, 
an ideal state of things sometimes closely approached, but never 
actually attained in practice. The chronic inventor of cycle 
driving-gears might save himself a great deal of trouble by master- 
ing this principle. 

6 I. Frictional Resistance .-It is a matter of every-day ex- 
perience that a moving body left to itself will ultimately come to 
rest, thus apparently contradicting NewtorYs first law. A flat 
stone moved along the ground comes to rest very soon. If the 



stone be round, it may roll alon g the ground a little longer, while 
a bicycle wheel with pn ,natic tyre set off with the same speed 
will continue its motion for a still longer period. A wheel set 
rapidly rotating on its asis will gradually come to rest. If the 
wheel be supported on ball-bearings, the motion may continue for 
a considerable fraction of an hour, but ultimately the wheel will 
come to rest. In a11 these cases there is a force in action 
opposing the motion, the force of filifitjn, which is always called 
into play when two bodies move irl coiltact with each other. ‘l‘hc 
amount of friction depends on the nature of the surfaces in COII- 

tact. ‘I’he friction is very great with the flat stone sliding along 
t!le ground, is less with the rolling stone, and still less with the 
prl~umatic-tyred wheel. ‘l’he friction of a ball-bearing may be 
rtyjuced to a very ~1x111 amount, but cannot be entirely abolished ; 
the less the friction, the longer the motion persists. The air 
also offers a considerable resistance to the motion, which varies 
with the speed. If a wheel with ball-bearings could be set in 
rapid rotation under a large bell-jar from which the air had been 
exhausted by an air-pump, the motion of the wheel might persist 
for several hours, and thus give a close approximation to an 
experimental verification of INewton’s first law of motion. The 
movement of the planets through space affords the best illustration 
of the permanence of motion. 

62. Heat.- The force of friction is thus seen to diminish the 
kinetic energy of a moving body, while if the body move in a 
horizontal plane, its potential energy remains the same throughout, 
and energy is said to be Lliss~~Lllt’~~‘. The energy dissipated is not 
destroyed, but is converted into /x~zi, the temperature of the 
bodies in contact being raised by friction. Heat is a form of 
energy, and the conversion of mechanical work by friction into 
heat is a matter of every-day experience ; conversely, heat can be 
converted into mechanical work. Steam engines, gas-engines, 
and oil-engines are machines in which this conversion is effected. 
Heat due to friction is energy in a form which cannot be utilised 
in the machine in which it arises ; hence popularly engineers 
speak of the work Zest in friction, such energy being in a useless 
form. 

In riding down-hill the potenti al energy of the machine and 
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rider gets less ; if the speed remains the same, the kinetic energy 
remains the same, and the potential energy is dissipated in the 
form of heat. If a brake be used? the heat appears at the brakc- 
block and the wheel on which it rubs. If back-pcdalling be em- 

’ ployed, the same amount of heat is expended in heating the 
muscles of the legs, though the other physiological actions going 
on may be such as to render the detection or measurement of this 
heat difficult. 

M~7zc2mh-2Z E~z~l;unZ~?:t of E&rf.--The conversion of heat into 
work, and work into heat, takes place at a certain definite rate. 
780 foot-pounds of work are equivalent to one unit of heat ; the 
unit of heat being the quantity of heat required ta raise the 
temperature of one pound of water one degree Fahrenheit. Thus, 
in descending a hill IOO feet high, a rider and machine weighing 
ZOO lbs. would convert zo,ooo foot-lbs. of work into -2; E:i” = 25.6 
units of heat. If this could all be collected at the brake-block, it 
would be sufficient to raise the temperature of one pound of water 
2 5 -6 degrees. 
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Kimfic .EwT~v.--l’hc work done by the force has been c’s- 
pended in giving the body its speed %I, and the body in coining to 

rest can restore exactly the same amount of work. ‘1‘1~~ product 

3 ~1 71~ is called the fir’,wfL- energy of the moving body ; it may Lx 
denoted by the symbol I?. 

‘l‘he units employed above are all absolute units. ‘l’he unit of 

kinetic energy in (4) is the foot-poundnl ; in foot-pounds the kinetic 
energy is 

-I 
. . . (9 

Ft rc?li,!<~ .J.!~LI~~;~s.-A lmdy filllini; freely under tllc xtion of 
gravity is a spwial cast of the nl)ovc. Let thu mass 10 lit2 one 
pound, the force nctiiig on the l)ody is I lb. \vei$t, i.e. ,.r 
poundals. Writing ,y- instead ofJ and III== I, in equntions (r)-(g) 

the formulae for falling bodies arz obtained. 
64. Circular Motion of a Particle.-Let the particle be con- 

strained to move in a circle ( .C radius Y-, md bu acted on by n force 
of constant magnitude f; ~iiich is always in the direction of the 
tangent to the path of the particle ; then since the radial force 
does no work, equations (I ) to (7) still hold. IIultiply both sides 
of (I) by r7 then 

JY is the momt’nt of the applied force about the axis of r&ltion, 
I/I T is the momentunl, 111 11 Y the UIUUWI~~ (Ifr NIOIIIC/~~~~III or tr~~.clclrrr 
momelzfuuz ; hence the moment of a force is equal to the rate of 
change of angular momentum it produces. 

If o be the angular speed and 6 the angular acceleration of the 

particle about the axis at the end of the time t, v = w P-, 6 = 7, 

and (9) may be written 

f 
111 0 Y2 

y = .- --- = 
t 

Nf?p20 . . . . . (IQ) 

The product 111 r2 is the ~www~t oj itw*il;r of the particlc about 
the axis of rotation, and may be denoted by i ; (IO) may then be 
written 

I 1’ -‘: t-6 . . . . . . . (IO) 
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That is, the moment of the force is eclual to the product of the 
moment of inertia of the body on whkh it acts cud the angular 
nccelcratiou it produces. 

Eluation (4) becomes, for this Cast, 

I’= 3-z f !, /I! 2”) = !> //I T-2 co2 = !, d d . . . ( I I ) 

‘ikrt is, the kinetic eiiqy of a particle moving iii a circle is half 
the product of its momuut of inertia about the ceutre and the 
sqtiarc of its angulx- speed. 

(I)) may be written 

ft P-= /II%‘Y= /III+,== iw . . . . (I,?) 

fs t is the impulse of the force ; tlwrcforc the wmient of the 
impulse is t3 11~21 to the [)roduct of the inonicnt of inertia of the 
particle and the angulx speed produced by the impulse. 

65. Rotation of a Lamina about a Fixed Axis Perpendicular 
to its Plane.-;1 rigid body of l~omogeneous material may be 
considcwd to be made up of a treat numl~er r,f particles, all of 
e~lual IIUS~ uniformly distritluted. ;I rigid 
lnmina is a rigid body of uniform, but inde- 
tinitely Sidl, tliickncs5 lying between two 
l~arallcl plnnes ; a flat sheet of thin paper is a 
physical approximation to a lamina. let 0 
(fig. 60) be the fixed axis of rotation, perpen- 
dicular to the plnne of the paper ; let, A! be 
any particle of the lamina dktaut r from 0. 
Then using the same notution, quations (9) 
to ( I 2) hold for the particle A, the acting 
force f Iwing alwys at right m~glcs to the 
radiiis 0 .-I. Now the rigid 1;iminn may lx 
cowidered made up of a number of heavy 

1”It;. 6.J. 

particles like :I, emtxdded in a rigid weightless frame. Instead 
of the force f acting directly at A, sul~l~~c a force j act at a 
point b’ of the frame in a direction at right angles to 0 3. Let 
OB= Z, then if 

pZ=f?- , , . . . . . (13) 

the effects of the forces f and p in turning the weightless frame 
and heavy particle A about the centre 0 are exactly the same ; 
the motion of A is unaltewd by the sukitution. 



Also, if lz’ bc the space passed over during tlw period by the 

Substituting 111 ( IO), (I I) and (I 2) thq- 111~1 lx \vrittc.tl 

/,z=ie. , . . . . . . . (14) 
=pI= !,LIJL . . . . . 

;zi 

. 

= 1' (11 -. . . * . . . . 

(15) 

(\ 1 0) 

(pl+/12+ . . . )Z=(i,+i,+ . . . j0 
(f*+j2+ . . )d=!&+i, . . . >w’ 

(/II t pz + * * - j/t=& +i,+ . . . )(Ij 

1. f, 6 and 0) lxing the smit’ for nil the I)nrtic:lcs. Let I = 
(i, + i, + . . - ), tlicn 1 is the nionitxt of incrtin of the 
laniinn atlout the asis 0 ; let (p, t pJ + . . . ) :: I’, thm 
P is the actual force applied at the point I>’ of the lanlina ; let 

(e,+e,+ l - * ) 
= E, then E is the kinetic: energy of the 

laniina ; and the above equations may be written 

1’Z= IO . . . . . . . . (17) 
EC ?, Im2 . . . . . . . (pJ) 
PZt 1 LJ . . . . . . . (I()) 

1’ / is the magnitude of the aIq)lied turning couple. 
66. Pressure on the Fixed Axis.-in the abow investigation 

the pressure on the axis at 0 has been ncglectcd, since whatever 
be its value, its moment ahout 0 is zero, and it does not, therefore, 
influence the speed of rotation. It is, howwr, desiral~le CO know 
the pressure on the bearings of the rotating body ; we therefore 
proceed to investigate it. Coiqsider only the particle A, connected 
by the rigid weightless frame to 11 and 0 ; if the force j at B 
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gives A its tmgential acc&r3tion, the wighticss frame must I”-css 

on t% particle A with 3 force-l: in the direction at right-angles to 
I-, and the ~mrticlt’ A Inust react 011 tile frame ivith an cclurtl ;Ind 

opposite force -J Rut the partick .,I also prt’sscs on tht: frame 
‘2 

772 $J 
\\-ith the cxwtrifugnl force t = = //I (2 I’, in the direction of 

Y 
the rxlius Y. ‘I’he fmnic king wightlcss nlust lk> in c(luilil)riuln 

under t.hc fw.xs acting on it ; sinw, 11~7 (2), a finite fora’, liowt’~.c~r 

!m:dI, ncting on 2 body of zero mass \voulci p-ochiw infinite 

n(*cclcr:ItiotI. ‘1’lit.s~ forces m-e : -- ./ 3t .-I, /h at -I>‘, the rcnction q 
of thch nsis at 0, nnd the ccntrifu~nl force c, which also nets 
t.hrou~l1 0. Rut tht2 forws --fat :I, 3nd /h at I>‘, xc e(lui\nli!nt 
tri ey2l ;111d pxtkl forcc5 at 0, 3Iitl the couI~les --/I- and ,fi L. 

‘1’11~ wu~)lc~ ccluilibrnte ~3(:11 other, thtwforc the foL:r f(.)rct’s 

-I^‘, f . I, i/ 2nd t at 0 art’ in ec~uilibriuin. ‘I’hcrefore, 

~wztor q = vectorf - wctor p - vector c . . . (20) 

I,ct Q kc the rei~ultnnt rtaction of the fis~cl asis on the lnmina, 

due to the particles .,I ,, :I.,, . . . of which it is colnpo~ed, i.e.-- 

\-ector Q = sum of vectors qi, qL’ . . . 

Simil;lrly, let 

wctor I’ = sum of vectors jl, j2 . . . 
vector F= sum of vectorsf,, J2 . . . 
j-Prtor C = b .* - sum of vectors cl, c,, L-:~ . . 

Then, adding equations (20) for 211 t!?C ;,?rtic-lcs A,, A., . . .) 
actor Q = vector I; - vector P- vector C . . (2 I) 

But by (IO) - 

vector F= 1118 x vector sun7 (7~~ f Ye + . e . .j 

And the vector sum (Y, + r2 + . . . T) is the vector II . 0 G ; 
G being the nias+centre of the lamina (fi g. 61), and 1~ the number 
of particles, each of mass /II, it .contains. 

Thcrciore, 

vector F= M8. OG . . . . . . . . . (22) 

42 being the total mass of the Inmina. ‘I’hc component forcesf,, 

f 2 . . . acting at right-angles to the corresponding \*ectors Y,, 
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f., . . .) the resultant force F will act at right any@ to the rc- 

sultant vector 0 G. Simiku$, 

vector C = ,;Ifd . 0 (T . . . . . . . . . . (23) 

the force C acting along 0 G. 

fj- r*Tow, from ( I ;) and ( I 0) /1 =- / -.= 
111 Yb2 8 / . 

The vectors /J are all in the ~;~lnt‘ direction, nt right angles to 
0 I;, and are therefore added like scal:lrs. Thcrcforc, 

Substitllting these values in (2 I), the reaction Q (fig. 61) of 
the fixedaxis is the resultant of : A force at 0 equal and parallel 

to that required to accelerate the mass M 
supposed concentrated at G J a force at 0 
equal, opposite and parallel to the applied 

force .P ; the centripctal force M. ~0~ . 0 G< 
acting along G 0. 

FIG. 61. 

I:rorn (2 T) many important results can 
bc dctduced. Let a couple act on a rigid 
lamina quite free to move in its plane ; then 
Z’=o, Q=o; and (2 I) becomes 

vector F - vector C = 0. 

Rut the y.iectors F and - C are at right angles ; their sum can 

only be zc’ro when each is zero. This is the case when 0 G‘ = o 
-see (22) and (23)-that is, when the* mass-centre and the axis 
of rotation coincide. Hence a couple applied to a lamina free to 
move causes rotation about its mass-centre. 

67. Dynamics of a Rigid Body.---Equations (I 7), (16) and 
(19) are appiicable to the rotation of any rigid bocty about a fixed 
axis. Equations (2 I) to (24) are applicable if the rigid body is 
symmetrical about a plane perpendicular to the asis of rotation ; 
this includes most cases occurring in practical engineering. But 
in a non-symmetrical body, e.,o a pair of bicycle cranks and their 

axle, the resultant pressure on the bearings cannot be expressed 



Tlw v4ucs of I for a few forins n-q 1x2 given here. For 3 thin 
ring of radius 1’ and rmnss ,I,! rotating at~out its geometric ;?xis, 
I(, = itl 9. This is npproxirnntely the ccwz of the rinl and tyre of 
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a &cycle xhecl. For the same ring rotating about an axis at its 

circumference, as in rolling along tl-iC! ground, I = 2 ~419. 
For a 1)x of length / rotatin, (7 about an axis through its end 

perpendicular to its own axis, I = . 
MZI’ 

This is approximately 
3 

the case of the spoke5 of a hicycle wheel. 
ITor a circ~ular disc of uniform thir:l;ncss and radius 7’ rotating 

.JW 
about it5 pxiii.tric asis! I,, = . For tlw same disc rolling 

2 

along the ground, 1 = 3 ,Ilv”. 
2 

6% Starting in a Cycle Race.--‘h: work done by a rider at 
the tqinnin; of a race is nearly all eslxlldcd in givitlg hilllsclf 
and machine kinetic energy? the frictional resistances being smali 
until a high speed is attained. If the winning-post tx passed at 
top speed: the kinetic energy is practicaiiy not utiiised. Ii1 Zl 

short distance race, this kinetic energy may be large in comparison 
to the energy employed in overcoming frictional resistances. The 

kinetic energy of translation of the machine and rider is -.- 
11,’ g 

@- Y 
foot-lbs., IV Iwing the total weight. Hence, a light machine, 
other things being equal, is better than a heavy one for short races. 
Further, there is the kinetic energy of rotation of the wheels and 
cranks. For the rims and tyres this is nearly equal to their trans- 
lational kinetic energy ; Lherefore, at starting a race, om pound in 
the rim and tyres is equivalent to two pounds in the frame. 111 

comparing racing machines for sprinting, the weight of the frame, 
added to twice that of the rims ;:.nd tyres, would give a better 
standard than the weight of the complete machine. The pneu- 
matic tyrc, with its necessarily hoa\*ier rim, is, in this respect, 
inferior to the old narrow solid tyrc. Of course’, once the top 
speed % attained, the weight of the parts has no direct influence, 
lout ~-wly so far as it affects frictional resistances. 

60. Impact and Csllision~---I f t;i-0 hdieS moving in opposite 
directions collide, their directions of motions are apparentl! 
changed instantaneously ; IJut, as a matter of fact, the time during 
which the bodies are in contact, though extremely short, is still 
npprccinble. The magnitude of the force required to generate 
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I/! v,,. I,c:t C he the ilnl 
t*nd of the compression 
subst!tution in ( J > 

The: impulse of r?stitL 

ndse of cmpl-cssio11 ; then Gnr-e at the 
period the velocity is zero, we get by 

&Z 1?Z Z’,, . . . . . . * . ( f) 3) 

Ition, 1,y definition, is o C ; thercforc, if 
2’ be the WlOcitj- of the t3ody after collision: 1~~2 have 

(’ c = -. I.‘1 7,; 

Substitutin,; the valw of C from (~6)~ we get 

7.l = -f?v(, . . . . . . ( 7) 2 

That is, the speed of rcboand is equal ‘io the speed >f iqJact 

multiplkl by the index of elasticity. The speed of rebound is 
therefore always less than the speed of impact. 

’ This result at first sight seems to be con:radictory to the pin- 
ciple of the conser vation of momentum, but remembering that the 
m~s of the fixed body may be considered infinite, and its velocity 
zero, its momtntum 1s 

00 x 0, 

an expression which may represent a~zy finite magnitude. we 

may say the fixed body gains the moli:entum lost by the moving 
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body by the collision. For cxnnil1lc, when a ball f,llls vertically 
and rebounds from the ground, the earth as a whole is displnccd 
by the collision. 

Lnss of Ew;gJ.-‘1’11 c kinetic encr~y of the moving body 
before impact is 

ltt 7r1b2 foot -1bs. ; 
2 CT h 

the kinetic energy after impact is 

The loss of Cntrgy clue to collision is thins 

(1 -+‘) E,, . . . . . . . . (29) 

70. Gyroscope.- 1 ,et n wheel W (fig. 6;;), of moment of 
inertia 1, be set in rapid r-otatiou on ,z spindle S, which can be 
halmced hy ~neam of a counterweight 741, on a pivot support T 
pig. 63). If a coup1e c:, formed by two equal and opposite 
vertical forces F, nnd IT2 acting at a distance /, be applied to the 
spindle, tendin, (r to make it turn al~out n horizontal axis, it is found 
that the axis of the spindle -turns slowl~~ in a horizontal plane. 
This motion is called ’ precession. This phenomenon, which, 

Frr.. 53. 

when observed for the first time, appears startling and pamdoxicnl, 
can be strikingly exhibited by removing the counterweight 7u, so 

that statically the spindle is not balanced over its support. The 
explanation depends on the composition of rotations. Figure 64 
is a plan showing the initial direction 0 A,, of the axis of rotation 
of the wheel W. The initial angular momentum of the wheel 
can be represented to any convenient scale by the length 0 A,. 
The couple C tends to give the wheel a rotation about the axis 



0 B at right angles to 0 &+$. If this couple C acts for a very 
short period of time, t,, the angular momentum it produces about 

the axis 0 B is C t,. This may be represented to scale by 0 b,,. 
The resultant angular momentum of the wheel at the end of the 
time, t,, may therefore be represented in magnitude and direction 

by 0 A’. Tf the time t, be taken very small, 0 A’ is practicall) 
equal to 0 -&, and the only effect of the couple C is to alter the 
0S-ccil;~~ of the axis of rotation. At the end of a second short 
interval of time, f.,, it may be shown in the same manner that 
the axis of rotation is 0 A”, A’A” being at right angles to 0 L?‘. 
At the end of one second the increment of the angular momentum 
is numerically eq~xtl to C, and may be represented by the arc 
A,, A, ; thus at the end of one second the axis of rotation is 0 A,. 
Let H be the angular speecl of precession, then 8 is numerically 
equal to the angle A, 0 rZ I, i.e., 

O= 
arc A,, A, C = (36) radius CIA,, 1 w ’ ’ ’ a ’ 

or 
C=-loO=MiMfiaoO 

=Mvk0 . . . . . . . . . (31) 

where M is the mass and fi the radius of gyration of the wheel? 
and v the linear speed of a point on the wheel at radius K. 

In drawing the diagram (fi,. u 64) care should be taken that 
the quantities 0 A0 and 0 b,, are marked off in the proper direction. 
If the rotation of the wheel when viewed in the direction 0 A, 
appear clock-wise, it may be considered positive ; similarly, the 
rotation which the couple C tends to produce, appears clock-wise 
when measured in the direction 0 b,, and is therefore also con- 
sidered ppsitive. If the couple C were of the opposite sign, the 
increment of angular momentum 06, would be set off in the 
opposite direction, and the precession would also be in the oppo- 
site direction. 

The geometrical explanation of this phenomenon is almost the 
same as that given for centrifugal force in the case of uniform 
motion in a circle. 

A cyclist can easily make an experiment on precession without 
any special apparatus as follows : Detach the front wheel from a 



bicycle, and, supportin g the ends of the huh spindle between the 
thumb and lirst fingers of each hand, set it in rotation by striking 
the spokes with the second and third fingers of one hand. On 
withdrawing one hand the wheel will not fall to the ground, as it 
would do if at rest, but will slowly turn round, its axis moving it1 a 
horizon tnl plane. As the speed of rotation gradually gets less 
owing to friction of the air and bearings, the sptxd of precession 
(rets greater, until the wheel begins to wobble and ultimately falls. 3 

7 I. Dynamics of any System of Bodies.-Th forces acting 
on any given system of bodies may be conveniently divided into 
’ external ’ and ‘ internal ’ ; the former due to the action of bodies 
esternal to the given system, the latter made up of the mutual 
actions between thu \xrious ljairs of bodies in the given system. 
The latter forces arc in ecluilibriunl among themselves ; that is, 
the force which an). body --1 uxrts on any other body 1; of the 
system is cc~unl and opposite to the force cserted t)y B on ,g. 
The motion of’ the mass-centre of the given system is therefore 
unaffected 1)~ the internal forces, and sonle of the results of sec- 
tion 67 can be extended to any system of bodies, thus : 

The motion of the mass-centrl: of a system of bodies under 
the action of any system of forces is the same as if equal parallel 
forces were applied at the mass-centre. 

The turning &fect of a system of forces acting on any system 
of bodies is the same as if the mass-centre of the system were 
fixed. 

The kinetic energy of any system of bodies is the sum of the 
kinetic energies due to : (u) the total mass collected at, and 
moving with the same speed as, the mass-centre of the system ; 
(bj the masses of the various bodies concentrated at their respcc-. 
tive mass-centres, and moving round the mass-centre of the sys- 
tem ; (c) the rotations of the various bodies about their respective 
mass-centres. 

E’xLu~x’~. --- If a retarding force be applied to the side wheel of 
a tricycle, the diminution of speed is the same as if the force were 
applied at the mass-centre of the machine and rider, while the 
turning effect on the system is the same as if the machine were at 
rest. (See chap. sviii.) 



72. Smooth and Rough Bodies,m---If two Ixrfcctlp wmih !wdics 

are in conta(‘t? tht: mutual pressure is alwn~x in a dirwtion at right 

:t:;$es to the surfact. of contact. ‘l’hus a sinootli stone wstin~ on 
the smooth fromi surface of a lw1~1 prt3s;cs the iw wrtic~ally 
downwards, and the‘ reaction from the iw is vertically upwards. 
If a horizontal for-cc Ix apl~litxl to the stow it will move hori- 
zontally, the mutunl pressure betwcn it and the ice offering little 
resistance to this motion. A smooth surface nlay lx defilled as 
one which offers no resistawe to the motion of a body upon it. 
No $k~&-fQ sniooth surface exists in :iature, but all are more or 
less rough, and offer resistance to the nlotion of a body upon 

them. This resistance is called f/;;L~&z. 
Friction always acts ill the dircctiou opposed to the motion of 

a body, and thus tends to bring it to rest. In all machineryF 
therefore, great efforts are made: to rcaducc the friction of the 
ii1C)t’itlg parts to the least lmssible value. In bearings of m~chincry 
friction is a most undesirable thing, but in other cases it may lx 
a most useful agent. Without friction, no nut would rtmain tight 
after being screwed up 011 its bolt ; railways would be impossible ; 
and in cycling, not only would it be impossible to ride a bicycle 
upright on account of side-slip, but not evtm a tricycle could be 
driven by its rider along the ground, as the driving-wheels would 
simply skid. 

73. Friction of Rest.~ -The greatest possible friction between 
two bodies is measured by the force parallel to the surface of con- 
tact which is just necessary to produce sliding. If a force acting 
parallel to the surface be less than this amount, the bodies will 
remain a! rest. 



be readily obtained by drawing. 
PI 

If I,2 lw less 
I 

1, 

togetlm- with 2 

surface, its c‘oni- 

the surf;lce can 

than p, no slid- 

ins will take place, but if L ” 
4 

lx greater than p, sliding will oc(..:ur. 

Tile angle t? nt which sliding j ust occurs is called tlw M~(L’ (y 

h-i- fr; i/z. 
If oll~f c)f illt; Lodie5 bc nn iiicliiicd ijlL;;;c si>i! tl;~ other 3 l.)ody 

of weight 1 I - ix5tirig on it, thca f&-w 1’ pressing thcni together is 

\-crticxl, and tllcrcforc itlclined nt ~111 ztnglc 0 to the norrnnl to the 

surfwe ; the nnglc 0 of tlw inciitwd plnne at which the body will 

first slide down is Gdently the sallle as the Anglo of friction? and 

is sometinw called the CZ/Z,$C (if I-~‘wL’. 

75. Journal Friction. - Jt 11~ bc~n established by experiment 

that the fril:tion of two bodia sliding on each other at moderate 

speeds, under moderate presw-es, and with the surfaces either 

dry or very slightly lubricated, is indepmdent of the speed of 

sliding and of the area of the surfaces of contact, and is simply 



proportional to the mutual pressure. The experiments on which 
the laws of friction rest were made by Morin in 183 I. With well- 
lubricated surfaces, such as in the bearings of mnchincry, the laws 
of friction approximate to those relating to the friction of fluids. 
Mr. Tower made experiments, for the Institution of Mechanical 
Engineer:;, on the friction of cylindrical journals: which showed 
that when the lubrication of the bearing was perfect, the total 
friction rcmnined constant for all loads within certain limits. 
The coefficknt of friction is therefore inversely proportional to the 
load. ‘I’hc total friction also varies directly as the square root of 
the speed. The coefficient of friction may therefore be repre- 
sentcd by a formula 

These experiments clczrly show that with lzrfect lubrication the 
journal dots not actually touch the bearing, but floats on a thin 
film of oil held between the two surfaces. The most perfect form 
of lubrication is that in which the journal dips into a bath of oil. 
The ascending surface drags with it a supply of oil, and so the 
film between the journal and its bearing is constantly renewed. 
If the lubrication is imperfect the coefficient of friction rises con- 
siderably, the conditions approachin, (r then those which hold with 
regard to solids. 

The journal experimented 011 was 4 in. diameter by 6 in. lollg. 
With oil-bath lubrication, running at 200 revolutions per minute, 
and with a total load on the journal of 12,500 lbs., the total 
friction at the surface of the journal was I 2.5 lbs., giving a coeffi- 
cient of friction of *0010. ‘CYith a total load of 3,308 lbs. the total 
friction at the surface of the journal was 13.2 lbs., giving a coeffi- 
cient of friction of ‘0055. 

76. Collar Friction.-The research committee of the Institu- 
tion of Mechanical Engineers also carried out some experiments 
on the friction of a collar bearing. The collar was a ring of mild 

steel, I 2 ill. inside and 14 in. outside diameter, and bore against 
gun-metal surfaces. The pressure per square inch whic!i such a 
bearing could safely carry was far lt~s than in a cylindrical journal ; 
the lowest co&icient of friction was ‘031, corresponding to a 
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pressure of 90 111s. per square inch, and a speed of 50 revolutions 

per minute. p was practically constant, its average value being 

about -036. 
The much higher coefficient of friction in a collar than in a 

cylindrical bearin, m is no doubt due to the fact that a thin film of 
oil cannot be held txtween the surfaces, and be continually 
renewed. 

77. Pivot Friction. --The relative motion of the surfaces of 
contact in a pivot kmu-in, (r is one of rotation about an asis at right 

an,’ ti7-l I\- c clef; to Llli Lumn~on SliFhZC2 vL nf contact. Let 
figure 65 rcI)resent l~lan and elevation of a pivot W 
Ic~rilkg, (1 being the asis of rott~tion and o the 
angular speed. The linear speed of rubbing of 
any point at a radius Y from the centrc will be f? ----- -e-e 
OJ Y. Let It’ be the total load on the pivot, <- 

1w-\ 
----__--- 2 

,O its diameter, and L? its radius, If ~‘e assume h ‘,,/f 
the pressure to be uniformly distributed over 
the surface of contact, the pressure Ixr square 
inch will be, 

4 tv 
p= --D.2. * . . 

FIG. 65. 

The area of a ring of mean radius rand width t is 2 x Y t. The 
frictional !-esistancc due to the pressure on this ring is 2 p T Y tp, 

and the moment about the centre 0 is 2 p T Y VP. Summing 
the moments for all the rings into which the bearing surface of 
the pivot may be divided, the moment of the frictional resistance 
of the pivot is 

2pd231$ - p TC’D II 
3 - 3 -‘*sa* 

( > 2 

That is, the frictional resistance due to the load Wmay be sup- 
posed to act at a distance from the centre of one-third the dia- 
meter of the pivot. 

If the diameter be very small, the average linear speed of 
rubbing, and therefore also the total work lost in friction, will 
be small. The work lost in friction is converted into heat, and 
the heat must be carried away as fast as it is generated, or the 
temperature of the bearing will rise and the surface will seize, 
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The pressure per square inch a bearing may safely carry will thus 
depend on the quantity of heat generated per unit of surface, and 
therefore on the speed of rubbing. This speed being small in 
pivot bearings, they may safely work under greater pressure than 
collar bearings. 

It will be shown (chapter xxv.) that the motion of a ball in 
a ball bearing is compounded of rolling and spinning. Rolling 
friction is discussed in section 78. 

Spinning friction of a ball on its path is analogous to pivot 
friction, with the exception that the surfaces have contact only 

at a point when no load is applied. When the 
ball is pressed on its path by a force IF (fig. 
66) the surf;xes in the immediate neighbour- 
hood of the geometrical point of contact Q are 
deformed, and contact takes place over an area 
n o 6. The intensity of pressure is probably 
greatest at u, and diminishes to zero at n and (1. 
The frictional resistance thus ultimately depends 
on the diameter of the ball, its hardness, the 
radius of curvature of its path, the load 71’ as 
well as the coefficient of friction. 

FIG. 66. 
No experi- 

ments on the spinning friction of balls have 
been made, to the author’s knowledge, though they would be of 
great use in arriving at a true theory of ball-bearings. 

7 8. Iblling Friction.- T When a cylindrical roller rolls on a 
perfectly horizontal surface there is a resistance to its motion, 
called roZ&q fvic~$~n. Professor Osborne Reynolds has investi- 
gated the nature of rolling resistance, and he finds that it is due 

to actual sliding of 
the surfaces in con- 
tact. No material in 
nature is absolutely 
rigid, so that the 
roller will have an 

FIG. 67. wren of contact with 
the surface on which it rob, the extent of which will vary with 
the material and with the curvature of the surfaces in contact. 
Figure 67 shows what takes place when an iron roller rests on 



s3 

a flat thick sheet of india-rubber. ‘I’tic roller sinks into the 
rublxr and has contact with it frcm 1.’ to 0. I ,iws drawn 011 ;he 

india-rubber originally pt-allcl and quitlistant arc distorted as 
shown. The inotion of the roller being from the loft to tht: ri&t, 

contact begins at I) and ceases at C. The surface of the 
rubber is depressed at I’, the lowest point of the wheel, and is 
bulged upwards in front of, and lxhind, the roller. The vertical 
coniprtxic,n of the layers of the rut-Am- below f’ muses them to 
l~ulge laterally, whilst the cstmsion wrticnlly of the layers in 
front of 11 cauws them to get thinnt’r lattmlly. This creates a 
tendenc-y to a rxc~)in, (r motion of the rutAkr along the roller. If 
. 1' 1' 1110 X‘;‘.Sl?jt;lIll. U tG Siiiil:i!’ h friction lwtn.ccn the surfatrcs 1~ ycnt, nr, 

relative 5li;ll)ins A - imy t2l-x plncc, but if the frictivnnl resistance be 
small, slippin, (r will take pkicC, and energy wiii be espendcd. (1 Y 
aiidfr limit the surfaces over lvhich there is no slipping ; between 
t’ Fand D. and xgin 1)etwenfrnnd C.‘, there is IIO relatiw slipping. 

This action is such as to cause the distance actually travelled 
by a roller in one rct.olutim to be difftx-t\nt from the geonietric 
distnncc. Thus, m iron roller rolled about two per cent. less 
per revolution when rolling 011 rubber than when rolling on 

wood or iron. The following tnblc slim-s the actual slipping of 
a rublwr tyre three-quarters of an inch thick, glued to a roller.-m 

Nature of surface 

1 Distance 
irave!!ed in Circumference 

one revolution Of rhe rhg 

: ~~__-.~ - -~~ __ -. -._ -- 
’ Steel bar 
I India-rubber d*156 ‘in. thick \’ 

1 22.55 in. 
! 

22.5 in. 

I ( clean j / I 22’55 ?9 22’5 77 
Ditto (biack-le’adedj : . i 22-55 77 22’5 77 

Ditto 0.08 in. thick (clean) . I 22.5 ), 22’5 Y9 

Ditto (b’lnck-leaded) . . i 22.52 ,) ! 22’5 Y7 

1 Ditto 0.36 in. thick (clean) . i 22.39 ), / 22.5 77 

__-~ --.-- 

-0'05 in. 

-0’05 77 

-0’05 7) 

0’0 9Y 

-0’02 ,) 

0’11 7, 

( Ditto (black-leaded) 
(clean) 

. 22.42 ,, j 22.5 ’ ,) o*o8 ,, 

1 Ditto 0.75 in. thick . 22.4 ), I 22.5 77 0’1 77 

; Ditto (black-leaded) . . 22 -4 ), i 22’5 77 o-1 77 

---_- - 

iVith regard to the xork lost in rolling friction, a little con- 
sidcration will show that a soft substance like rubber tvili waste 
more work, and therefore have a greater rolling resktmce than 
a harder substance such as iron or stwl. Yrof3sor Osborne 



. 

.’ ” 

&I I /’ J-$?-J&$J~-.\. 0~“ ~jirt’~‘htlJ/~~‘S CIIAI’. IS. 

Reynolds has shown that the rolling resistance of rubber is about 
ten times that of iron. Experiments were made or; a cast-iron 
roller and plane surfaces of different materials, the plane being 
inclined sufficiently to cause the roller to start from rest. The 
following table shows the mean of results for various conditions 
of surface n L .,nd manner of starting, the figures tabulated giving the 
vertical rise in five thousand parts horizontal. 

I Starts from rest 
I 

Nature of surface / 

1 Clean Oiled x 
black-leaded 

Cast -iron . . I 5’66 
Glass . . . 1 6.~2 
Brass . . . ! 7*:5 
Boxwood . . I IO-O_F 

India-rubber . 1 35.37 

5.61 
5 ‘96 
6’53 
9’25 

38’75 

0 Starts from rest in the i 
/ I 

opposite direction 
---. -_- - ’ Mean , 

Clean Oiled or 
black-leaded / 

I 
2’57 1 2 -36 j 4’05 
I.93 2 56 4’19 

/ 
j 

2.07 : 2 ‘587 
j 

4’73 
5’71 2’34 7.O9 

1 
31.87 j 28~0 i 

33’24 ! 
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S’rKAININc~ .lCTIC~N : ‘I’ENSIC~N .\SL) CO~II’ItESSION 

79. Action and Reaction.--lt’I:Wtoll’s third law of motion is 
thus ci~u1Ctt.A : 

bb’ ’ 10 a-cry action lhcimc is nlwnys an cclual 2nd contrary rtd- 
nct1tin ; or, the :~utu;11 ;Ic*tion of my two hxlics xt’ :~l~~i~‘s uclu31, 
;uld oppvsitcly dircctrd in the smw smight lint , or, action a& 
reaction ;u-c t” lual 2nd opposit:?’ 

1Ve hnve in the preceding chnpters spoken of singlu forces, 
but rcruembcring that force c:tn only be exerted by the mutunl 
action of two boclius, the truth of Newton’s third law is nppnrent. 
If 2 rider press his saddle downwards with a force of I 53 lbs., the 
saddle presses him upwards with an equal force ; if he pull at his 
handles, the handltis cscrt an equal force on his hands in the 
opposite direction. The passive forces thus called into existence 
are quite as real as what arc apparently more active forces. For 
example, suppose a man to pull at the end of a rope with a force 
of IOO lbs., the other end of which is fastened to a hook in a 
wall, the hook exerts on the rope a contrary pull of IOO lbs. 
Suppose now that two men at opposite ends of the rope each 
exert a pull of IOO lbs., the ‘ active ’ pull of the second man in the 
second case is exactly equivalent 
to the ‘ passive’ pull or the hook 
in the first case. 

The different forces must be 
carefuiiy distinguished in such 
r2st.y. Thus, in figure 68 the 

F!G. 68. 

force exerted by the rope on the hook in the wall is in the direc- 
tion LZ, the force exerted by the hook on the rope is in the 
direction P, the pull esurtcd by the man on the end of the rope 
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is in the direction c, and the pull of the rope on the man is in 
the direction d. 

80. Stress and Strain.- --Consider the rope divided at C into 
two parts, A and B. The part A wJ1 exert a pull in the dircc- 
tion t, on B, and similarly the part B will exert a pull in the 
direction f, on A. The two forces t, and t, constitute a straining 
action at C. 

In the case of a rope the forces b and c acting on its ends arc 
directed outwards, and the straining action is called a tmsri,72. 

P 
If a bar (fig. 69) be subjected 

&+ A’& 1. I to equal forces, tz and 6, at its ends 
I 

FIG. 69. 
acting inwards, the straining action 
is called a ~-014+7-cssi0~2. 

III figures GS and 69 the parts A and 15’ tend to separate from 

or approach each other in a direction at right angles to the 
plane C. If the parts A and B tend to slide relative to each 

other in the direction of the plant (fig. 70), the straining action 
is called sjle’t~&. 

If the parts A and B tend to rotate about an axis perpendi- 
cular to the asis of the bar (fig. 7 I), the straining action is called 
ik7zdi-q. 

If the parts ~1 and 23 tend to rotate in opposite directions 

11 

about the axis of the bar (fig. 7 z), the 
straining action is called fuus~~~z. 

Conq~ound straining actions con- 
sisting of all or any of the simple 

, 
FIG. 72. 

straining actions may take place. 
These straining actions are resisted 

by the mutual action between the particles of the material, this 
mutual action constituting the stress at the point. 

Tensile Stress. --If a bar be subjected to forces as in figure 68, 
every transverse section throughout its length is subject to a fefzsz’ce 
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s JI’t’SS. If I’ be the magnitude: of the forws b and I’ (fig. GS), and 
A the area of the transwrse section at L’, the force acting 011 
txuzh unit of transwrsc section--that is, the tensile stress lwr unit 
of art‘a- is 

p = f; . . . . ( ) I 

f) (; . . . . . . = 

s I. Elasticity. If a bar of unit area (fig. 73) lx fixed ;lt one 
end, nrld subjected at the other end tti a loxd, 14, it is found tlxit 
its length is incrtjased by a small quantity. If tlw 

iond does not exceed a certain limit, wlwn it is re- /I/// 

moved the lxx recovers its original length. It is I 
found experimentally that with nexly all bodies, i 
nitztnls especially, this increase in length, x, is propor- I I 
tional to the load, and to the originA length of the c 
bar, so that we may ivrite 

1 
I 
I 

SdZ 
I 
I 

E I I a -- 
or ? =--XT -I 

I$ - -L’ E-z . . . . . . . . . (9 p L2 
where k.’ is a constant, the W~LIL of wlkh delwnds b-11;. 7_;. 

on the nature of the mattxial. ‘l’hc r;Ltio of this clongntioll to the 
original length-that is, the extension per unit of length-is 
called the ~~fekq and denoting it by cz WC have 

substituting in (2) we have 

P =E . . . . . . . . . 
e (4) 
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E is called the m~d~iirs of eZmtir~~~~ of the material. A general 
idea of its nature may be had as follows : Conceive the material 
to be infinitely stron g, and to stretch under heavy loads at the 
same rate as under mall loads. Let the load be increased until 
the change of length, X, is equal to Z, the original len@ of the 
bar. Substituting s = Z in (2) we have p = E. That is, the 
modulus of elasticity is the stress which would be recIuircd to 
extend the bar to twice its origina! length, provided it reinnined 
perfectly elastic up to this limit. 

The value of E for cast iron varies from 1q.,000,000 to 
2 -J,ooo,ooo lbs. per sq. in. ; for wrought-iron bars, from 
27,000,000 to ,;I,OOO,OOO lbs. per sl. ii]. ; for stct4 plate ,; I ,ooo,ooo 
11)s. per srl. in. ; for cast steel, tcmpercd , ,;6,000,000 11)s. per 5’1. ill. 

Extr/il/lzL~. -‘l-he spokes of a whucl are No. 16 1V.G.) I 2 inches 
long ; the nipples are screwed up till the spokes are stretched 
I A ii in. What is the pull on each spoke ? 

Taking E = 36,000,ooo 11)s. per SCI. in., and substituting in (2), 

WC get 

P 
1 

-, l(lO 

;6~000,000 12 ’ 

from which, 

P = 30,000 11)s. per sq. in. 

A, the sectional area of each spoke (Table XII., p. 346), is 
‘00322 sq. in. ; P, the total pull on the spoke, is p A. There- 
fore, 

P = 30,000 x ‘00322 = 96% lbs. 

82. Work done in Stretching a Bar.---- In section 81 we have 
f 
l .I�IIU CllL rbllnd +hn stress, /I, corresponding to an extension, X, of a bar ; we 
can now fmd the work done in stretching the bar. It will be con- 
venient to draw a diagram to represent graphically the relation 
between p and x. Let A B, (fig. 73) be the bar, fixed at A, and 
let B, be the position of the lower end when subjected to no 
load. Under the action of the load 171 let the lower end be 
stretched into position B, then B, B = X. Let .B N be drawn 
at right angles to the axis of the bar, representing to any con- 
venient scale the load P. If these processes be repeated for a 
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number of different ~nlues of I’, the locus of the point 117 will bu 
a straight line passing through I’,‘,,, and the area of the triangle 
B, I>’ N will represent the work done in 
stretching the bar the distance A’,, 1;. ‘l’here- gg 

fore, A 
1\‘ork done = $ /‘.Y . . . (5) 

Substitute the ~aluc of .t’ from (2) in (j), 
and renwnbcrin~ that f’ = ..lj, we get 

producing 2 given stress, f, 011 cliK~rutit 1~13 
of the sanle material are prolwrtic;n;~l to the 
vuluni~s of the bat-s. On bars of t’qual 
wlurnt2 hut of different nintcrials the ~1u;lti- 
tit& of work done in producing a givtw 
stress, p, are inverwly proportio~~;~l to the moduli of elasticity. 
The work done in stretching a $un bar is prol~urtic~tinl to the 
square of the stress produced. 

If the bar be tested up to its elastic limit, f; the work done is 

f 
2 

2E 
x volume of bar. 

This gives a measure of the work that can be done on the bar 

without permanently stretching it. T!K quantity f 2 l- depends only 

on the material, is cAled its rrro&rZw nf m-i/iCwce, and gives a 
convenient measure of the value of the material for resisting inl- 
pact or shock. 

Ext21IlpZt’. -- The work done in stretching the spoke in the 
example, section 81, is 

4. x g6.G x I;,(, = $33 inch-lb. or ‘04 foot-lb. 

83. Framed Structures,- A framed structure is formed by 
jointing together th,e ends of a number of bars by pins in such a 
manner that there can be no wlative motion of the bars without 
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distorting one or more. If each bar be held at only two lloints, 

and the external forces be applied at the pins, the stress on any 
bar must be parallel to its axis, and there will he no bending. 111 

FIti. 7j. / 
figure 75 let the esternal 
forces .&, I$ . . . he ap- 
lllied at the pins A,, A, . . . 
Let the frame be in equi- 
lihrium under the forces, and 

c 

let F,, E.. . . . (fig. 76) l>u 
the sidt\s of the force-poly- 
g011. If 211 the forces .&, 
/f’, . . . 1~ known, it will lx 
possi He, in general, to find 
the stress on exh bar of the 
franlc by a few applications 
of the print-iple of the forccl- 
trianglt2. In a trussed btmn 
(c.g. a bridge, roof, or bicycle 
frame) the external forces 
are the loads carried by the 
structure, whose magnitude 
and lines of action are gene- 
rally known, and the re- 
actions at the supports. If 
there are two supports the 

reactions can be determined by the methods of section I 7, so that 
they shall be in equilibriunl with the loads. 

To find the stresses on the individual melubers of the frame 
we begin tq choosing - a pm at which two bars nleut and one 

external load acts ; the magnitude and direction of the latter, and 

the direction of the forces exerted by the bars on the pin, being 
known, the force-triangle for the pin can be drawn. Thus, 
beginning at the pin A,, on which three forces (the external force 

& and the thrusts of the bars A, A, and A, A,) act, the force- 
triangle can be at once drawn. Before proceeding with this 
drawing it will be convenient to use the following notation : Let 
the spaces into which the bars divide the frame be denoted by n, 
6, . . . , and the spaces between the external forces F,, Ei, . . . 
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With the above notation, the letters A, A, . . . and F1 I+; 
. . , may lx! supp’t3s’d. 

Figure 75 is called the ~-~l/lfi-lil’~!$7~~/11 and f&m-e 76 tht, 
s tvlrss - iiif [p-f I NI , 0 r /om -A lgl*r 7 111. In the force-dingram, the polygon 
of external forces is drawn in thick lines, and the direction of wch 
force is indicated l)y an arrow. Froril thtx arrows it will be easl 
to determine whcthcr the stress on any nicnilm- of the: frame is 
tensile or coniprcssivc, 

SJ. Thin Tubes subjected to Internal Pressure. ,111 inI- 

lwrtnnt caw of simlk tmsion is that of a hollow cylinder subjcctcd 
to fluid lmssure ; ~g. the intcrnnl shell of a stcani boiler, or the 
pneumatic tyre of a cycle wheel. In long cylindrical boilers the 
flat ends have to be made rigid in order to preserve their form 
under internal pressure, while the cylindrical shell is in stable 
equilibrium under the action of the internal pressure. A pneu- 
matic tyre of circular section is also of stable form under internal 
pressure ; a deformation by external pressure at any point will 
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be removed as soon as the external pressure at the point be 
removed. 

Let p be the internal prcssurc in lbs. per sq. in., ~2 the diameter 
and t the thickness of the tube (fig. 77). Consider a section by a 

B 
plane, .4 .& passing through the 
axis of the tube. The upper 
half, A 13 n, is under the action 
of the internal pressure p, dis- 
tributed over its inner surface, 
and the forces T due to the pull 
of the lower part of the tube ; 
tbcreforc 2 T = the resultant 
of pressure fl on the half tube. 
‘I’his resultant can 1~ easily 

iS‘l(.. 77. 
found by the following at-titice : 
Consider a stiff flat pl;ite joined 

at -pf ,-I to the half tube, so as to form a D tube. If this tube 
be subjected to internal pressure’, fi, and to no external forces, it 
must remain at rest ; if other\yise, we would obtain perpetual 
motion. ‘l’herefore, the resultant pressure Rl on the curved part 
must be equal and opposite to the resultant pressure K, on the 
flat portion of the tube. If wc consider a portion of the tube I in. 
long in the direction of the axis, 

and therefore 
x, = p d, 

2T=pd. . . . . . . . (7) 

I:ut if f be the intensity of the tension on the sides of the tube, 
T=ft 

:. 2ft c-13, or-f=:+ . . . (8) 

ExuM/&. -A pneumatic tyre I ii ii?. inside diameter, outer cover 
-7 A in. thick, is subjected to an air pressure of 30 lbs. per square 
inch. The average tensile stress on the outer cover is 

f 
= 30 X I’75 

2 x A; 

= 420 lbs. per sq. in. 



35. Introductory.--!L: Il;lvc in chni)ter s. cc-~n~itlcrcd tllf: 
stresses on n hr ac:cd oil l)y fi,rccs lwallel to its axis. \k no\v 

i!rocccd to consider the stresses on a \)a~- due to forcchs the lines 

of action c)t which pa+,s through the ask, but do not cijincide with 
it. I:ac~h force inay 1x2 resolved iilt0 two col~l~~on~nts, rcspcctively 
parallel to, and at r;Sht an:_r!cs to, the asis. The (mmponents 
parallel to the axis may lx trcatcd as in the previous clqWr. Of 
the trxsvcrse forces, the simplest (~2s~ is that in which ih~*y all lit 
in the sanx plane, 71 l)cam silplwrting vertical lontl.4 l)ciiig a 
typical cwiiple. Such a 1~2nni inust 1)~ acted cm II): at least 
three forct’s, the /olzd and the two IYUCJI:~J~/.S at the suplx)rts. 

86. Shearing-force on a Beam. If a hr in ccluii~l~rium lx 
acted on lty three paraM forces at ri$lt angles to itl-i rtsis (1;s. ?S), 
e.;cry section i)y a plnnc paiLL t --I1 11 to the direction of tl~c forces xi11 
he sut+cted to a lwndin~ strw3. 

(Yokder the bociy dkided into two portions by a plane at X. 
Under the action of the force R, the part A will tend to n~ovc 
upwards reiativc to the part 23. The part A! thereforu acts on the 
part 1’; with a force 12, ’ equal and paral!el to A’,, and the part 13 
reacts on the part A with an equal opposite force Ai’. ‘J’hC two 
forces X,’ and 22,” at X constitute z shearing at the sxtion. It 
will caGl>r be seer> that the sllcnr.lng-for-cc 1% il! he the same for all 
srrtions of the bcnnl ktween tlw points of apl,lic:l.tion of the 
forces X, and !I/, and that tlw shearing-force on the section X, 
will k e the algetmic sun1 of the fwctx to t!x iek-hand sidq or to 
the rigI:t-hand side, of the sectim. Thi ; is true for a l~cam acted 
on 11;. imy nuniim of parallel forc*25. 

111 Ljarticular, if a kanl lx supported at its en& ilig. 7s) and. 



cqunl to the shenring- 
force nt the corrcspmd- 
1ng sc’;‘tioll, my conve- 

nicnt scale bcting chosen. 
‘I’he shaded figure (fig, 
79) is the shcnring-force 
tlingrml for n ktni sup- 
ported at the ends and 
loaded with a single 
m-eight. 

The sharing-force at 
the section X (fig. 7s) is 
cf such a naturu that the 
part on the left-hand side 
tC.lldS t0 slide ?lj%tfCTli?'S 

rulativc to the part on the 
right-hand side of the 
section. The shenri iig- 
force at X, is of such n 

k-1(;. 79. naturc thn; the part on 
the left tends to slide L+Iw~~-Ev~I.. rclativc to the part at the right 
of the scctioii. Thus shearing-forces may be opposite in sign ; if 
that at X be called posit&, that at X, will be nqntive. The 
diagram (fig. 70) is drawn in accordance with this convention. 

87. Bending-moment.-If a bar of length, Z, be fixed horizon- 
tally into n wall (fig. SC;), and be Ion&d nt the other end with n 
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weight /I:,; tl le said weight will tend to make bar turn at its sup- 
port, the tendency hcin, (7 nwasured by the momt’nt IF/ of the 
furce. This tcnclency is resisted by the rcac-tion of the \~a11 on 
the beam. The section of the l- Xam at the support is said to bc 
subjected to a ik~zrz’lir g-~~?;~lt of magnitude WZ. 

From this defir&ion a weight of 50 lbs. at a distance of 
20 inches will produce the smw bending-moment as a ivcigllt of 
I oo lbs. at a distance of IO inches ; the bending-moment being 
50 x 20, or 100 x TO = 1000 inch-11)s. 

Returning to the discussion of figure 7S, it fill 1)~ see11 that 
the part AdI is acted on by t\vo equal, parallel, but ol)l)ot;itc forces, 
ii?, and A’,“, constituting a couple 
of monicnt K, ,t’ tellding to turn cz ,\ c, 

the part A. But the part A,1 is 

ET/ 

. 

actually at rest ; it must, therc- 4 yJg= c, ” ] 
fore bc acted on by an eclual and A +F 

843 opposite couple. The onlv other A + 4+ 
forces acting on A arc those I 

Tt I T 
exerted by the part 22 at the sec- 
tion X. The upper part of por- 

t&? : t, 
tion ~5’ (fig-. S I, which is part of 

Fltr. 81. 

figure 7s enlarged) acts on the 
portion A with a number of forces, c, l*,, diminishing in intensity 
from the top towards the middle of the beam ; the resultant of 
these may be represented by Cl. The lower part of lf3 acts on 
A with the forces f, f,, whose resultant may be represented by T1. 
Since the part ~1 is in equilibrium, the resultant of all the hori- 
zontal forces acting on it must be zero ; therefore T1 and C, are 
equal in magnitude, and constitute a couple which must be equal 
to R, s. If d be the distance between T, and c’,, we must 
Acrefore have 

Tl d = R, s. 

The part A acts on the part /- with forces ci, at the top, and forces 
t ‘, at the bottom of the beam ; the resultants being indicated by 
CL and 7’.2 respectively. The two sets of forces c1 and c., constk 
tute a set of compressive stresses on the upper portion of the beam 
at X, and the two sets of forces t, and t, constitute a set of tensile 
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stresses on the lower portion Of the l)Cam. The moment Of the 
couple R, ,V is called the bendinS-moment at the section X ; while 
the moment of the couple T, a’ is called the moment of resistance 

of the section. 
‘I’hc existellcc of t;lle shenring-force and ~)endinS-monlent at 

any section of 3 lxxi~ c;111 1~ csp~~rimentnlly clcillonstrated 11y 
nctually cuttin, (7 the 1 ~cxn, ant1 re- 
plncinq by suitnljly t.lispowd fxtcii- <.. 
ings the nmlccwhr fwvs rcmovcd 

7 the cutting. l$urc Sz shows 
;i~rnmInnti(:~~lly a cantilcvcr treated 

f3 
in this 1n;IiIncr. ‘I’lie shearing-f0rc.c 
nt tlw seotiw: is rcljlnced 1,~ the 

/ 
upwnrd pull II,’ of n spiral sprillg, 

V 
I“lt;. s2. and the coul~lc actiq on the part 

1; formed by the load 71; nnd the 
11~111 of the spring is bnlanccd by the ectual and opposite couple 

fOrmed by the pull T2 of the fxtcning lj:lrlds at the top and the 
thrust C, of the short strut at the hottom of the section. 

1TZt~li~~~l~~~.-NIt?N(clllf L&;v-~III. --- The l~cndin:r-nloment at any 
suction of a 1,ex-n can 1~ conveniently represented by a diagram, 
the ordinate being set up equal in length to the bending-moment 
at the corresponding section. 

Since the Ilending-nlolncllt at the section X (fig. 78) is the pro- 
duct of the force R, into the distance s of the section from its 
point of application, the further the section X be taken from the 
end of the beam the greater will he the t)endillS-moment. In the 
case of a beam supported at the ends and loaded at an interme- 
diate point with a weight MS; the bendins-I~lomcnt M On the section 
over which ILracts will be given hy-- 

M = AT, rz = --- rzh IL’ . . . . . (2) 
12: +b 

and the bending-moment on any section between I?, and II-will 
be represented by the ordinate of the shndcd area in figure So. 

‘l’he txnding-moment At t!-x section Xl (fig. 73) is the sum of 
the moments of the forces ?, and W about & ; or is equal to the 
moment of the force K, about X,. 
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88. Simple Examples of Beams.-i I few of the most commonly 

occurring examples of beams may be discussed here. Figure 83 

shows a cantilever of length, Z, 
supporting a weight, ?V: at its 
end. The bending-moment at 
a section very close to the sup- 
port is WI’, that at a section 
distant x from the outer end of 
the cantilever is IVs. The 

bending-moment diagram is, - 
therefore, a straight line, the 
maximum ordinate, WI, being 
at the support, that at the end 
zero. ‘l’he shearin;;-force is 

Frc;. s;. 

equal to Tf,’ for all set-tions ; the shearing-force diagram isj there 
fore, a straight line parallel to the axis. 

Figure 8~ shows a cantilever loaded uniformly, the total weight 
being 7T/. The resultant w$ht acts at the middle of the canti- 

c 
lever distant - from the support, 

the bending-moment at the 
777 

support is, therefore, --. At 
2 

any section distant x from the 
end of the cantilever, we find 
the bending-moment as fol- 
lows : Consider the portion of 
the cantilever lying to the right 
of the section, the resultant of 
the load resting on it is w x:, IV 

i11!i111111111ill~~li1~. I 
f- ----- /--- -.j- ---, 

being the weight per unit of I’rc;. 64 

length, and acts at 2 distance ” from the section. 
2 

The bending* 

moment on the section is therefore 

Plotting these values for different values of X, the bending-moment, 
curve is a parabola, 



The shearing-force on the section distant x from the end is 
IVX 

Q!! -2� = -- l 

G 
Plotting these values for different values of x, we 

get the shearing-force curve a straight line, having the ordinate TV 
at the support and zero ordinate at the end. 

Figure 85 shows a beam of span, /, supporting a load, Iv, at the 

iiiidd'iL The iiZXiiOilS at the support are evidentiy each equai to 
S.. 
2 , the bending-moment at any 

section d%tant JZ from the end 

riheiefire Jf:wy, ,y being less 

than i. At the middle of the 

beam the bending-moment is a 
maximum, and equal to 

IV / = wz . . (4) 
2 l 2 4 

The bending-moment curve is a triangle, the maximum ordinate 
being in the middle. The shearing-force is constant and equal to 

r? 1V i% from one end up to the 
I 2 

E’S 
I then 

I II’, I 1 
middle of the beam, 

I 
1Uldillil.u 

i 

7 

r 

AL] 
changes sign and becomes 

- 71’ 

k-s- 

-2- 

I i 
$ over the other half. 

Figure 56 shows a beam 
supporting a load, I,V, uniformly 
distributed. The reaction at 

IV 
each support is evidently -.- ; 

2 

w 

the bending-moment at a sec- 
tion distant x from the end is 
the sum of the moments due to 

the reaction --, and of the resultant load w x acting on the 
2 
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right-hand side of the action at a distance x from the 
2 

section, 

If .Y be made equal to 
/ 

, 3 the ahove formula gives the bending- 

i-*ioinciit at tly .\,;/rlrl10 nc tlxr, 1\‘>cI1\, /I. 7P' / / 117 
Cl L III1L‘UIL “I LllL LkCLlll) ‘“(A,, = - 

2 i ) 

= 
2 4 s - 

‘I’he t~endil7g-l~lot~‘““t curve is a parabola with its maximum 

ordinate 
II/‘/ 
s 

at the middle of the beam. 

80. Beam supporting a Number of Loads at Different 
Poinis. --The loads and their positions along the beam being 
$-en, the reaction A!, at one support can be found by taking 
moments about the other support J the bending-moment at any 
section can then be cn!cu!ntcd by adding algehraica!!y the moments 
of all the forces on either one side or other of that section. 
The reactions K, and Ii!, at the supports can also be found by the 
method of sections 47 and $3. Since in this case the forces are all 
parallel, the construction is simplified ; the force-polygon becomes 
a straight line, and the corners c,f the link-polygon lie on the verti- 
crtl lines of action of the !qa& and reactions. 

Figure 87 shoivs a beam supporting a nut17 her of weights, 7&, 
MY., II.& W1, and f Igurc SS the force-polygon n, /‘, c, (f, t’. ‘1’lW 

cxnstruction of figure 41 becomes as follows : From any point _/), 
on the line of action of WI draw a straight line (I parallel to the line 
Oh (fig. SS). From p.,, where this line cuts the line of action of 
7E2, drain a straight line, c, parallel to the line 0 c ; continuing this 

- - ̂  - - . . - - il 
~J~ULC~~ UIILii i'rit! pUint]$4 oil the line of action kv, is reached. 

Through I$, and p4 draw j+ $,. and p4 ;r),. parallel to 0 LL and 0 e 
respectively, intersecting each other at f,. and the lines of action 
of AI’, and I<, at Y, and r2 respectively. The resultant of the. 
loads TC;, TK,, IX, and TC’, passes through p,.. Through 0 dran* 
0 r parallcl to y, iv2 ; then the reactions R, and R, are equal to 
7- (21 and e Y respectively. 

Linzk-~&ygon as ne,~~~~g-~,~oll2ellt Diag-mm--If the pole 0 be 
chosx at random, the closing line rl yl, of the link-polygon will 
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not, ill general, be parallel to the axis of the beam. Let a new 
pole, O*, be taken by drawing 0 0’ parallel to, and Y 0’ at right 
angles to, the lines of action of the loads WI, W2 . . ., and let a 

Fib. s7. 

b 

-----&--w---..- 

0 
47’ 

If a thin wire be made to 
the salw outline as this same polygon and be attached to the 
beam, and the loads WI, kK2 . . . attached at the angles, it is 
evident that th e compound structure formed by the bar and 



wire is subjected to the same bending stresses as the beam (fig. ST). 
In both cases the dispositions of the loads and reactions at-e 
identical ; but in the compound structure the bar is subjected to 
a thrust, T, represented in the force-diagram (fig. 88) by 0’ K 
Considering the corner of the wire at which II,‘, acts, the tensions 
on the two portions of the wire, and the force I-t/, are in cclui- 
librium, and are represented by the force-triangle 0’ II d, (fig. SS).; 
similarly for the other portions of the wire. It will be noticed 

that at each part of the wire the horizontal component of the pull 
is equal to 0’ 7 ; that is, equal to T. Taking any vertical section 
of the compound structure (fig. SC)) the mutual actions consist of 
a thrust, T, on the bar, an equal horizontal pull, T, on the wire, and 
the vertical component of the pull on the wire. ‘l’he two former 
constitute the bending-couple at the section, the latter the shenring- 
force. The bending-moment on any section of the beam is thcre- 
fore equal to T/z, !J being the ordinate of the link-polygon ; the 
link-polygon can therefore be used as a bending-moment diagram. 

The shearing-force on any section of the beam (fig. ST) is 
equal to the vertical component of the pull on the wire (fig. Sc;l), 
which is equal to the vertical component of the correspondiilg 
line front the pole 0’ (fig. SS). ;1 shearing-force diagram (fig. 90) 
c-an t!lerefore be constructed by projeclting over a base line from 
P-, and straight lines from rr, /, . . . (fig. SS) to the corresponding 
divisions of the beam. 

EXCW@. - ~-Calculate, and draw, a bending-moment diagram 
for the frame of a tandem bicycle carrying two riders, each 150 
Ibs. weight ( 30 11)s. of which is assumed to be applied at the 
crank-axle) ; the wheel-base being 64 inches long, the rear crank- 
axle being 19 inches in front of the rear wheel centre, the crank- 
axles 22 inches apart, and the saddles IO inches behind their 
respective crank-axles. 

The figures of illustrations are given in chapter xxiii., page 327. 
To calculate the reactions on the wheel spindles, take moments 

about the centre of the rear wheel- 

(120 X 9) + (30 X 19) -i- (110 X 31) + (30 x L+I)---(Ei x 64)=0 

from which, 4 = 103’1 lbs.., 

and R, = 196-g lbs. 
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The greatest bending-moment, which occurs on the vertical 
section passing through the front seat, is 

M= (1037 x 33) - (30 x IO) = 3,102 inch-11)s. 

The frame, or beam (fig. 32 I) is drawn -;,‘,nd full six ; the 
scale of the force-diagram (fig. 3 ,, 23) is I inch to 400 lbs., and the 
polo distance 0 corresponds to 125 lbs. ; I inch ordinate of the 
bending-molnent diagram (fig. 324) therefore represents 32 in. x 
125 lbs., ix. 4,000 inch-lbs. 

The Tesults got by the graphical and arithmetical methods must 

agree , * &us a check on the accuracy of the work is obtained. 
00. Nature of Bending Stresses.-We must now consider 

more minutely the nature of the stresses f and c (fig. S r ) on any 
section subject to bending. 

Let a beam be acted on by two equal and opposite couples at 
its ends ; it will be bent into a form, shown greatly exaggerated 

0 
in figure 91. It can be easily seen 

A that the bending-moment on the 
I\ 
’ \ middle portion of the beam will be 
’ \ 
’ \ 

of the same value throughout, and 

’ \ if the section is uniform, the amount 
’ \ 
’ \ 

of bending will be the same at a.1 
I 

\ sections ; that is, the beam, origi- 
I 

\ nally straight, will be bent into a 
I \ 
I \ 

circular arc. 
Consider the portion of the beam 

included between two parallel sec- 
tions A and H. After bending, 
these sections a.re inclined, and if 
produced, will meet at the centre 
of curvature of the beam. The top 

FIG. gr. fibres of the beam will be shortened 
and the lower fibres lengthened, 

while those at some intermediate layer, NN; will be unaltered in 
length. The surface in which the centres of the fibres NIV lie 
is called the TzeutraC szcrface of the beam, while its fine of inter- 
section with a transverse plane is called the mw’rad axis of the 
section. Now, suppose that the fibres could be laid out flat and 
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lines R &md H’ IT;’ gins the amount of the contraction or elongn- 
tion of the corre.i;ponding f&t-es. The elongation or contraction 
of any fibrc is thus seen to 1)~ p~oportionnl to its distanw from 
XX Now the stress on a l)nr or fibrc‘ is ,rol~ortionnl to the 
extension produced ;, ihereforc the: struss on the films of a l)cain 
varies as the distance from the neutral axis. 

Let 0 1~ the centrc, and l\r the radius of curvature of J’.V 
(fig. 91), 1’ the distance of any fibre f above the neutral asis, 
8 the an& N&V subtended at the centrc 0 by the portion of 
t’ne fibre wrisidered. ‘i’he radius of curvature of the tibrc -I’- is 
(R-J), the length of the arc fi /I2 (fig. 02) is thewfore (R-J) 6) ; 
and the length of the arc N, X2 is R 8. A fibre at the neutral 
axis is unaltered in length by bending, so the length Y, X2 is the 
same as in the straight position. The length of the fibref, j2 was 
originally equal to that of NI 2V2 ; the decrease in its length is 
there fore 

R 8 - (R -J) 0 = J’ 8 ; 

its compression per unit of length is therefore 
Y fl y 
Rb=R’ 

By section 81, the stress producing this compression is 

p 
1; y 

= R- . . - . . . . . (6) 



That is, the intensity of stress on any film of a beam subject to 
bending is proportional to its distanw from the neutral asis, and 
inversely proportional to the rndius of curvature of the neutral 
axis. If a fibre helow the neutral axis be taken, -1’ will 1~2 nega- 
tive, the fibrc will be stretched, and the c;tress on it will be 
tensile. 

Since the material near the neutral axis is subjected to a 10~ 
stress, it adds very littl e to the strength of the beam, while it adds 
to the weight. 1; is therefore economical to place the material as 
far as possible from the centrc of the section. ‘I’he framework of 
the earliest bicycles was made of solid bars ; but a great saving 
of weight, without sacrificing strength, was effected by using hollow 
tubes. The same principle is carried out to a fuller extent in a 
well-designed Safety frame ; the top- and l)ottot>i-tulies togcthcr 

forming a 1 ream, in which practically all the nlat.tcrial is at a 
great distance from the neutral axis. If the frame be badly 
designed, however, the top- and bottom-tubes may fornl merely 
two more or less independent beams, instead of one very deep 
beam. 

91. Position of Neutral Axis.- Consider the equilibrium of 
the portion of the beam to the left hand of section A (fig. 91). 
There are no external horizontal forces acting on this portion, and 
therefore the resultant of the horizontal forces due to the internal 
reaction of the particies at the section A must be zero. 

Let figure 93 be the transverse section at A (fig. 9 I j, A’N 
being the neutral axis. The part of the section above N,V 
is subjected to compression, -chat below iVN to tension ; the 
resultant compressive force must therefore be equal to the re- 
sultant force of tension. Consider a strip of the section of 
breadth b, and thickness t, at a distance J from the neutral axis ; 

the area of this strip is b f, the stress per square inch is 
A?!2 1’ 
-.-=- ; the 
R 

total force on it is therefore 
27 

The total force on the whole section will be the sum of the forces 
on all such strips ; compression being considered positive and 
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tension negative. 
E 
It 

is the same for all the strips, therefore the 

resultant force 011 the wction may be written 

E 
R - 

x (I f l’, 

1 (I f~* indicating the sum of all the products (, t~l. Since the 
resultant force on the section is zero, we must have 

x:bf1-=0 . . . . , . . (7) 

Referring to section 50, it will be seen that this condition is 
equivalent to saying that the neutral asis must pass through the 
mass-ccntre of the section. 

92. Moment of Inertia of an Area.41 figure 93, I/ f is the 
area of a narrow strip parallel to, and distant -1’ from, the asis 
SAT; b ~1 is therefore the product of a small element of area 
into the square of its distance from the axis. The sum of such 

products for all the elementary strips into which the given area 
can be divided is called the nz~/~r~~rf (?f IIIPF~~'LZ of th!ct~ t~;yr'lz, and, as 
shall be shown in the next section, is of fundamental import- 
ance in the theory of bending. 

The calculation of moments of inertia for areas of given shape 
is beyond the scope of an elementary work like the present ; a 
few of the most important results will be given for convenience 
of reference. 

Let I denote the moment of inertia about an axis passing 
through the mass centre. Then, for a square of side 17;, 

I = I/z.‘. . . . . . . . 
12 (8) 

For a circle of dianwter Cz, 
7 

I= 64d4. . . . . . . . (9) 

For a rectangular section of breadth (I and depth /z (perpendicular 
to the neutral axis), 

I- ,‘I? b /I2 . . . . . . . (IO) 
n 
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For an elliptical section of breadth d, and depth /I, 

I- x b/t” . . . . , . . (II) 
6-t 

For a hollow circular section of outside and inside diameters, d, 
and & respectively, 

Let A be the area, the moment of inertia of which is being 
considered. Then for a rectangular section A = b /I, and (IO) 
may be written 

I- I R/Z2 . . . . . . . (13) 
I2 

For a circle A = r 4 Qf ?, x-d (9) may be written 

Similarly, for an ellipse of breadth b and depth ?z, A = 

(I I) may therefore be written 

1’= I;““2 . . . . . . . J 
( 5) 

That is, for each of the three sections considered, the moment of 
inertia is equal to the product of the area, and the square of the 
depth at right angles to the axis of inertia, multiplied by a constant 
factor, which depends on the sA~jne of the section. It can be 
shown that this is true for sections of all shapes, the value of the 
constant factor being different for different. shapes of section! but 
the same for large or small sections of the same shape. 

Momo2t of hertia of an Area about ParalZeZ Axes.-The 

moment of inertia of an area is least about an axis passing through 
the centre of area. 

L& 1, be the moment of inertia of an area A about any axis 
through the centre of area. Then it can be easily shown that the 
moment of inertia about a parallel axis distant y. from the centre 
of area is 1;” + A yO 2. 

Momslzt of Inertia of a12 Aren about dij%erent Axes 9assif2g 

f/rro~q$i the cenfre of j&w-e.- The moment of inertia of an area 



about different axes passing through the centre of figure are in 
general different, but however complex be the outline of the area, 
an ellipse can be drawn with its centre coinciding with the centre 
of the area, such that the moment of inertia relative to any axis 
drawn through the centre varies inversely as the square of the 
corresponding radius-vector of the ellipse. This ellipse is called 
the eZZ$se of zjzel- ftn, or the ~trra~crrtrzl t&z&-e, of the area. The 
axes corresponding to the major and minor axes of the ellipse arc 
called the principal axes of the figure. 

The momenta1 ellipse for a rectangle, if drawn to a suitable 
scale, touches its sides. Similarly, for a triangle it can be shown 
that the ellipse touching the three sides at their middle points can 
be taken as the momenta1 ellipse. 

If the major and minor axes of the momenta1 ellipse are equal, 
the ellipse becomes a circle, and th.e moments of inertia about all 
ases through the centre are equal. For example, since from 
symmetry the momenta1 ellipse for a square is a circle, the moment 
of inertia of a square is the same for all axes passing through its 
centre. 

93. Moment of Bending Resistance,-The moment about the 
neutral axis of all the forces I) on the fibres of the cross section is 
called the ~~t~ze~rt of r~st’stc~~zcc, fo lIr&~~~~ of the section, and is of 
course equal to the kndinp- cr moment on the section due to the 
external forces. 

The moment of the force on the strip b t (fig. 93) is 

and the moment of all ihe forces on all the strips is 

which may be written 

M- 
E 
RI 

. . . . . 

E 
Substituting the value of z from (6) in (I 7) it may be written 
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( I 7) and (I 3) may be conveniently written together thus : 

Me”& r -I? y, . . . . . . . I( ( I> 

94. Modulus of Bending Resistance of a Section,-The 
greatest stress on a section occurs, as has already been shown, on 
the fibre furthest away from the neutral asis. Let f be this stress, 
then, denoting the corresponding of y by y,, (18) may be written 

The quantity 
I 

YP 
which is a geometrical quantity depending on 

the area and shape of the section, and not in any way on the 
material, is called the MMMLX of bending resistance of the section, 
and will be denoted by the letter Z. (20) may then be written 

a-= Zf . . . . . . . . . (21) 

From (21) it is evident that the modulus cf a section bears the 
same relation to the bending-moment on it, as the area of a section 
bears to the total direct tension or compression on it. The 
total pull on a bar is equal to the product of its area into the 
tensile strength per square inch. The bending-moment on any 
section of a beam is equal to the modulus of the section multiplied 
by the greatest stress on the section. 

For a rectangular section 

For a circular section, 

z = 7T Li:j = ; A d l . . . , (23) 
32 

or approximately, 

For a hollow circular section, 

z = _. - G4) . # . . l (25) 7r (fq4 

.32 4 

‘Table III. gives the sectional areas and moduli for round bars. 



From (20) and (23) it is evident that the bending-moment a 
round bar can resist, i;,~. its transverse strength, is proportional ti; 

the cube of its diameter. 

TAELE III.-SECTIONAL AREAS AND MODULI OE’ BBENDIXG 

RESISTANCE OF ROUND BAKS. 

Diameter 1 Sectional area ; Z 

! 

I 

.-i - _. .- ..- -~_- 

Inches 1 Sq. in. / In.” 
1 ic / ‘00; I l 0ooo24 

1. 
t! 
:i ’ 

*0123 ; ‘000 192 
ilE 1 -0276 j -000647 
T -0491 i ‘00X 534 

.; 
$C -0767 *00300 

$ I ‘I 104 .~Si7 
i-2 “533 -00822 
1 3 3 -1964 1 ‘01227 

9 
i-G j -2465 / 

-3 

iql 
-3068 
‘3712 

/ 

‘0’75 
‘0340 

1(; / 

2 1 ‘4418 j 
‘0319 
‘0414 

___. _.- 

Diameter ..j SectionaI area 

Inches I Sq. in. 
1:s ’ 
iiT 

A 
‘5% 

-- 
1.7 j 

a6013 
iiY : -6903 
I I ‘7854 

t 
1; ~ ‘9940 
1; j I.2272 
*w 
I$ I 

1449 
I -767 I I 

-.---- 

z 
__i- - 

In.” 

-0526 
-0658 
-0809 
-0982 

‘1398 

‘I917 
‘“552 

‘33’3 

I 5 2’0739 -4211 A 

19 i 2 ‘405 3 -5261 

12 2.7611 1 l 647 1 
2 1 3.1416 1 ‘7854 

_ _- -.-. -- -- ---_‘- 

95. Beams of Uniform Strength.-The bending-moment on a 
1Ktm gt2ncrally varies from section tc, section along the asis ; 
consequently, if of uniform section throughout it ivill be wakest 
where the l~endin~-nlomcnt is greatest. iI hl2 11“ (if U/l$lY/li 

sY~e~z@~ is ot~e in which the section varies with the bending- 
moment in such a manner that the tendency to break is the same 
at all sections. This means that f; the masimurn stress on the 
section, has the same value throughout, and therefore that A1 is 

proportional to Z. 
For a thin hollow tube of constant escernal diameter through- 

out its length, Z is approximately proportional to the thickness ; 
therefore for a tubular beam in whjch tlw bending-moment varies 
continuously the thickness should ‘also vary continuously, if the 
beam is required to be of uniform strength. For example, the 
bending-moment 011 the handle-bar of a bicycle, due to the pull 
of the rider, increases from zero at the end to its maximum value 
at the handle-pillar. If the external diameter of the handle-bar be 
the same throughout, the lightest possible bar would vary in 
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thickness from the middle to the ends. This ideal handle-bar 
cannot be conveniently made, but an approximation thereto is 
;;ometimes made by inserting a liner at the middle, where the 
bending-moment is greatest ; there will in this case be three weak 

sections, the middle section and those just beyond the ends of the 
liners. 

96. Modulus of Circular Tubes.-On account of the extensive 
use of tubes in bicycle making, it will be desirable to give some 

additional formula relating to the moment 
of inertia and the modulus of a tubular 
section. 

FIG. 94. 

Let d,, d, and LZ’~ (fig. 94) be the out- 
side, mean, and inside diameters respec 
tively, t the thickness, and A the area of 
the transverse section of the tube. From 

(I 2) for this section 

I- ?r (d,J - d,“) = T (d, - d&u’, + d2)(d12 + d,‘) . .- 
64 64 

(26) 

Now, It, -4=24 4 ++==22, d,=d+t, d,=d-t. 

Therefore, 
(d,” + lb?,*) = (d + t>’ -+ (d - t’) =2(d) + P), 

Substituting in (26 j 

I= = 
64 

.2t.2d.2(d2+P) 

But ~rtt = A, there fore, 

I= *; (d,2 + d*Q) = $ (d” + P). . . . (27) 

Now, 

= A d, 
4 ( 

- 2 t+ ?&1*) =43*+ y**) . . . . (28) 

‘zf the tube be f/l&, P will be small in comparison with d2, and 
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2 t" 

cz,- 
will be small in comparison with CZ$. Equations (2 7) and (28) 

may then be written 

I=; (23 p/y: approximately . . . (29) 

Z- x f2? t = A 5 approximately. . . . (30) 
4 4 

The error introduced by usin g the approximate formula (30) 

for Z is on the safe side, and is very small for the ordinary tube 
sections used in cycle construction. Thus for a tube I inch 

diameter, 16 W.G., the exact value of Z is -O~IL+O, that given by 
(30) is *o.~+ro2, the error being less than I per ceilt, in this case. 
If, however, ct or cl,, be used instead of d2 in formula (30) the 
error will be on the wrong side. 

Table IV. gives the sectional areas, weights per foot run, and 
moduli of bending resistance for the ordinary sections of steel 
tubes used in cycle construction, the moduli having been cal~u- 
lated from the exact formula (28). 

From (30) the transverse strength of a tube is proportional to 
its sectional area and to its internal diameter. If the internal 

diameter be kept constant, the transverse strength is proportional 
to the thickness. If the sectional area be kept constant, the 
transverse strength is proportional to the internal diameter. If the 

thickness be kept constant the strength is approxi- 
mately proportional to the square of the diameter. 

97. Oval Tubes.-We have already seen that the 
moment of inertia of an ellipse with major and minor 

axes /z and b respectively is r b P. 
64 

Let a second ellipse (fig. 95) be drawn outside the first 
and concentric with it, having its semi-axes the length 

FIG. 95. 

t greater. The axes of the second ellipse mill be b + 2 t and 
/z + 2 f respectively, and its moment of inertia will be 

$(b + 2 r)(h + 2 t)" = 

UP+ (2/23+6b/E2)t+(~2~2+~21,/2)t’ 

+ (24A+W)t+ r6t4 
j 



TAB. 

SECTIONAL AREAS, WEIGHTS PER FOOT RUN, A 

I” 

I 

_~ .__. -.___- 

Outside diameter 
of tube 

--- 

[mwrial 1 
;tandard I 

Thick. 
wire ness. 

: Inches 
gauge 1 I__- .- .-. -- 
No. IO j -128 

II i -116 

W 
bs. per 
foot 

length 

*cog1 -52 
‘ooj I -48 
'('Q49 ‘45 
-0048 -41 
-0046 -36 

‘-I4 '33 
'0042 ‘30 
**39 '27 
-0036 l 24 
-0032 ‘20 

-0030 
'm27 
‘0025 
‘0022 
‘0020 

-18 
'16 

'1-l 
‘12 

W 
lb;;tter 

run 

__.- 

‘69 
-6-l 
-59 
‘53 
‘47 

-2.3 
‘21 
'18 
-16 

‘14 

A 
y. in. 

-- 

-1496 
-1399 
‘1294 
-1180 
-1o56 

-0968 
-0877 
-0781 
'o682 
-0578 

-*.w 
-0470 
-*41.5 
-0359 

Z 
in.” 

__- 

-0116 
‘0113 

‘0108 
-0103 

-96 

'OOQI 
-0085 
-0078 
l o7a 
-0062 

-0cs7 
-0052 
‘0046 
-0041 
-0038 

; 
in 

_- 

a! 
-0: 
-0:: 
-0: 

-0, 

-0. 

-0 

‘0 

‘0 

‘01 

l 0 
�0 
-0 
�0 
�0 

�0 
10 
-0 
*a 
-a 

- 

A 
jq. in. 

-1998 
-1855 
-1702 
'I541 
'1370 

‘I251 
-1128 
-1001 

-0870 
'CT736 

l o666 
-0596 
-0525 
'0453 
-o-P7 

-0380 

-0343 
-0284 
-0239 
‘0208 

$ 

‘ 

.-- 

I 

j 

- 

-__- .- -.-- f 
‘34 ; ‘0993 
-33 / ‘oc344 
l 31 j ~0885 
‘28 i -0818 
-26 i '0742 
-24 1 -0685 
‘22 -0625 
‘IQ -0561 

'I7 i '0493 
'15 1 -0421 

-13 \ -0383 
‘I2 ’ ‘034.5 
‘II ! ‘0335 

13 
j -0265 

**2-w 

-08 ’ '0223 

-07 ‘0202 
-06 : ‘0167 
-05 i '0141 
'0-t ; ‘0124 

‘II ; ‘0330 

‘OQIQ ‘10 ’ '0302 ; *003~ 
‘0017 
-001j 2-i 

i '0273 ! -0035 
-0226 ‘002~ 

‘0012 '07 ! ‘OlQo 1 -002~ 
‘0011 -06 j -0166 ] ‘002C 

12 

I3 
1-I 

‘5 
16 

J-7 
18 

IQ 

20 
21 
22 

23 
2-c 

‘104 
‘092 
-080 

‘072 
-0t-Q 
-056 
-048 
‘040 

-036 
-032 
‘028 
-024 
‘022 

I 

-. 

/ 2.3 ; ‘020 

I 
26 ! '018 
28 -0148 

! 3” i ‘0124 i 32 i l 0108 
I -. 

i O:~;sicic diameter 
Pf ?ube 

/ 

I 

I 

’ I 
I 

1 - . .! - - 
1’91 -5s6 
1-74 ‘SW3 
I -58 -4560 
x-41 ‘4069 
I '23 ‘3569 
I'T2 

1'00 
-88 
'76 
'63 

'57 
‘5’ 
-45 
l 38 
'35 

-3230 
‘2887 
-2540 
-2rQo 
l 1836 

l 1656 
‘I476 
‘1295 
'1113 
-1022 

‘5013 
I 

‘4587 
‘4152 
‘3708 
‘3235 

‘“947 
-2635 
-2320 

‘2ooI 
‘X679 

‘1514 
'1350 
-1185 

l xoxg 

-935 

-1433 
‘I334 
-1228 
-1115 

-0996 

:z; .- 

-v3; 
-0642 

‘*s-4 

‘0494 
-*443 
‘039’ 
‘0338 
-0311 

r-56 1 -4511 ‘IX!jI 
I -43 ; *.i 132 -107-j 

i '3744 -0992 1 29 
1*16 
1’02 

‘3317 ‘0903 
-2Q40 ‘08q 

-2664 ‘0742 
-2384 -0672 
‘2IOI -06oc 
‘18~3 -0523 

'1521 'Oh+& 

'I 373 
I 
'04OJ 

‘122~1;. -0361 

i 

I 15 i ‘072 

i 
16 ! ‘064 

I 17 j 
15 ! 

I 
*O.&B 

29 t ,056 -0.X) 
! t i 20 1 '036 

i .;‘2 21 1 i -032 -028 

‘92 
-82 

-73 
‘63 
‘53 

-47 
'42 

-37 

i 
i 

! 
-024 ! '32 

'022 ' -29 ! 23 
%A 

I -_-.-- --- .- 



11; 

-35o6; ‘0681 
‘3222 I a640 
-2g2;7 ; *ojgs 
‘2624 ‘0546 
‘2312 i ‘0493 

w& ) ‘04.55 
; ‘0414 

-1661 1 ‘0371 
‘1436 I -0326 
‘x207 '0279 

w iv 
Ibs. per 

foot 
rUll 

W 
Ihs. per 

foot 
run 

1s. per A i 2 
foot sq. in. in.” 
run 

- ..-. -- - .~- -. - _ 

‘0493 
‘0466 

‘0436 
‘0402 

‘0365 

1.38 ‘qog j *ogoo 
1’27 ! ‘3677 i ‘0843 
I’Ij I ‘3335 / ‘o78t 
1’03 ’ ‘2g81 t -0714 
‘91 *2626 ‘0641 

‘82 

‘74 
:65 
‘56 ‘1624 ‘0419 
‘47 ‘1364, ‘03.57 

1’21 / 

1’11 1 

1’01 / 

‘91 / 
-80 : 

‘2 jO1 ‘0336 I ‘04 ‘3ocKJ 
‘2310 *0320 -96 -2766 
‘2111 ‘030 I ‘37 *2jrg 
‘IQ02 ‘3280 -18 

‘ii9 
-2263 

“99s 

*~>?ifj ‘0337 ’ ‘73 
-1631 ‘0308, ‘65 

“441 ‘0277 ‘57 
“247 ‘024-i ‘50 
'TOjO ‘0210 : ‘.C? 

‘63 
._ 
>6 ‘48 ‘1379 ‘0218 

‘42 

‘37 
*jr 

‘1221 

- 1059 
‘0893 

-0807 
‘0722 
‘063 j 

‘0341 
‘0 503 

‘0459 
‘04’4 
-03-P 
‘0287 
‘025 I 

‘0157 
‘0’7j 

‘01 j0 

‘0’37 
‘0124 

‘0110 

734356 
DG8g 

‘0082 

‘007-F 
‘0062 
‘03 j2 

-oo46 

.- 
30 
‘43 
‘36 

‘33 
-25 
‘26 
‘22 

.2’3 

“9 
“7 
‘1-I 
‘12 

‘IO 

‘02.53 
‘0228 
‘0202 

‘0175 
‘0161 

-0148 

‘0134 
‘0111 

c3: 

‘28 
'25 

22 

‘19 
“7 

-16 

‘1-I 
‘12 

‘IO 

.G9 

-949 
‘Q847 
‘0745 
‘0642 

‘ojgo 

‘0537 
*O-+85 
‘O‘pO 

‘0336 
-02g3 

‘0191 ‘38 
‘0172 ‘34 
‘OIj.2 ‘30 
‘0133 ‘25 

‘0122 ‘23 

‘01 I2 ‘21 
‘0102 ; “9 
‘OoBj -16 
‘oo71 1 “I3 
‘Oo63 ‘I2 

‘1090 ‘43 ‘1232 j ‘0325 
-38 ‘1039 I ‘0292 

‘33 ’ ‘0965 i *0258 
‘29 ‘0830! ‘0223 
‘26 ‘0762, ‘0206 

I 

‘24 ’ ‘0694 i ‘0188 
‘22 i 

‘18 
a626 / -0170 

I ‘0516 I *OI~.O 

’ “5 : ‘0433 I ‘0119 
‘13 : ‘0378 j ‘010~ 

‘0973 
‘0%5 
-0736 
‘0676 

0516 

‘0555 
*o-+58 
‘0385 

‘0336 

2’25 ‘652 I ‘2467 
2 -06 -5954 i -2283 
I *86 ‘5377 j ‘2090 

1.66 : - / 4792 ‘1888 
1’45 ! ‘4197 j ‘1676 

1.31 : ‘3795 T ‘1530 
1’17 ‘3390 ‘1379 
1.03 ‘2980, ‘1223 
“9 ‘2566~ ‘1o63 
‘74 1 -2150 ; ‘0898 

2.43. 
2’21 

2’00 
I .78 
I -56 

r-41 
I -26 
1’11 

‘95 
-80 

‘72 
‘64 
.s 
36 

-48 
‘44 

‘7024 
‘6409 
‘5785 
‘5I53 
‘4511 

‘4078 

‘3641 
‘3200 

‘2755 
2307 

‘2S 80 

-1853 
‘1525 

‘1396 
‘1281 

‘2874 
‘2657 
‘2428 
‘2191 

‘1942 

‘I77 1 
‘I594 
‘1413 
‘1227 
‘1036 

~138 
‘0839 
‘0739 
-0638 
-0586 

2.60 

2’37 
2’14 
I.91 

I ‘67 

1’51 

1’34 
1’18 
1’02 

‘85 

‘7526 
-6865 ~ 

‘619-t 
‘.%I5 
‘4826 

‘4361 
‘3892 
‘34.20 

‘2944 
‘2465 

‘3312 
l 3os8 
‘2792 
‘2516 
‘2228 

-2029 
‘1825 
‘1617 
‘J.402 

‘1184 

‘77 ‘222 I -1gr 
‘68 ‘1978 ‘0958 
-60 ‘1735 ‘0843 
‘51 ‘1490 ‘0727 
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‘0551 ‘53 / ‘15rg ‘0642 

‘0476 ‘45 1 ‘1301 

‘0438 
/ l o554 

*4x / ‘119~ -0j10 

- - 
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Therefore the moment of inertia of the area included between the 
ellipses is 

JZF 
6-i { 

(2 h” -+ G !I A?“) f + (I2 h2 + I2 h h) t2 

+(244! +Sl,)i+ rtw . . . . , , . (31) 1 
I 

If f is sn~all in comparison with b and /2, the second, third, and 
fourth terms in the expression for 1 are smaller and smaller com- 
pared with the first, and may be neglected. Therefore, the moment 
of iwrtia of the figure is approximately 

12 
32 

/IV@ $- 3b) . . . . . . . . (32) 

The modulus of bendi;;g resistance is approximately 

%= 7i .&A + 3A) . . . . . . . . (33) 

When a tube of circular section is flattened to form an oval 
tube, its thickness wiil be nearly uniform throughout, but in the 
oval tube section, above discussed, the thickness is not constant 
throughout, but is a little less than t except at the ends of the 
major and minor axes. The strength of an oval tube of uniform 
thickness will therefore be under-estimated if the formula (33) be 
used, so that the error is on the safe side. 

The area of the ellipse is zf n b ; andin the same way as above 
4 

it can be shown that the area included between the two ellipses is 

Therefore, (32) and (33) may be respectively written, 

(34) 

l (3 ) 5 

(36) 

An oval tube of uniform thickness will be stronger than indi- 
cated by formula (36). This is clearly shown by figure 96, which 

represents a quarter section ; the modulus given in (36) is that of 



the tube whose inner surface is represented by the clotted line. The 
inner continuous lint represents a tube of the samt‘ sectional are3 
A, and of uniform thickness. It has the arc‘;\ 
(, in t~ccss of the dotted tube, and the areas 
(2: and c deticicnt, TV + c = /1. It is evident 
from the figure that the moment of inertia of 
0 about the minor As is greater than that of (I 
md t ; 2nd therefore the tube of uniform 
thickncs:: is sligiltly stronger than the section 
above discussed. 

9% D Tuktles,-- Tubes of D section have 
tern recently introduced for the lower back 
fork of a bicycle ; it will be instructive to in- 
s.mtiptc: their bending resistances here. We 
will assume that the outline of the D tube is 
made up of a semicircle and its diameter 
(lig. 97). Let 1’ be the radius and h the dia- 
meter of the semicircle, f the thickness, which 
we will consider very small in comparison with 

k-1(;. 96. 

F, and A the sectional area of the D tul)a. First, consider the 
moment of inertia about the axis n n at right angles to the flat 
side of the tube. The moment of inertia of 
the rectangle of depth h and width t is 

’ P r, the moment of inertia of the semicircle 
13 

is :P t, therefore the moment of inertia of 

the D tube about the axis n lz is 

The modulus of the section, about the same axis, is 

%= h2t. . . (39 

Consider now the moment of inertia nbou! the axis b b, coin- 
ciding with the flat side of the D tube. The I rlent of inertia of 
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the flat side is I -. /t I”, that of the semicircle is ,‘;, P f ; therefore 
I2 

the moment of inertia of the section of the D tube is 

-I- ii I’\ + *; P i. 
12 

If t be small in comparison with 11, the first term in this espres- 
sion may be rqlectcd in comparison with the second, and there- 

fore, 

I= :(, P f, = 7 9 f, approximntcly . . . (39) 

Hut the /just found is not about an axis through the centrc of 
figure ; this WC now proceed to find. Let G be the centre of 
figm2 ; the distance 0 G can 1)~ found as follow : The moment 
of the scniicirclc about the asis l,b is 2 if-* f (we see. so), that of 
the straight 6de about the sux axis is zero, the total moment of 
the D tube attout the axis b /, is therefore :! r2 f. But the total 
moment is also equal to the total area multiplied by the distar;cc 
OG; therefore v?t=(zr+7v)I x OG, 

&And 0 G = 2 f-- = 
(2 + x) Y 

‘---- Y = . 389 Y. . . . (40) 

2 +r 

Let I,, be the moment of inertia &out an axis gg passing 
through G parallel to 6(, ; then by section gz 

I= 10 + (2 + R) rt. (l:&)? Y’, 

Therefore, lo = x Y? f - 
2 

But A = (2 + 7;) Y t ; therefore we may write 

r, c 1 4 __. 7; .__ - 
2(2+x) (2 + 42 1 

Ar2- l l � (42) 

Z, the modulus of bending resistance about the axis gg is equal 

4) 
to GX’ 

A7 being the extremity of the radius through 0 G. NOW, 

G‘ *y = ody-oGG‘=yv 2 y= 7r 
2+r 2 + x1: 
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Let LL’ be the diaweter of a round t-uhe equal in perimeter to the 
D tube. ‘l‘hun rr L! := (2 + z >Y, 

l y= . . ;r J= *611od. 
2 +7r 

Substituting this va!uc of Y in \JZ), wc get, 

‘I’hc Z of the original roimd tube is approximately ’ A d, so 
4 

the strengths of a round tube and the D tube into which it can 
bf.z pressed are LI the ratio of -2500 to -1542, i.e. IOOO to 617. 

But since a D tube is used when the space 0 X is limited, it 
Mrotlid seem fairer to compare it with a round tube of equal 
wight and of dianwter 0 X. The % ot’ a round tube of diameter 
0 X is ‘25 11 Y. Comparing this value with 
thnt in (4~), it is seen that the strength ofthe D A 

1 

i---- h----+ 

4 a a 

r 

w--------- 
tube is slightly greater than that of a round 
tube of equal weight, and of diameter equal to _ 
the smallest diameter of the D tube, the ratio 
being -252 to ‘2500, 12 @k-e~zce of Zess tkit12 
om JW cc~zf. r’tt ,hcvw of fhe D tube. 3 

P’Ic;. 98. 
, 

~CJ Square and Rectangular Tubes.-Con- 
sider the I of a square tube of section A B CD (fig. $3), about 
an axis a n parallel to the side A B. The Iof each of the sides 

ll:j f 
fi C and D A is , that of each of the sides A B and T3 I.2 

/t h 
‘2 

I . ; therefore, for the whole section 

I= 2 I”L? + 2 /z t /L” - 2 h” f 
l *2 * ‘4 3 l 

The total sectional area is 4 Iz t, therefore 

. . 

. l 

. . 

CD is 

. (45) 

. (46) 

. (47) 
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Let ri lx the diameter of a round tube of the same perimeter 
as the square tube ; then 4 /I = li n 

.*. h = A ri = l 7S54 d, and 
4 

kf = T Ad=*z61SAd . . . , . (48) 
Ii 

hcncc, comparing with (30), the moduli of bending resistance of 
the square tube and of the original round tube arc in the ratio of 

r to I, or of x to 3, 
I’ 4 

~2. 1047 to 1000, in fauc;x of the square 

tube. Compared with a round tube of equal sectional area, but 
of the same diameter as the side of the square tube, the ratio is 
A d to .4 ct - 

) 2.e. 
I to I 

9 
3 4 

or 133.3 to 100; 

3 4 
i.e. the square tube is 33’3 

$)L~Y itwt. sfrfwgtv~ fhtw ihe rowrd t&e lf eq2haZ aren altd iiiw~2dix 

Recfn ngf /at- Tkbes. - If a round tube be drawn into a rectan- 
gular tube of the same thickness, perimeter, and sectional area, it 
can be shown that the strength of the latter will be greatest when 
its depth j? is three times its width b. 

For any rectangular section, approximately 

1 - - 2 b t 0 /I 2 + 2 !? = ?bfIt ( ) . . 
2 12 2 3 

(49) 

z=*hq . . . . . . , . . . 0 t 1 (5 ) 

For the strongest rectangular tube, (49) becomes 

. . . . . . ( ) 5’ 

L111 4 %= * ;I/:!, . . . I . . . . . . . (52) 
4 4 

Comparing (33) and (50), it is seen that a thin rectati@lar 
tube is stronger than an elliptical tube of the samc.depth, widt,?L- 
and thickness in the ratio ~6 : 3 T. KOW the i-~~.~c!* ot the peri- 
meters, and the;-efore the w@ts, IS never greater t!xrr ii : ‘/r ; 
this being the \-alue when the ellips;: and rectangle ber~~~~~~~ -=--.. ._.. .- 

- &I 
-<--ii-- 



and s iuarc respectively. Weight for weight, then, the rcctmgulnr 

has at least 4 times the strength of the elliptical tube. 3 

That thi rectangular is stronger than the elliptical tulx of 
equnl depth, width, nud sectional area, can be easily shown from 
first principles, as !‘ollows : Figure 99 shows 
quadrants of rectangular and elliptical tubes of 
cqua.1 sectional arm Since the perimeter of the 
tdlipsc is ltx than that of the rectangle, its a 
tl>iCkiieS is grcx??cr. X12-t n portion ii of the 
cllipsc he marked off equal in width to the 
corresponding part of the rectangle, so that the 
nwnwnts of inertia about the axis 0 X are equal. 
The part 0 is conmon to both ellipse and rect- 
angle, and there remain only the parts c. 
belonging to the rectangle is at a much greater x 
distance from the ask OS than that belonging 

1”lc;. yy. 

to the ellipse ; its moment of inertia is therefore greater, and the 
rectangular is stronger than the elliptical tube to resist lxnding. 

_---- ---“---cc-- ‘I’ .- .*. .’ 
~__- __...- -.--- - 

.- _-.n.-- ,,I 



100. Compression., -‘I’he laws rclatin, (T to sim&! compressive L 
S~I-CSS arc exactly the same as those of simple tension, the formula 
( I )q (z), (3), and (J), of chapter x. will apply, j+ being in this 
~‘35~ the wmpressiw stress: c the compression per unit of lrngth, 
:~d IT;: the nwdulus of elasticity for compression. For a homo- 
(~~nwus material with perfect elasticity, as above defined, E would b 
be the same for tension and compression. 

On a I)ar which is short in comparison to its diameter, if the 
compressive stress be increased above the elastic limit of comprcs- 
sion, the bar gives way ultimately by lateral yielding. If the 
material he hard, the bar may actually split up into several pieces. 
If of a soft, ductile material it will bulge gradually in the middle 
while being shortened in length. 

IOT. Compression or Tension combined with Bending.-If 
a bar be simultaneously subjected to bending, and a pull or thrust 
parallel to its axis, the maximum stress on the section is the sum 
of the scparatc stresses due to the separate straining actions. If 
the bar be subjected to a pull P, and a bending-moment nl, A 
being t.hc arca and % the modulus of the section, the maximum 
tensile stress is 

and the minimum tensile stress is 

P x j)=il--z . . . . . . . . . l 
( ) 

2 

For circular tubes of small thickness, substituting the value of Z 
from (34, section 96, 

f 
13 = 
rl+ 

4 x 
Ad - � * l * 

. . . . ( ) 3 



The Irendit~g--mol?lent nq be produced by applying the pull 
I’ at a distance .Y from the neutral asis of the section (fig. I 00j. 

In this case ;‘I1 = /‘.I and (3) may be written 

*f = I; + y; . . . . . . . * (4 c 

If the bar bc subjected to a. compression Z’ and a bending- 
moment 31, equ:Aons (I), (,;), and (4) give the masimum cmfp-~~- 

~1’7~ stress on tk section, ccluation (2) 
the minimum compresskc stress. 

102. Columns.- ---If a long bar be 
subjected to tension, any slight devia- 
tion from straightness (fig. 100) will, 
under the action of the forces, tend to 
get less. If, on the other hand, the 
bar Lc stkbjccted to compression, the 
&viation frwl straightness will tend to 
get greater, and the bar will give way 
by bcncling (tig. 101). 

The stresses 017 a straight short 
column supporting a load, placed 
eccentrically, arc given by formula (I) 
and (2). 

Frti. IOO. 

EXilI1ff/c~.- A bicycle tube I in. diameter, 16 KG., is subjected 

to a compressive force, the axis of which is I in. from the axis of 
4 

the tube. Find the breaking load, the breaking stress of the material 
being 30 tons per sq. in. From Table IV., A = . 1882 sq. in., 

%= l 0.p 4 in.:‘, also 31 = I P inch-lbs. f = 30 x 2240 lbs. per 
4 

sq. in. ; substituting in (I) 

P P 
30 x2240 = y&g2 + ----- 4. x -0414’ 

from which, P= 592Ilbs. . - - 

If the load were placed exactly co-axial with the tube, it would 
reach the value given by, 

P 
‘IS82 

= 30 x 2240 

it?., P= 12650 lbs. 



103. Limiting Load on Long Columns.-If, uticlcr the action 
of the load, the &viation s lxconws b (rreatc’r, the bending-moment 

also b~coxn~3 greatcx without any addition being made to the 
load ; thus the &v&ion OIIW stnrtcd, may rapidly increase until 
fracture: of the column tnkcs place. 

T.xt the section of the column be such that, under the action 
of thcb loncl, its neutral axis bends into a circular arc L! C B (fig. 
I 0 I) of radiu5 R. Let J 1’) 13 1~ the chord, C D the greatest 
clc~intion, and C‘ L a diameter of the circle. Then, by the well- 
known pruposition in &xiietrtnry geometry, 

CD x DE--:,dD x DB. 

2 Ii! x = 
/’ 

4 
approsimntcly. 

lx 
ht R = ,II. , from (I 7), chap. xi., and 31 = 3’s. Substituting, 

zdy . . * . . . . . , . (5) 

If the load be less than that given by (s), no dev’ntion will take 

place. 
If the column 1~ of constant section throughout its length 

I its neutral asis bends into a curve of sines, and it can 
be shown that thcl limiting load is 

p = 7r’.!J;11 
12-- . . . . , , . . . . (6) 

If the middle section of the colutnn be prevented from 
deviating laterally, it will bend into the form shown in 
figure 102. In this case the length of the segment of 
the curve corresponding to figure IOI is half the total 
length, and the corresponding load will be 

P = 4 yc . . . . . . . . . (7) 
F1c;. 102. 

Again, if the ends of the column be held in such a 
manner t,lat the directions of theaxis at the end are always the same, 
it will give way by bending as shown in figure 103. The seg11wnt 



b d in this case ic of’ the same shape as the curve in figure IOI, while 
the portions 12 b and t’ 11 arc of the same form as I, c and (Gc. In this 

C~SC, therefore, the length of the segment b Q’ is / 
, and the corrc- 

2 
sponding !imiting, load is given by the formula 

I’= ““2/-;“-’ . , . . . , . - . (8) 

If the column 1~ fixed at one end (fig. roa), held laterally but 
frttc to turn at the other, 

If the column 
end (fig. ION), 

FIG. 104. FIG;. Ioj. 

lx fixtsd at one end and quite free at the other 

JI’ = *‘EI 
4p- . . . . L . . . , IO, ( ) 

These are known as Euler’s form&e, and are only applicable to 
bars or columns in which the length Z is great as compared with 
the least transverse dimension. / is the length before bending ; 
though in the figurts, in which the bending is greatly exaggerated, 
it is marked as ccfter bending. 

104. &don’s Formula for Columns.-Thz pieces of tube 
used in bicycle building are too long to have the simple com- 
pression formula applied to them, and too short for the application 
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of ISulcr‘s formula. A great many esperiments on columns, 
principally cast iron, have been made-by Hodgkinson, and Gordon 
has suggested an empirical formula which agrees very closely with 
his espcrinicnts. For thin tubes, Gordon’s formula becomes 

ll7 f __ __ = . - -- .--- 
*i s/�L . . l . . . (II) 

1 + .~-.-- _ 

t d� 

/and (- buing constants depending on the material. 
,kt unl cbxljeri tnc‘nts on the compressive strengths of weldless 

steel trllxs arc n.nntLg, but taking f = 30 tons per sq. in., and 
c = 32,000, Gordon’s formula becomes 

lb’ 
A = 

_--.67 ---- 2oo -- 
1 + . .- 

p 
- -- 

32000 cP 

. . . . ( 1 12 

E.\wpZt’, - A tube is I in. dinnluter, No. 16 W.G., 20 in. 
long ; rcquircd the crushing load by Gordon’s formula. 

I+oiii Table IV., page I I 3, A = *I SS2 ; 

11,’ . -- = 67200 67200 
-* 7ss2 

--- - _~__. -- = 
400 I+- --- 1-0125 

32000 x 1 
from which, 

[I;’ -’ I 2390 lbs., 

slightly less than for a short length of the same tube (sec. 102). 
1~5. Shearing.-- Let A 13 C D (fig. I 06) be a small square 

prism of unit lyidth perpendicular to the paper, subjected to 
shearing stress on the planes 
A B and C D. If the planes 
A B and C D be very close 
to each other, the shearing 
stress will be the same on 

Y both. If p be the shearing 
stress per unit of area, the 

FIG. 106. 
tEtlx 1 iward kxe acting at A B 

FIG. 107. and the upward force at C D 
will each be q x 23. But since the portion A B C D is at rest, 
the couple formed by the forces at A B and C D must be 



C l)cillg tht ~~~d~h.~ of ~~-tzm7~~-.~4 ~47stki4~, or the c~effk-At oy 
~*i:;‘.jLi(‘ij:’ of the mntcrial. 

sht~r7ri~~,;r~ .st?xLs c'//liiwhlf to .~~//lIl/t~l?l~'c)l/s TeIIsl;vr! mid cw- 

~I*~‘.YS~~:Y .\‘fr-CYSPS. --I kw a diagonal 1; L1 (iig. I 06) ; the triangular 
prism A f1 I’ ) is in ccluilibrium under the action of thu three 
forws, -f; g, and jf, acting on its sides, which can therefore be repre- 
sented by the sides of a triangle (fig. 107). .f and g being equal, 
the ‘force /1 is widcntly at right angles to the sidcl IT,’ D. The 
triangles A I1 .D and fg/l arc similar ; that is, the forces J g and /Z 
arc‘ proportional to the lengths of the sides on which they act ; the 
stress per unit area must therefore bc the same for the three sides 
A f;, ./I’ 11, and D A. Thus, the stress on the plane ~5’ D is a 
compressiw stress of the same intensity as the shearing stress on 
the planes A 23 and A I). 

Ir: the same way it may be shown that a ttwst’le stress of equal 
magnitude exists on the plane A? C. Thus, in any body a pair of 
shearing stresses on two planes at right angles are equivalent to a 
pair of compressive and tensile stresses respectively on two planes 
mutually at right angles, and inclined 45” to the former planes. 

I 06. Torsion, -If a long bar be subjected to two equal and 
opposite couples acting at its ends, the axes of the couples beins 
parallel to the axis of the bar (fig. TOM), it is said to be subjected 
to tm-h. The moment of the couple applied is called the 
t;tisti~~~~~~- mv,w~zt on the bar. Tf one end be rigidly fixed, the 



other cm1 will, under the action of the t~~istin~-moment! lx dis- 
1~1~~1 through a small a:@, and any straight lint on the surface 
(.)f the: lxx ori$tlnlly paralL. to tilt axis will IIC twisted into a 

spiral curw tz tz. If tl;c t~~i~tin~-tlloment be increased indefinitely, 
the: l)ar will ultimately break, the total angle of twist before break- 
ing dcpcndin, (r on the nature of the material. 

1 ,ct ligurc I 09 be the longitudinal elevation Of a thi;l tube of 
rnc3n radius 7 and thickntx f, subjected to a twisting-moment 

Y foot-lhs, A srluarc, tz !, c (i, drawn on the surface of the tube 
1 WCC~IC’S distOrted while in a strained condition into the rhombus 
I1 h d ii’. ‘i’hus, every transverse section of the tube is suhjectcd 
to a shearing .strrrss. If the tube lx of uniforn diameter and 
thickness, this shearing stress, I/? will 1~ the same throughout, 
l)rO\.idcd the thickness is very small in coml~arison with the 
diamuttlr. 

TIM.2 sectional arca of the tube is 2 77 i/- ; and since ‘/ is the 
shear on unit area, the total shear on the section is 2 7r r/ f 3’. 
‘1’1~ shearing-force on each cltmcnt of the section acts at a 
dista1lw 7 from the cent& of the tube ; the moment of the total 
shearing-force is therefore 2 T ‘/ t Y? This must be equal to the 
~~vistill~-molnetlt T, applied to the end ; therefore 

T, = 2xqw. . , . . . , ( 3) 1, 

Thus the twisting-moment which can be transmitted by a thin 
tube of circular section is proportional to the square of its radius 
or diameter and to its thickness. 

107. Torsion of a Solid Bar.- In a solid cylinder of radius T,, 
imagine the square II b td (fig. IO<)) drawn on a concentric cylin- 
drical surface of radius r ; it is easily seen that the angle of 
distortion of the fibres, +, or da 8, is proportional tc K If +, be 



If now the solid rod be considered to be divided into a 
number of t!Gn concentric tubes, all of the same thickness, t, the 
artx of the tube of radius 1’ 1; z T ti-, the total shear on this tube is 

2 5i $5 t /2, 
j-1 

and the t\visting-moment resisted is 

?‘he sum of the moments of all the concentric tubes into 
\vhich the rod is divided is easily found, by one of the simplest 
<sanlples in the integral CALCULUS, to be 

or, 

T = 77 ‘/! 1’*:1, 
2 

T= ;6”:‘ql = Jy approx. . I ( 5) 

I&. Torsion of Thick Tubec-If rl and rB be the external 
and internal radii of a hollow tube, the sum of the twisting-moments 
(4s) of the very thin concentric tubes into which it may be dividd 

---and, therefore, the twisting-moment such a tube can resist-is 

+y - 7.L.l) 41 
2 r, 

or 2-‘= ;; (‘i,” -dd&f! . . . . (4 

1 

7T <u; 4. The quantity IG 
- n.,4) 
d -- -- depends simply on the dimensions 

1 



of the section of the tube, and may be calld the I~~o~~YZI~S ty’ 

by the s~wl.101 ;I,.. “Thtx 

it will hc seen that the 
modulus of rc sistxxc of a cirr:ular tube or solid har to torsion is 

twice: it:; ~nocl’~lus of rt.Gtanc~ to I,cnding. ‘l‘hc strength of anjw 
tulx to resist t k>ndin, (r can thcrefortl tx ohtnined by multiply~ing 
the n~o~lulus from ‘IMlc IV., page r 12, by twice the maximum 
shonr q,. 

ION. Lines of Direct Tension and Compression on a Bar 
subject to Torsion,-From what has ken said in section 105, 
thcrc will lx ;1 conipressive stress on the plane tz c, and a tensile 
strtxs on the plane /, d (fig. 109). This holds for every point on 
the surface vf thti t&e. &W if the tdJc he Split Up intO a 

nu;nt)er of ixtrro\v strips t)y the spiral lines t r, inclined 45” to the 
asis (tig, IO), the tensile stresses can 1~2 transmitted just as txfore. 
‘l’he spiral lines t t are said to lx ft~.&~z hks, and the spiral lines 
r c at right nngl~~s n)~zf~uss~olz /I’Iws. If the twisting-moment he in 
the opposite direction, however, the pressure and tension sl)iral 
lines will Ix interchanged, and the split tulx will not he alAc to 
transmit the twisting-moment. 

I I O. Compound Stress.- If the straining action5 on any part 
of a structure he all parallel to one plane, the stress on any plane 
section, at right angles to the plane of the straining actions, can 
he rcsolvt’d into a normal stress, tension or compression- and a 
tnngctitinl strc5s, shearing. It can be shown that any system of 
stress in two dimensions is equivalent to a pair of normal stresses 

on two planes mutually at right 
angles, and that the stress on one 
of these planes is greater than, that 
on the other plane less than, on 
any other plane section of the ma- 
terial. On any other plane the 
stress will have a tangential com- 

k’ic;. I IO. 
p011c11 t. 

An important case of compound stress is that of a shaft sub- 
jetted to bending and torsion ; a section at right angles to the 



asis of the shaft is suhjccted to a normal stress, J; and simul- 
taneously to a torsional shearing stress, q. Consider a small 
portion of a material (~!ig. I IO) subjected to stresses parallel to the 
pht: of the paper. Let A B C be a small prism, of unit depth 
at rig\lt angles to the paper, the face B C being subjected to a 
normal stress, -f; and a tangential stress, q. F&-n section 106 we 
know that an equal shearing stress, q, must exist on the face A fi. 
I ,et us find the mngnitudr of the stress fi on the face A C, on 
\vhir:h the stress shill bt’ wholly normal. 

Considtxing the equilibrium of the prism A B C, and resolv- 
ing the forces on the three faces parallel to the side A B, we 
have 

/LA C..st’/t8 - q.AB--f.BC=o 
or 

(j - f) tit)2 0 = q . . . . . (17) 

Similarly resol\*ing the forces parnllel to B C, we get, 

p 1 A c . cos 0 - q . li c = 0 

or 
/,=pfm26. . . . . . . . . . (4 

1lultipiying ( I 7) and (I 8) together, we get 

the two values of p in i 19) are the maximum and minimum 
normal stresses on the material. That is, the tension f and the 
shear (/, on the face B C, produce on some plane A C the c_ ._--..- 
maximum tensile stress 3 (f + JF + 4 p’]., and on another plane 

the minimum tensile stress 3 (f - dj2 -+- 4 @) ; the latter plane 
being at right angles to the former. 

If the stresses on two planes at right angles be wholly normal 
and of equal intensity, it can easily be shown that the stress on 
any other plane is wholly normal and of the same intensity. If 
the normal stress be compression, the whole system of stress is of 
the nature of fluid pressure. If there be a tensile stress on one 
plane and an equal compressive stress on the plane at right angles, 



it has already been shown that this is equivalent to shearing 
stresses of the same intensity on two planes at angles of 45’ with 
the planes of the normal stresses. This pair of shearing stresses 

tends to distort the body but not to alter its volume, whereas fluid 
pressure tends to alter the volume but not the shape of the body. 

Any set of stresses in two dimensions can be expressed as the 
sum of a fluid stress and a shearing stress. Let two planes, A and 

R, at right angles be subjected to normal tensile stresses of in- 
:F:nsity, p and q, respectively. Then this state of stress is equivalent 
to the sum of two states of stress, the first being a tensile stress 

J-0 P-q on both planes A and 63, the second a tensile stress ----- -- 
2 2 

on A and an equal compressive stress on the plane R. For 

p - in ’ c/ + P - +’ and Q -P ’ Q - p - q - 
2 2 ’ 

_ ~.--.- ..-. 
2 

Thk principle will 
2’ l 

be macll: use of when discussing the outer cover of a pneumatic 
tyre. 

I I I. Bending and Twisting of a Shaft. -In a circular shaft 
of diameter, (/, subjected to a bending-moment, M, and a twisting- 
moment, T, the normal stress due to the bending-motnent is 

3’ 

and the shearing-stress due to the twisting-moment is 

T 
q ---. U 

7r ($3 
16 

Substituting these values in ( IS), 

p, -.I 
7rd3 f☺☺+ af2 + T2 l 

16 
1 -- -1 

if the shaft be subjected to a twisting-moment, z,, which would 
produce the same stress, p, 

p = -_ c ) 

?d3 1 -- 
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zr~d :Z. is said to be the twisting-moment equivalent to the given 
bending-moment and twisting-moment acting simultaneously. 
Comparing the two expressions for j, we get 

-_- .____ 
T, = M + &If2 + T2 . . . , . (20) 

Similarly, the equivalent bending-moment is 
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STKESGTH OF ~IATEIIIAI,S. 

I I 2. Stress, Breaking and Working.-Each part of a machine 
must be capable of resisting the greatest straining actions that 
may come on it. This condition fixes, as a rule, the smallest 
possible section of the part below which it is not permissible to 
go. In ordinary machines, where mere mass is sometimes re- 
quisite: the section actually used may often with advantage be 
considerably greater than the minimum ; but in bicycles, since 
‘ lightness ’ is always sought after, though it should always be 
secondary to ’ strength,’ the actual section used must not be very 
much greater than the minimum consistent with safety. The 
magnitude of the stress on any piece depends on the general con- 
figuration of the machine and of the arrangement of the external 
forces acting on it. The strength of the various pzrts depends on 
the physical qualities of the materials of which they are made, as 

well as on their section ; this we will now proceed to discuss. 
Bwzfiir~~ 5%ss.--If a load be applied at the end of a bar and 

be gradually increased, the bar will ultimately break under it. If 
the bar be of unit section---one square inch-the load on it at the 
instant of breaking i. 6; called the B~~nfiill~ tensiZe sltreq-t/t of the 
material. A great number of experiments have been made from 
time to time on the strength of materials, and the values of the 
breaking tensile strength for all materials used in construction are 
fairly accurately known. 

fictw @,%$&-One method of designing parts of a machine 
or structure is to fix arbitrarily on a zerorfiliz~q sfress which shall not 
be exceeded. This working stress is got by dividing the breaking 
stress of the material, as determined by experiment, by an arbitrary 
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number called aftzcz’t~ of s~$$JJ. This factor of safety varies with 
the nature of the material used, and with the conditions to which 
the structure is subjected. Professor Unwin, in ‘ Elements of 
Machine IGun b ,’ gives a table of factors of safety, the factor vnry- 
ing from 3 for wrought iron and steC supporting a dead load, to 
30 for brickwork and masonry subjected to a varying load. The 
factor of safety should be large for a material that can be easily 
broken by impact, and may be low for a material that undergoes 
considerable deformation before fracture actually takes place. 

I I 3. Elastic Limit- \Ye have already seen (sec. 81) that the 
application of a load to a bar of what might be popularly called a 
rigid material produces an elongation, and that this elongation is 
proportional to the load applied up to a certain limit. If not 
loaded beyond this limit, on removing the load the bar returns to 
its original length, and no permanent alteration has been made. 
If, however, the load applied be greater than the above limit, the 
elongation produced by it becomes greater proportionally, and 
on the load being removed the bar is found to be permanently 
increased in length. The stress beyond which the elongation is 
no longer proportional to the load, is called the eZnstl’c Zz&L’t. 

Since the elongation is in most metals proportional to the load 
applied up to this point, it has also been called the proportional 
limit (German? ‘ I’roporLionalit5Ssgrenze ‘). In a few metals--- 
cast iron, brass -there is no well-defined proportional limit. 

The total elongation of a bar loaded up to a stress just inside 
the elastic limit is a very small fraction of its original length. On 
increasing the load beyond the elastic limit and up to the break- 
ing point, the elongation before fracture occurs, in the case 
of most materials, is a very much greater fraction of the original 
length. 

Table V. gives the breaking and elastic strengths and coeticients 
of elasticity of most of the materials used in cycle making ; the 
figures are taken from Professor Unwin’s ’ Elements of Machine 
Design.’ 

I I 4. Stress-strain Diagram.-The reiation between the 
elongation and the load producing it can be conveniently exhi- 
bited in the form of a diagram. Let the stress be represented by 
an ordinate 0~’ drdiwn vertically (not shoivn on the diagram), and 



TABLE V.-UL’IYIMATE AND ELASTIC STRENGTHS OF MA'I'ERIALS, AND COEFFICIENTS OF ELASTICITY 

IN LBS. PER SQUARE INCH. 

Breaking Strength Elastic Strength I Coefficient of Elasticity 
Material -__ ~I --.--~.-_-_._ __ ____... 

/ ~---‘-~ .~ 
--- ---- _-_._ ___ 

Tension Pressure Tension Pressure Direct, E Transverse, C 
-- ----- -. ----- ____ _____ .-- --.-.. .____ ___ ----. __ - 

I 
30,500 130,000 23,0‘%- 7,6owoo 

Cast iron . . . . . 

1 
17,P“ 959~0 10,s~ 21,ooo 17,-t- 6,3w- 
10,800 50,000 i 14,-,- 5,-Y- 

67~0. 
i 57,600 

1 

i 

I,OOO,OOO 

Wrought-iron bars . . . SO,- 30,(=) 30,- 
33YP 1 ,27,-,- 

13 29,-,- 1 IOYS~Y- 

Iron boiler-plates . . . . 47,- -- 24,000 24,- 26,ooo,ooo 14,-,- 
Steel plates, $ cent. carbon . per 65,- - 42,000 38,- 

YY i YY ?? . 78,000 i 
3vy- 

-- 47,000 49,- 3 1,000,000 13,-P=’ 
?Y I YY YY . 110,ooo / - 67,000 71,- 31,ooo,ooo 

150,- 
Cast steel, untempered . . . { 120,ooo > -- 80,- 80,ooo 3o,-,- 12,Qoo,ooo 

84,000 

Cop;& rolled tempered plates . . . . . . 
- - 

3I,- - 1g0,000 596~~0 Igo,- 4,- 36,-,- 15,-,- 14,ooqooo 5,~,- 
YY annealed wire . . . 45,- - 

- - 16,-,- 

?? hard drawn wire l - - - 

Brass . . . . { Fro; 

58,ocm 17,-,- 

17,s~ - - To . - 
29,- 

I 13,w,- 

5W~ 
Gun metal or bronze . . . Ii : 27,- I - 

J 
6,200 - 13, m,- 

23,- 
Delta metal, cast . . . . i 36,- - I7,- - 12,ooo,ooo 

Phosphor bronze rolled . l . . . 51,- 19,700 
- 
- 13,000,000 14,-,- 1 5,250,- 
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the corresponding estension be a line yp drawn horizontally from 
y, The locus of the point $J will be the stress-strain curve of the 
material. Stress-strain curves for a number of different materials 
subjected to tension are shown in figure I I I. 

It has been proposed to represent the comparative values of 
materials for constructive purposes by figures derived from their 
stress-strain curves. The work done in breaking a test piece, 
reckoned per cubic inch of volume, may be used. This is pro- 
portional to the area included between the base and the stress- 
strain curve. Tetmajer’s ‘ value-figure ’ for a material is the 
product of the maximum stress and the elongation per unit length, 
It is the area of the rectangle formed by drawing from the final 
point of the stress-strain curve lines parallel to the axes. Of the 
materials represented in figure I I I, ‘ Delta ’ metal and aluminium 
bronze have the highest ’ value-figures.’ 

. 

I I 5. Mild Steel,-Figure I I I shows the stress-strain curve for 
mild steel, such as the material from which weldless steel tubes 
are made. The straight portion 0 lz represents the action within 
the elastic limit. If the load be increased beyond that represented 
by n, the extension takes place at a more rapid rate, as shown by 
the slightly curved portion n b. At a point, 6, somewhat above 
the elastic limit, cr, a sudden lengthening of the bar takes place 
without any increase of load, this being represented by the portion 
b c of the curve. The stress at which this occurs is called the 
y~eZL+Gt of the material. On further increasing the load, exten- 
sion again takes place, at first comparatively slowly, but afterwards 
more rapidly, until the maximum stress at the point d is reached. 

If, however, 

I 

Under this stress the bar elongates until it breaks. 
the stress be partially removed after the maximum stress, rz!, is 
reached, as can be done in a testing machine, the curve falls 
gradually, as at d e, then more rapidly until fracture occurs at J 
The elongation represented by the curve up to E takes place 
uniformly over the whole length of the bar, that represented by 
e/only on a small portion in the neighbourhood of the fracture. 

In wrought iron, the yield-point is not so distinctly marked as 
in mild steel ; the stresses at the elastic limit and at breaking are 
less, the elongation before fracture is also less. The specific 
gravity of wrought iron and mild steel is, on an average, 7.7. 
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T 16. Tool Steel,---For a tool steel of good quality, containing 
about one per cent. carbon, the maximum stress may be much 
higher : the stress-strain curve takes the form shown in figure I I I, 

l3ooQo r 

d ” 
A 

lII’lIII1llIIIIIllLllt,,,lll,,l 111, I ,,,I 1 
0 10 

PERCENTAGE 20El.0NGAT10N 
30 40 

FIG. III. 

the extension being smaller, though the tenacity is very much 
greater, than that of mild steel. 

I 17. Cast Iron has no well-defined elastic limit ; in fact, the 
stress-strain curve is not straight for any part of its length, so that 
for cast iron the term ‘ elastic limit,’ though often used, has no 
definite meaning. 

I I 8. Pure Copper varies greatly in tensile strength, according 
to the mechanical treatment to which it has been subjected. 
Rolling and wire-drawing both increase its tenacity. The stress- 
strain curve for rolled copper (fig. 1: I I) is from Professor Unwin’s 
( The Testing of Materials of Construction,’ 

I 19. The Alloys of Copper with other metals form a most 
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important series. Their mechanical properties are most fully. 
discussed in Professor ‘I’hurston’s ‘ Brasses, Bronzes, and other 

Alloys.’ 
fit-LZSS contains 66-70 per cent. copper, and 34-30 per cent. 

zinc ; sometimes a little lead. The stress-strain diagram (fig. I I I) 

shows that the stress at the elastic limit is very low in comparison 
with the ultimate breaking stress. 

Gzl/l-)&& is an alloy of copper and tin. The stress-strain 
diagram (fig. I I I) is from a metal containing 98 per cent. copper, 
2 per cent. tin. 

Ternary alloys of copper, zinc, and tin have been exhaustively . 
investigated _-&!,&&g .+.@ Tzpw?Lw 

. . ‘.&.~.~&v -+/ggz 1-m& c4 c: -- 2a 
+ - “Gil&-r tough1 acity is inipoi-tant, is coppe; 55, tin 

0'5, zinc ;14'j. 
AhmXr'rtztr 1’Zr0rz5~*.---Copper and aLininium form a most 

useful series of a!!~+. The stress-strain curve (fig. 11 I) is from 
an alloy containing about IO per cent. aluminium ; it shows clearly 
the great strtngth and ductility of the material. 

Alloys containing a much larger proportion of aluminium are 
valuable where lightness is the first cc. .;idersiion, but since they 
possess little strcn;;th and ductility, they can only be sparinglv I 
USed ill :;~l.i_ictilr.7! y:Qr!;:. 

Dt~Zf~z 112chrl is a copper-zinc-iron alloy, which can be cast and 
worked hot or cold. It l’ossesses great strength and ductility, as 
is shown by th t’ stress-diagram (fig. I I I) from a bar l 79 sq. in. 
sectional area, tested by Mr. iI. S. E. Ackermann at the Central 
Technical College. 

I 2 0. Aluminium ,--A specimen of squirted aluminium, con- 
taining 98 per cent. of the pure metal, was tested at the Central 
Technical College by Mr. Ackermann ; the tenacity was 6-32 tons 
per sq. in. ; the elongation in 8” was I-12", of which 53” was in 
the immediate neighbourhood of the fracture ; the general elonga- 
tion may, therefore, be taken as I0 per cent. For comparison 
this result is plotted in figure I I I. 

Pure aluminium has not sumcient strength and toughness to 
be of much value as a structural material, though its lightness as 
compared with other t>retal:< is a desirable quality. Some alloys, 

containing a small percentage of aluminium, possess great strength, 



but they are, of course, heavy. It remains to be seen whether a 
strong alloy, containing a large percentage of aluminium, and 
therefore light, can be discovered. Such an alloy may possibly be 
of value in cycle making. 

The specific gravity of sheet aluminium is z-67, of mild steel 

7’7s 
r 2 I. Wood is not so homogeneous as most metals ; it is, as a 

rule, much stronger along than across the grain. The fact that 
wood joints are generally of low efficiency is agai 

the joints, it may be used with 
advantage in some cases, its compressive strength (see Table VI.) 
being not much inferior, weight for weight, to that of the metals. * 
In beams of short span subjected to bending, it is, in some im- 
portant cases, immensely superior, weight for weight, to metal. 
The strength of a rectailgular beam is proportional to its width, 
the sl/~lrl-e of its depth, and the strength of the material from 
which it is made (sec. 94, i.e. proportional to b z’f: If beams of 
equal weight be made from wood and steel, the width b being the 
same in both, the depth d of the wood beam will be greater than 
that of the steel beam ; and the product z2fwill be much greater 
for the wood than the steel beam. 

‘I‘hc rim of a bicycle wheel is subjected to compression and 
bending (sec. 255). Since its width must be made to suit the tyre, 
a wood rim will be much stronger than a solid steel rim of the 
same weight ; or, for equal strengths, the wood rim will be the 
lighter. A /zt&~ steel rim will possibly be stronger than a wood 
rim of equal weight. 

Table VI., taken from Laslett’s ‘ Timber and Timber Trees, 
gives the weights and strengths of a few woods. 

I 2 2. Raising of the Elastic Limits-Let a bar be subjected 
to a stress-represented by the point k (fig. I I r)-consider- 
ably above its elastic limit. If the load be removed and the 
bar be again tested, it will be found that it is elastic up to a stress 
as high as that indicated by k. Thus the elastic limit in tension 
of a material like mild steel can be raised by simply applying an 
initial stress a little above the limit required. 

An important application of this principle occurs in the case 
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--_-.-. -. 

Verticd 
stress on : 

p:c<=czs 
2l’ x 2” x 2” 

bs. per sq. in.! 
6,963 ~ 

x j 
7:4a ! 

I 
7,104 
4,852 ~ 
y& i 

Y 
I 

7,640 i 
7,942 ; 
6,964 
4, I72 
6,462 I 

Name of wood 

i Specific Transverse 

1 gravity, 1 load on 
: water being y pieces 
; taken I ‘000 2” x 2” x7.7” 

I -- -- - --------. -. - _... _ ..__ .~ _ _ __-.. L --- - -_ _._._._ 
I .~. -- 

-. __ _. --_~ ______ -... -._‘-~ 

’ Ash, English . . . I 
z4merican ‘. . 

sir-n, English . . . I 

YY Canadian . . : 

!bS. 
-736 j 862 
a4so I 638 
‘558 / 393 
-748 j 920 

Fir, Dantzic . . . ’ 582 877 
Spruce, Canada . : 

tikri, Kew Zealxnd 
‘484 670 

. : 
:g; 

816 
Lad, Russian . . ! I 626 

Oak, English . . . ! 
,, French . . . , 
,, White, American . / 

‘735 i 776 
878 ‘976 j 

‘983 804 
I 

Pine, Yellow . . . ’ ‘554 505 
,, Pitch, American ’ 1 -659 i 1,049 

-- __- --__-~ - .-~- _.__ --- -.-_-----..- --..-. 

I 
/ 

, 
I - 

:ll 
I 
I 
/ 

-- 

Tensile 
stress on 

I, 
pieces 

2 A& _. ‘I k-3oi, 

bs. per aq. in. 
3,780 
5,495 
5,460 
9,182 

3,231 
3,934 
47 543 
4,203 

7,571 
8,102 
7,021 

2,027 
4,666 

---____ 

of Sou thard’s tn.isteJ cranks. Here the cranks are given a con- 
siderable initial twist in the direction in which they are strained 
while driving ahead ; their strength is considerably increased 
thereby. A twi>:t (sec. 109) is equivalent to a direct pull along 
certain fibrcs, and a direct compression along other fibres at right 
angles. The initial twist in Southard’s crank is, therefore, equi- 
valent to raising the elastic limit of tension of the fibres under 
tensile stress, and the elastic limit of compression of the fibres 
under compressive stress. 

I 2 3. C&nplete Stress-strain Diagram.-The complete stress- 
strain diagram of a material should extend below the axis 0 X; 
in other words, it should give the contractions of the bar under 
compressive stresses, as well as elongations under tensile stresses. 
Figure I I ,3 represents such a curve, the point IZ denoting the 
elastic limit in tension, and b the elastic limit in compression. If 
the bar has had its elastic limit in tension raised artificially to the 
point k (fig. I I I), it is found experimentally that the elastic limit 
in compression has been lowered, and thus the new stress-strain 
curve would be somewhat as represented in figure I 13. 
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These considerations, when applied to the case of Southard’s 
cranks, detract from the value of the initial twist. The line t t 

f (fi c ION), which is 
ricyir is pedalling 

the tension line when the 
a ahead, has had its elastic 

fn limit in tension artificially raised, and its elastic 
limit in compression artificially lowered by the 
initial twist. When back-pedalling, t t becomes 
the compression line. A twisted crank is 

- thcrt’fore waker for back-pedalling than an 

x untwisted crank of the same material. 

LJj 
I 24. Work done in BreaF; .I:: a Bar.-,\ 

material that gives very little \ SML ~1 before 
breaking is said to be wantin; 1’ I 1(~q-,G~zess, 
and is not so suitable for structh,.al purposes 
as a material with a larger extension. The total 1. l>lt,. II.‘. I’ II,. 113, elongation of a material is usually expressed 

as a lwcwtagc of its original length. If the actual instead of 
the pcrctmt;~gc elotlgations bc sut off horizontally (jig. I I I), tlw 
arca includtld l~etwcen tlw stress-strain curve, its end ordinatct, 
and the asis 0 X, rcprctsents the work done in breaking the bar*. 
L1 bicycle is a structure subjected not to steadily applied forces 
but to impact. The relative value of a hard and a tough mate- 
rial for resisting such strainin g actions may be illustrated by an 
esn1nplc. 

LLwN(lh/L--~ ’ 1 akc a mattlrial like hardened steel, elastic up to 
its l~reaking-point, so that its slress-strain diagram is as shown at 
figurt! 1 1-C. I.ct its hrurtking-stress bc Go tons per square inch, 
and E = Then the estensio!l at I 12,000 tons per scluarc inch. 
breaking-point is 

E = GO 
I 2000 

= -0aj. 

If the original length of the bar be IO inches, the total elonga- 
tion 0 s (lig. I 14) will be ‘35 inches, and the work done will be 
the area of the triangle O {E X, 

= 8) I x Go x ‘05 = I -5 inch-tons. 

‘l’akc now a material like mild steel, and consider that its 
stress-strain curve is quite straight up to the yield-point b (fig. I 15). 
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Let the yield-point occur at I 5 tons per square inch ; then, taking 
E, as before, 12,000 tons per square inch, and the original length 

a 

of the bar IO inches, 0 x will be ‘aI 25 inches. 
The work done in stretching the bar up to the 
yield-point will be 

$ x Go x *a125 = 09375 inch-tons. 

Consider both bars to be acted on by a 
force of impact equivalent to a weight of IO tons 
falling through a height of ,I; inch. The work 
stored up in this falling weight will be 

TO x *E, = 2 inch-tons. 

This must be taken up by the bar. But the ,.‘., 

I I I 

1 

I I I I I I I I 
X 

work done in breaking the hard steel bar of high r’l” ‘14’ l--IL. 113. 
tenacity is only 1.5 inch-tons ; it would therefore he broken by 

. s11ch a lwe load. The mild-steel llar would he stretched an 
additional length, .t’ xl, until the total area, O(, b’ xl: was equal to 
2 inch-tons. The area, b 6, x1 s, is therefore 

2 - 0.375 = I $2; inch-tons. 

The distance .:a xi will be 

r-625 
= ‘1023 inch. 

I5 

Thus the only effect of the inlpulsivt: load on the mild steel bar 
is to stretch it a small distance, though the same load is sut$cient 
to break the bar of 1nuc11 higher tensilr strength but with little or 
no elonffation t jefore fracture. 

The above examples show that the elongation before fracture 
of a nlnterial is almost as important as its breaking strength in 
determining its value as a material for bicycle building. 

125. Mechanical Treatment of Metals.--The tenacity of a 
metal is almost invariably increased by rolling, or by drawing 
through dies. A metal to be drawn into wire or tube must be 
strong and duct ilc. The finest wire is made from a metal in 
which the ratio of the elastic to the ultimate strength is low. A 
metal with wry high tenacity has not generally the ductility neces- 
sary for drawing into tubes or wire. The Premier Cycle Company, 
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instead of using drawn tubes, which must be made from a steel 
having a comparatively low tenacity, build up their tubes from flat 
sheets bent into spirals, each turn of the spiral overlapping the 
adjacent one, so that there are two thicknesses of plate at every 
part of the tube (fig. I 16). A steel of much higher tenacity can 

FIG. x16. 

1~ used for this process than could be successfully drawn into 
tubes. These ’ helical ’ tubes, therefore, have greater tenacity 
but less ductility than weldless steel tubes, as is shown by the 
con:pnratiw tests of helical and solid-drawn tubes I inch external 
dianleter, recorded in Table VII. For comparison with other 
mntcrinls, the wsiults of these tests nrc plotted 011 figure I I I ; the 
Kin31 Ix~iIits of the stress-strain diagrams ljeing the only ones 

obtnill;~blc from the dntn, the curves are drawn dotted. 

Description 
Sectional I Ultimate 

area stress 

Ext;;sion ! Appearance of 

IO inches fracture 

--- - . . ..- -----/ --_.. _.~ _ _ I___~ I--__- . - -.. 

1 Sq. in. Ibs. per sq. in. I ! 
I I 

I-Ielical 14A . o~rog II7,- 3’1 
i ’ 12 per cent. silky / 

88 per cent. granular i ’ 
39 20A . 0*107 122,000 I’5 Granular 

SoliZ-drawn 2oc c, . . 0’134 0.106 
130,000 : 3.4 : Granular 
80,000 18-7 i Silky 

! 

>7 f-II * 0.106 94,000 8.0 Silky / 
-.~. ..-. -.. - I -- -----__~ - 

I 26. Repeated Stresses.-If a bar be subjected to a steady 
load just below its breaking load, it will support it for an indefinite 
period provided the load remains constant, neither being increased 
or diminished.. If the load is variable, however, the condition is 
quite different. Wiihler has shown that if the load vary from a 
maximum T, to a minimum Ir,, fracture will occur when T, is 
less than the statical breaking load T, after a certain number of 
alterations from T1 to II,. The number of repetitions of the load 
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before fracture takes place depends not only on TI but on the 
difference TI - T2, between the maximum and minimum loads. 
With a great range of stress the number of repetitions before 
fracture is less than with a smaller range. 

A steel axle tested by Bauschinger, which had a statical tensile 
strength of 40 tons per square inch, stood at least two or three 
million changes of load before breaking, with the fohowing ranges 
of stress : 

- 

-_ 

Minimum stress 
tons per sq. in. 

- IO.5 
0 

20 

40 

Maximum stress 
tons per sq. in. 

Range of stress 
tons per sq. in. 

-I- IO=5 

19’7 
32.1 

40 
~- 

21’0 

19’7 
12’1 

0 

A fuller discussion of this subject is given in Professor 
Unwin’s ‘ Machine Design ’ and ‘ The Testing of Materials of 
Construction.’ 

The running parts of a bicycle -the wheels, chain, pedal-pins, 
cranks, and crank-axle-are subjected, during riding, to varying 
stresses. The range of stress on the spokes is probably small, so 
that a high maximum stress may be used without run&g any 
risk of fracture after the machine has been in use a consi;derable 
time. The stress on a link or rivet of the chain varies frcLn zero, 
when on the slack side, to the maximum on the tight side. The 
double change of stress on the pedal-pins, cranks, and crank-axle 
takes place once during each revolution of the latter. A distance 
of 5,000 miles ridden on a bicycle geared to 60” corresponds to 
1,500,ooo double changes of stress on the cranks and axle. If 
these be made light (see chapter xxx.), no surprise need be ex- 
pressed if fracture occurs at any time, after having run satisfac- 
torily for one or two years. 



PART II 
CYCLES IN GENERAL 
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DE\‘ELOPMEXT OF Cl-CLES : THE BICYCLE. 

I 2 7. Introductory .-Wheeled vehicles drawn by horses have 
probably been used by all civilised nations. The c/znrz’ot of the 
ancients was two-wheeled, the wheels revolving upon the axle. 
Coming down to later times, the COU& a covered vehicle for 
passengers, appears to have been first made in the thirteenth 
century, the earliest record relating to the entry of Charles of 
k1njou and his queen into Naples in a small carretz?z. The first 
coaches in England are said to have been made by Walter Rippon 
for the Earl of Rutland in 1555, and for Queen Elizabeth in 1564. 
The weight of these early coaches was probably so great that for 
centuries it seemed utterly impracticable to make a vehicle that 
could be propelled by the rider. With the growth of the 
mechanical arts, at the beginning of this century, more attention 
was given to the subject. Starting from the four-wheeled vehicles 
drawn by a horse, the most obvious step towards getting a pedo- 
lnotive vehicle was to make one of the axles cranked, and let the 
rider drive it either direct or by a. system of levers, the wheels 
being rigidly fastened to the ends of the axle. Such a cycle is 
illustrated in figures L 17, I 18. If this cycle had to travel in 
straight lines or curves of large radius, as on a railway, it might 
have been, apart from its weight, fairly satisfactory, A grave 
mechanical defect was that in moving round a sharp curve one or 
both driving-wheels slipped, as well as rolled, on the ground, with 
a corresponding waste of energy in friction. 
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The first attempts at overcoming this difficulty consisted in 
fastening only one wheel rigidly to the driving-axle, the other 
running freely. This gave, however, a machine which did not 
always respond to the steering gear as the rider wished ; in fact, 
while a driving effort was being exerted, the machine tended to 
turn to the side opposite to the driving-wheel (see chap. xviii.). 
The introduction of the differential driving-axle, which allows both 

FIG. 117. 

l;rc;. I 18. 

wheels to be driven at different speeds, overcame this difficulty 
completely without introducing any new ones. 

The weight of the four-wheeler, and even of the three-wheeler, 
was, however, so great that it was not in this direction that cycles 
were at first developed. A wooden frame for supporting two 
wheels was, of course, much lighter than one for three wheels ; for 
this reason principally, bicycles were brought to a fair degree of 
perfection before tricycles. The use of steel tubes for the various 
parts of the frame made it possible to combine the strength and 
lightness necessary for a practicable cycle, and laid on a sure basis 
the foundations of the cycle-making industry. 

Without attempting to give an exhaustive history of the de- 



CiIAP. XIV. 

velopment of bicycles and tricycles, a short account of the various 
types that have from time to time obtained public favour may be 
given here. 

I 28. The Dandy-horse .-Figure I 19 may be taken as the first 
velocipede man-motor carriage. This was patented in France in 
I 8 IS by Baron von Drais. In ( Ackermann’s Magazine,’ 1819, an 
account of this pedestrian hobby-horse is given. “ The principle 

-. 
_ ..- _._-. _ 

FIG. 119. 

of the invention consists in the simple idea of a seat upon two 
wheels propelled by the two feet acting on the ground. The 
riding seat or saddle is fixed upon a perch on two short wheels 
running after each other. To preserve the balance a small board 
covered and stul’fed is placed before, on which the arms are laid, 
and in front of which is a little guiding pole, which is held in the 
hakld to direct the I*oute. The swiftness with which a person well 
practised can travel is almost beyond beiief, 8, g, and even IO 

miles may, it is asserted, be passed over within the hour on good 
ievel ground.” 
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129. Early Bicycles.-Messrs. Macredy and Stoney, in ‘ The 
Art and Pastime of Cycling,’ write : “ To Scotland, it appears, 
belongs the honour of having first affixed cranks to the bicycle ; 

FIG. 120. 

and, still stranger to relate, it was not. to the ( hobby-horse,’ but 
to a low-wheeled rearedriver machine, the exact prototype of 
the present-day Safety. The honour of being the inventor has 
now been fixed on Kirkpatrick M‘Millan, of Courthill, Dumfries- 

F~ti. 121. 

shire, though prior to 1892 Gavin Dalzell of Lesmahagow was the 
reputed inventor. It seems, however, that Dalzell only copied 

and probably improved on a machine which he saw with M‘Millan. 
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M’Millan first adapted crank-driving to the ‘ hobby-horse ’ about 
the year 1840, and it was not earlier than I 846 that Dalzell built a 
replica of M’Millan’s machine, a woodcut of which we reproduce 
(fig. I 20). ,M‘Millan is said to have frequently ridden from Court- 
hill to Dumfries, some fourteen miles, to market on his machine, 
keeping pace with farmers in gigs.” Figure 121 illustrates the 
‘ French ’ bicycle or Bone-shaker,’ which was in popular favour 
during the sixties. The improvement on the Dandy-horse con- 
sisted principally in the addition of cranks to the front wheel, so 
that the rider was supported entirely by the machine. 

In ‘ Velocipedes, Bicycles, and Tricycles,’ published by George 
Routlodge &z sons in 1869, descriptions and illustrations of the 
bicycles, tricycles, and four-wheelers then in use are given. The 
concluding paragraph of this little book may be quoted : ‘I Ere I 
say farewell, let me caution velocipedists against expecting too 
much from any description of velocipede. They do not give 
power, they only utilise it ; there must be an expenditure of power 
to produce speed. One is inclined to agree with the temperate 
remarks of Jlr. Lander, C.E., of Liverpool, rather than with the 
extravagant ~nthusiasrn of American or French riders. As a means 
of healthful exercise it is worthy of attention. Certainly not more 
than forty miles in a day of eight hours can be done with ease ; 
Mr. Lander thinks only thirty. If this is correct, it does not beat 
walking, though velocipedists affirm that double the distance can 
be done with east’. Much will and must depend on the skill of 
the rider, the state of the roads, and the country to be travelled.” 

130. The Ordinary.-What has since been called the i Ordi- 
nary ’ bicycle came into use early in the seventies. Figure 122 

illustrates one made by Messrs. Humber C% Co., Limited. The 
great advance on the bicycle illustrated in figure 121 consisted 
mainly in the use of indiarubber tyres, thus diminishing vibration 
and jar, and consequently diminishing the power necessary to 
propel the machine. As a direct consequence of this, a larger 
driving-wheel could be driven with the same ease as the com- 
paratively small driving-wheel of the French bicycle. The design 
of the ‘ Ordinary ’ is simplicity itself, and it still remains the embodi- 
ment of grace and elegance in cycle construction, though super- 
seded by its more speedy rival, the rear-driving Safety. The 
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motive power of the rider is applied direct to the driving-wheel ; 
wheel, cranks and pedal-pins forming one rigid body. In this 
respect it has the advantage over bicycles of later design, with 
gearing of some kind or other between the pedals and driving- 
wheel. 

In the ‘Ordinary ’ the mass-centre of the rider was nearly directly 
over the centre of the wheel, so that any sudden obstruction to 
the motion of the machine frequently had the effect of sending 

FIG. x22. 

the rider over the handle-bar. This element of insecurity soon 
led to the introduction. of other patterns of bicycles. 

131. The e Xtraordinary ’ (fig. I 23), made by Messrs. Singer 
Sz Co., was one of the first Safety bicycles. The crank-pin was 
jointed to a lever, one end of which vibrated in a circular arc 
(being suspended by a short link from near the top of the fork), 
the other end was extended downwards and backwards, and 
supported the pedal. A smaller wheel could thus be used, 
and the saddle placed further back than was possible in the 
‘ Ordinary.’ 
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132. The Facile,-In the ‘ Facile ’ bicycle a smaller driving- 
wheel was used, and the mass-centre of the rider brought further 
behind the centre of the driving-wheel. This was accomplished 

by driving the crank by means of a short couy)ling-rod from 
a point about the middle of a vibrating lever ; the end of 
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this vibratin g lever forming the pecV.1. The fork of the front 
wheel was continued downwards and forwards to provide a fulcrum 
for the lever. The motion of the pedal relative to the machine 
was thus one of up-and-down oscillation in a circular arc, and was 
quite diKerent from that of the unirorm circular motion in the 
( Ordinary.’ From the position of the mass-centre of the rider rela- 
tive to the ccntre of the driving-wh&, it is evident that this bicycle 
possessed a much greater margin of safety than the ‘ Ordinary.’ 
Also, front the fxt that the machine and rider offered a less surface 
to wind resistn.nce, the machine was easier to propel under certain 
circumstances than the ‘ Ordinary.’ In 1853, m-. J. H. .‘&u~s 

rode qz!, miles 011 the road within twenty-four hours ; this w7.s at 
that tinlc the best authentic perfornxuxe on record. 

I 33. Kangaroo. -Figure J 2j illustrates the ‘ Kangaroo ’ type of 
front wheel crank-driven Safety introduced by Messrc;. Hillman, 

I Ierhcrt, and ( ‘oopcr, I SSq.. i\ smalltbr driving-\vhccl i:; used than 
in the ’ Ortlinnry ’ ; the crank-axle is l~lncccl lxncath and a little 
lxhind the ccntrc cjf the drivillg-wheel. ‘I’he crank-nslc is divided 
into two Ixu-ts, since its asis 1~:~~s through the driving-wheul ; the: 
front-wheel fork is continued downwards to support the crank- 



I axle bearings ; the motion of each portion of the crank-axle is I 
transmitted by chain-gearing to the driving-wheel. In a Too-mile 
road race on September 27, IS& organ&d by the makers of the 
machiueY the distance was covered by Mr. Cr. Smith in 7 hours 
7 minutes and I I seconds, the fastest time on record for any 
cycle then on the road. 

A geared dwarf bicycle is superior to an ‘ Ordinary ’ in two 
important respects, which more than compensate for the friction of 
the extra mechanism. Firstly, the rider being placed lower, the 
total surface exposed by the machine and r!der is much less, the 
air resistance is therefore less, this advnntnge being greatest at 
high speeds. Secondly, since the speeds of the driving-wheel 
~-~cl crank-;lxlc may 1~ arranged in an;- desired ratio, the speed 
of pedallin, (r and length of c*rank can be chosen to suit the 
convenience of the rider, irrcspcctivc of size of driving-wheel ; 
while in an ‘ Ordinary ’ the lftngth of crank is less, and the speed of 
pedntling greater, than the best possible values.. 

As regards safety, the ‘ Kangaroo ’ is a little better than the 
‘ Ordinary,’ but not so good as the ‘ Rover ’ or ‘ I-Iudm- ' Safety. 
Two serious defects? which ultimntely made it yield in popular 
favour to the rear-driving safety, existed. A narrow tread must 
bc: kept between the pedals, and the consequent narrow width of 
bearing of tlw xink-axle gives a bad design mechanically. 
.%gain, the chains, however carefully adjusted initially, will, after 
a time, get a trifle slack. In pressing the lIeda downwards the 
front sic.ie of the chain is tight, but when the pedal is nsccnding, 
since it cannot lx lifted direct by the rider, it is pulled up by the 
(*hain, the rear side of which gets tightened. This rc)wrsal, taking 
1~1~~ twiice wery revolution, throws n serious jar on the gear. 
This defect cannot , LS in the ‘ Humbcr ’ with only one d; Iving- 

chniq be overcome by skilfv.1 pedalling. 
134. The Rear-driving Safety ws invented by Mr. H. J. 

Lawson in IS79, but it was a few years later bcf0i.C; it was in great 
demand. The ‘ Kowr ! SafC?ty (fi g. I z(,>, made by Messrs. Starley 
and Sutton in I SSg, was the first rear-driving 1)icycle that attained 
popular frtvou r. ‘1’1~~ cranks and pedals are plnwd on a separate 
axlcY the motion of which is transmitted by a single driving-chain to 
the driving-whtxl. ‘l’his type is nl.x~lutcly s:zfe as regards hcadcrs 



over the handle-bar. Compared with the ‘ Kangaroo ’ gearing, the 
single driving-chain is a great improvement, as its driving side 

FIG. 126 

may be kept tight continuously. The steering-head of the front 
wheel was vertical, and an intermediate handle-pillar was used, 
with coupling-rods to the front fork. In a later design (fig. 127) 

I’rc. 127. 

the front fork was sloped, and the steering made direct ; this 
machine thus formed the prototype of the modern rear-driving 
bicycle. 



Figure T 28 is an illustration of the ’ Humber Safety dwarf- 
roadster, made in I SSg. In this all the ai-rangements of the 
( Ordinary ’ may be said to be reversed ; the proverbial Irishman’s 
description of it being “ The big wheel is the smallest, and the 
hind wheel is in front.” The driving-wheel is changed from front 
to back, the small wheel is placed in front, and the mass-centre 
of the rider is brought nearer the centre of the rear wheel. 

The ( Humber ’ Safety of 1885 is essentially the same machine 
as that in greatest demand at the present day. The improvements 

effected since I 885, though undoubtedly of very great practical 
importance, are merely improvements in details. Change in the 
relative size of the front and back wheels, different design of frame, 
and last, hut not least, the introduction of pneumatic tyrcs, 
account for the different appearances of the earliest and latest 
Sa teties. 

Rear-driving Safeties were made by al1 the makers, the differ- 
ence in bicycles by different makers being mcrcly in detail. About 
this time ( IXSG) the number of Safety bicycles made per annum 
began to increase very rapidly, while a few years later the number 
of ( Ordinaries ’ began to diminish. 

I 35. Geared Facile ,--The ‘ Facile ’ bicycle, with its small driv- 
.ing-wheel and direct link-driving from the pedal lever, necessitated 
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very fast pedal action on the part of the rider. The ‘ Geared 
Facile ’ (fig. 124) enabled the pedalling to be reduced to any 
desired speed. The connecting link in the ‘ Geared Facile ’ did 
not work directly on the driving-wheel, but the crank shaft ran 
loose co-axially with the driving-wheel, a sun-and-planet gear 
being inserted between the crank and the wheel. Figure 129 

FIG. 129. 

shows a ( Geared Facile ’ rear-driving bicycle, the usual sun-and- 
planet Gear lwin, (r modified to suit the altcrcd conditions. 

I 36. Diamond-frame Rear-driving Safety.-- From the date 
of its iniroduction, the rear-driving Safety advnnwd steadily in 
popular fawur until, in Is!;?, it was the !)ic>vcle in most general 
cl~r-nand. In thu preface to ’ Hicycles and Tricycles of the Yt‘ar 
I SSS,’ 5lr. l-l. 13. Griffin saJ.s : “ 1s’~ made caref’ul inquiries of all 

those in a position tv know ns to the: proportion of Dwarf 
Safetics and Ordinary bicycles, and were not a little surprised 
to hear that, taking the average through the trade, at least six 
I !wrf ShAiw arc ma& iu one Ordinary.” Up to the year 
T ~$0 the greatest possible variety csistcd in the frames of the 
war-driving Safety, hut they all agreed in having the distance 
ljctwcn the war and front whwls rcducecl to a minimum. The 
crank-bracket was placed just sufticicntly in front of the driving- 
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wheel to have the necessary clearance, the steering-wheel suf- 
ficiently far in front to allow it in steering to swing clear of the 
pedals and the rider’s foot. The down-tube, from the saddle to 

the crank-bracket, was usually curved, both in the diamond-frame 
and the cross-frame, or omitted altogether, as in the open-frame, 
Up till 1890 the nearest approach to the now universally adopted 

frame was that made by Humber 8z Co. (fig. 130). During these 
years the diamond-frame was being _more and more generally 
adopted, and qftcr Messrs. Humber introduced their rear-driving 
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Safety, with long wheel-base and diamond-frame (fig. 131), it 
became almost universal. By having several inches clearance 
between the crank-bracket and the driving-wheel, it was possible 
to use a straight tube from the saddle to the crank-bracket, while 
the long wheel-base rendered the steering more reliable. In the 
chapter on ‘ Frames ’ the reasons for the survival of the diamond- 
frame and the practical extinction of all others will be given. 

I 3 7, Rational Ordinary.-- ‘l’hc admirers of the ‘ Orclinary ’ 
bicycle were 10th to let their favourite machine fall into disuse, 
and attempts were made to make it safer and more comfortable, 
by placing the saddle further behind the driving-wheel centre, 
by sloping the front fork, and by making the rear wheel larger 
than was usual in the ’ Ordinary.’ Such a machine was called a 
L I?&oM/ Ordinary.’ 

13% Geared ordinary and Front-driving Safety.-In I 89 I, 

the Crypt0 Cycle Company - with whom Messrs. Ellis & Co., the 
makers of the ‘ Faci!e ‘- and 
‘ Geared Facile ’ had amnl- 
gnmated-brought out a 
Gemwzf 0r&wy. ‘I’lliS 
bicycle was in external 
appearance just like a 
‘ Rational ’ ; but the cranks, 
instead of being rigidly 
connected to the driving- 
wheel, drove the latter by 
means of an epicyclic gear 

( see sec. 306) concealed 
in the hub. The number of revolutions of the driving-wheel 
could thus be made greater than those of the crank ; in fact, the 
machine could bc geared up, just like a rear-driving Safety. The 
size of the driving-wheel being reduced, a front-driving Safety was 
obtained. Figure I 32 shows the ’ Bantam, the latest develop- 
ment of the front-driver in this direction, with the front wheel 
24 inches in diameter, and geared to 66 inches, The resem- 
blance, in general arrangement at least, to the French bicycle 
(fig. I 2 I) will bc apparent, though as regards efficiency of action the 
two machines arc as wide apart as the poles. Figure 243 shows 
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the ‘ Bantamette,’ in which the frame is so arranged that the bicycle 
may be ridden by a lady. 

139. The Giraffe and Rover Cob.-The L Ordinary ’ had un- 
.doubtedly many good points which are missing in the modern 
Safety, among which may be mentioned greater lateral stability 
and steadiness il: steering due to the high mass-centre. The 
‘ Giraffe ’ (fig. 133): by the New Howe Machine Company, is a 
high-framed Safety, the saddle being raised as high as in the 

‘ Ordinary.’ In the introduction to Lccchrnan’s 6 Safety Cycling, 
Mr. Henry Sturniiy b 7 gives an enthusiastic accoune: of the ‘ Giraffe, 
and a conqxGx~n with the low-framed Safety. 

The i Rover (:ob ’ (fig. I .TG), made by Messrs. J. Ii. Searley & Co., 
is at the opposite extreme, the frame being made so low that the 
pedals will just clear the ground when rounding a corner at slow 
speed. It is intended for those who may have fear of falling ; 
the mounting cati be done by simply pushing off from the ground. 

I 40. Pneumatic Tyres. -Whether judged by speed perform- 
ances on the road or racing track, or from additional comfort 
anJ case of propulsion to the tourist, the greatest advaxe in 
cycle construction due to a single invention must be credited to 
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Mr. James Dunlop, the inventor of the pneumatic tyre. A patent 
for a pneumatic tyre had been taken out by Thompson in 1848, 
but thcrc is no record that he made a commercial success of 
his invention. In I 890, Mr. James IA~nlop, of Dublin, made 
a pneumatic tyre for his son, and the results obtained by its 
use being so astounding, arrangements were very soon made 
for their manufacture. While in IS& a pneumatic tyre was 
unheard of, at the Stanley Bicycle Club Show, Novcmbcr- 
I kc~mbcr, t S9 r? from an analysis 1 of the machines exhibited, it 
appears that 40 per cent. of the tyres exhibited were ~WWLZ~~C, 

32 i per cent. cmYi~~~~~, r filj per cent. self?, I0 per cent. iqr%riefi, 
and the remninclcr, about ; per cent., were classed as nondescript. 
In the ahovc classification, under pncunlatic tyrcs are included 
only those with n sqxuatc inner tube, the inflated being really 
single-tube pncuinntic tyrcs. Cushion tyres were made and used 
ns n kind of compronGe between solids and pneumntics. The 
proportion of pwumatic tyres to the total has grown greater year 
by year, unt’l I now there is hardly a cycle made, for use in Britain 
at least, wi& my other than pneumatic tyres. 

I 3 I. Gear-cases.--‘I’hc most troublesonle portion of a modern 
rear-driving bicycle is undoubtedly the chain and the accompany- 
ing gear. ‘l’hc chain, however ~11 nx& originally, is found to 
stretch slightly under the heavy stresses to which it is subjected 



in ordinary working. If the distance between the centres of the 
two chain-wheels----- on the crank-axle and driving-wheel hub respec- 
tively-over which the chain passes is unalterable, the chain will 
ultimately get so slack that there will be a great risk of it over- 
riding the teeth of the wheels, to the danger of the rider. All 
chain-driven cycles are consequently provided with some means 
of tightening the chain, Le. of increasing the distance between 
the centres of the two chain-wheels. Again, in an exposed chain, 
it is practically impossible to lubricate perfectly the rubbing 
parts, very little of the oil applied to the outside surface finding 

its way in l)et\veen the rivet-loins and the Mocks of the chain. 
l)ust’and grit fro,x the: road &on adhere to the chain a-nd chain- 
wheel, so that the frictional resistance of the chain as it is wound 
on and off the chain-wheel is rapidly increased. 

These considerations led Mr. Harrison Carter to introduce 
the ~~w-G~sc, the function of which is to exclude dust and 
mud, and provide an oil-bath in which the lowest portion of the 
chain may dip. The reduction of frictional resistance is perhaps 
one of the least of the advantages pertaining to the use of the 
gear-case ; one great advantage is that less trouble is given to the 
rider, and chain adjustments need not be made so frequently. In 



162 

I 

CHAP. Xl V. 

fact, some makers claim that with an oil-tight gear-case the chain 
does not stretch perceptibly, and no chain adjustments are neces- 
sary. The author is not aware, however, that any maker has 
ventured to place on the market a bicycle with gear-case but no 
chain adjustment. 

I 4 2. Tandem Bicycles.- When the success of the bicycle for 
a single rider was assured, attempts were soon made to make a 
bicycle for two riders. Figure 135 shows the ’ Rucker ’ Tandem 
bicycle, made in 1884, one of the first successful tandem bicycles. 
This consists practically of two ‘ Ordinary ’ driving-wheels and forks 
connected together by a straight tubular backbone. At the front 

FIG. 136. 

end of this backbone there is an ‘ Ordinary ’ steering centre ; at the 
other end it is connected to the head of the rear-wheel fork by a 
frame which permits it to twist sideways. Figure 136 shows a later 
andem bicycle, also made by Mr. Rucker-probably the first 

practicable machine of this type. It is practically a tandem 
i Kangaroo.’ In a paper on ‘ Construction of Cycles,’ read before 
the Institution of Jbfechanical Engineers in 1885, My R. E 
Phillips says, ” This tandem bicycle . . . eclipses the earlier, and 
bids fair to prove the fastest cycle yet produced. The weight is 
only 55 lbs., and it is, therefore, the lightest machine yet made to 
carry two riders ” 



Figure 137 shows a front-driving chain-driven Safety Tandem, 
made by Hillman, Herbert, and Cooper, 1887. Both riders 
drive the front wheel, and both wheels are moved in steering. 

FIG. 13;. 

The C Invincible ’ Tandem Safety (fig. ~39, and the ‘ Ivel ’ 
Tandem Safety (fi g. 1391, which was made convertible so that it 

FIG 138. 

could be used as a single Safety, were among the first approxima- 
tions to the present popular type of Tandem Safety, both riders. 
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being plncd hh-tm~ the whCth, and 110th driving the rear 
wheel. It will be noticed that the front crank-axle is c:onnected 
by chain genrin g to the rear crank-nxlc, the two axles rotating at 
the same speed : the second chain passes over the lxgel- wheel 
on the rear crank-aslc and the chain-wheel c!f the driving-axle. 

Both riders hwc control of the steering, a light rod connecting 
the front fork to the rear steering-pillar. ‘1’1~~ 10115 wheel-base 
of’ these hicycles adds to the steadiness of the steering at high 
speeds, sine-t: (see fig. 202), f or tl x snmtl deviation of the handle- 
I m-s, 3 ~~m~hi:?~ \vith long wheel-base will move in a curve of 
1n1.g~ r;iclius ~h;m mc with n shorter whwl-base. ‘I’hc distance 
lwtw~ti the wlwel witws king niuch grcatcr thnll in the 

si nglc nmch i nc, tl1c 

frmw is subjcctcd to 
very ~rw.A~ grcntcr strain- 
il:g akons, and inyr- 
feet design will bc nwch 
1wrc’ serious than in the 
single innchinc. 

\ . . . 
I*‘I(;* 1.p. 

l’igurc 140 is an c‘x- 
ample of the present 

popular type of ‘I‘,mclem biqclc made by Messrs. ‘I’lmn~son and 

J aims. The machine is kinematically the same as that of figure 
I$$ the partitular difference being in the rear frame, which is of 
the diamond type, complctcly trinnplated. 



CHAPTER XV 

DI~VELOI’RIEN’l’ OF CYCLES : TRICYCLES, QUADRICYCLES, &C. 

143. Early Tricycles.-No sooner was a practicable bicycle 
made than attention was turned to the three-wheeler as being the 
safer of the two machines, and offering some advantages, such as 
the ljossibility of sitting while the machine is at rest. It was very 

early found that the greater safety of the three-wheeler was more 
apparent than real. ‘ ~;relox,’ writing in 1236~~ says, ‘6 Strange as it 
may appear to the un- 
initiated, the tricycle is 
far more likely to upset 
the tyro than the bicycle.” 

Figure r.g (from 
‘ Yelox’s ’ book) represents 
a sinil~le form of tricycle 
ma& in the sixties by Mr. E 

I,isle, of ~~‘olverha~~iptun, 
known as the ‘ German ’ 
tricycle. It was, in fact, a 
converted ‘ Hone-shaker ? 
bicycle, with the rear wheel 
removed and replaced bj 
a pair of wheels running 
free on an ax12 two f2et .-. 
long. The motive power Frr . I.&I 

was applied by pedals and cranks attached to the axle of the front 
wheel. A number of tricycles were made on the same general 
principle ; but the weight of the rider being applied vertically over 
a point near the front corner of the wheel-base triangle, the margin 
of lateral stability was small. Mr. Lisle also made n ladies’ double- 



driving tricycle (fig. I&, in which the power was applied by 
treadles and levers acting on cranks on the axle of the rear wheels. 
Nothing is said about the axle of the rear wheels being divided, 

so it is probable that in turning round a corner the *rear wheels 
skidded, just as is the case with railway rolling stock. 

In the ‘ Dublin ’ tricycle (fig. I 43) the driving-wheel was behind, 
and tyryo steering-wheels placed in front ; the margin of stability 

iii case of a stoppage 
was much greater 
than in the ‘ German ’ 
tricycle (fig. 141). 
Another point of 
difference consisted 
in the application 
of the lever gear- 
. 
mg ; the pedals were 
fixed on oscillating 
levers, the motions 
of which were corn- 
nmnicaied by crank 

E‘lr;. 143. 
and connecting-rods 
to the driving-wheel. 

The ‘ Coventry ’ bicycle was at first made with lever gearing, but 
chain gearing was very soon afterwards applied to it. The 
‘ Coventry Rotary ’ (fig. 13-1) was the most successJu1 of the early 
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single-driving tricycles. It may be interesting to note that this 
type has been revived recently, the Princess of Wales having 
selected a tricycle of this type. 

FIG. 144. 

If the mass-centre be vertically over the centre of the wheel- 
base triangle, the pressure on each wheel will be one-third of the 

FIG. 145. 

total weight. Under certain circumstances this pressure is in- 
sufficient for adhesion for driving, hence arose the necessity for 
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double-driving tricycles. In the ‘ Ikvon ’ tricycle, made in r878 
(fig. 145), which is fitted with chain gearing, the cog-wheels co- 
axial with the driving-wheels ax fitted loose on their axles, and 
each cog-whcul drives its axle by nwans of a ratchet and pawl. 
In rounding a corner, the inside wheel is driven by the chain, 
while the outside wheel overruns its cog-wheel, the pawls of the 
ratchet-wlwel lwing arranged so as to permit of this. 

I I1 the ‘ Club ’ tricycle (fig. 146), made by the Coventry 
3Inc:hinists (kq.my in rS;g, one of the wheels was thrown 

:mtot~x~tically out of gar when turning to one side or the other. 
LmWx, the sme company used a clutch gear, somewhat similar in 
principle to the ratchet gear, but which had the advantage that 
the clutch co~.ilci cornc into action at an): pGnt of the rcwlution, 
insttc’nd of only at as many point:; as thcrc ww tcctb in the 
rfitchct-whc:~l. The tricycle illustrated in figure 146 1~~ only two 
tracks, which7 in the early d;lys of tricyclt:s, was supposed to bc of 
some advantage, in so fix that it was easier to pick out two good 
pmtions along ,‘I bad picce of road than three. 

A nun~lw of single and side-driving, rear-steering tricycles 
(fig. I 4;) WXL ma& about the years 1S7g and rS80, but on 
nccowit of their imperfect stccrinb r they were sometimes found 
cstrcmcly dangerous, and their manufacture wns soon abandoned 
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in favour of double-driving rear-steerers, uf which the ‘ Cheyles- 
more ’ (fig. 14, made by the Coventry Machinists Company, was 

one of the most successful. ‘l’radcsmcn’s carrier tricycles are still 

made of this type, 
I 44. Tricycles with Differential Gear.-~m---‘l’h~ front-steering, 

double-driving tricycle with loop frmue, as in figure ~35, next 

becnnle more and more popular. ‘1‘1~ invention 13~ Mr. Starley 
of the ‘ Differential ’ tricycle: mlc or /,tl/llll~-c’-,~~~tll’ mm-lz 3 great 
step in the development of the three-wheeler. This gear, or its 

I 
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equivalent, has been ever since used for double-drivers, clutch and 
ratchet gears having been abandoned. 

As improvements in detail were slowly introduced, the lever 
gear fell into disuse (which is easily accounted for by the fact that 
with it gearing either up or down is impossible), and chain gearing 
became universal. With chain gear, and the possibility of gearing 
up, the driving-wheels were made gradually smaller and smaller, 
with a consequent reduction in the weight of the machine. 

The ( Humber ’ tricycle met with great success on the racing 
path, but, on account of its tendency to swerve on passing over a 

stone, its success as a roadster was not so marked. When used as 
a tandem (fig. I4g), with one rider seated on the front-frame sup- 
porting the driving-axle, the tendency to swerve was reduced and 
the safety increased (see sec. 1S3). In a later type this difficulty 
was overcome by converting the machine into a rear-steerer, the 
steering-pillar being connected by light. levers and rods to the 
steering.wheel. 

The loop-frnnle tricycle was gradually superseded by one with 
a central frame, in which the steering-wheel was actuated direct 
by the handle-bar, the result being the ‘ Gripper tricycle (fig. 

ISOh 111 this, as made by Messrs. Humber & Co., the chain lies 
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in the same plane as the backbone ; the crank-bracket being 
suspended from the backbone and the gear being exactly central. 

FIG. 150. 

The axle is supported by four bearings, though the axle-bridge, 
with four hearings, had already been used in the ‘ Humber ’ 
tricycles. 

Among the successful tricycles of this period may be men- 
tioned the ‘ Quadrant,’ in which the steering-wheel was not 
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mounted in a fork, but the ends of the spindle ran on guides in 
the frame (set fig. 254), and the ‘ Rudge Royal Crescent ’ (fig. 
I 5 I), in which the fork of the steering-wheel was horizontal, and 
the steering-axis intersected the ground some considerable distance 
between the point of contact of the steering-wheel. 

Up to the year 1886 the ‘ Ordinary ’ bicycle had a very great 
influence on tricycle desigrr, the driving-wheels of tricycles being 
usually made very large (in fact, sometimes they were geared 
&WL instead of up) and the steering-wheel small. The weight 
of two large wheels was a serious drawback, while the excessive 
vibration from the small steering-wheel was a source of great 

I;!(;. 15”. 

discomfort to the rider. The distance between the wheel centres 
was usually rnade as small as possible, the idea being that the 
tricycle should occupy little space. Common measurements for . 

Cripper ’ 
&am 

tricycles at this time were : Driving-wheels, q.o in. 
. ; steering-wheel, 18 in. diam. ; distance between driving- 

and steering-wheel centres, 32 in. ; driving-wheel tracks, 32 in. 
apart. Weight : Racers, 40 lbs. ; roadsters, TO--SO lbs. 

The size of the driving-wheel has been gradually diminished, 
that of the steering-wheel increased, until now (1S96) 28 in. may 
be taken as the average value for the diamc*‘:r of each of the 
three wheels. The wheel centres have been put further apart, 



42-45 in. being now the usual distance, the comfort of the ridcl 
and the’ steadiness of steering being both increased thercljy. 

‘l’he design of frame has also been greatly improved, SO th;lt the 
weight of a roadster h;as been rcduccd to 40 -45 Ibs. withotlt in 
any way sncrifici*i~“strengtll. 

Figure 152 shows a tricycle by the I’rilmier Cycle Compn!‘, 
Ltd., embodying these improvements. ‘The frame and chain gearing 
is almost identical ivith that of the bicycle J the balance-gear and 
axle-bridge, \vith its four bearings, being added. 
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Figure 153 shows a tricycle by Messrs. Starley Bros., in which 
the bridge is a tube surrounding, and concentric with, the axle, 

. . _...- 

and the gear is cxxtly central ; so that the frame is considerably 
simplified, and the appearance of the machine vastly improved. 

l’his may hc taken as the highest point reached in the develop- 
ment of the ‘ Crippcr ’ type of tricycle. 

~35. Modern Single-driving Tricycles.--Several successful 



single-driving rear-driver tricycles have been made, among them 
being the ‘ Facile Rear-Drive‘r ’ (fig. rga) and the ’ Phantom ’ 

FIG. 157. 

(fig. 155). In these the two idle (or non-driving) wheels run 
freely on an axle supported by the front frame. These tricycles 

FIG. 158. 
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are 
tric 

subject to the same faults of swerving as the ’ Humbe 
ycle. 

-4?- ----__ ¶ 

:r ’ 

FIG. 159. 

An important improvement is effected by nlounting each 
wheel on a short axle, -which can turn about a vertical steering- 

FIG. 160 

head placed as close as possible to the wheel, as in the ‘ Olympia ’ 
(fig. 160), one of the most successful of modern tricycles. 

I 46. Tandem TricytJes. -Tricycles for two riders were soon 
brought to a relatively high state of perfection, and were almost, 
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if not quite, as popular as tricycles for single riders. Among the 
earliest may be mentioned the ‘ Kudge Coventry Rotary ’ (fig. I 56), 

FIG. 161. 

the ’ Humber ’ (fig. IJ~), the ‘ Irwincible ’ rear-steerer (fig. I g), and 
the ‘ Centaur ’ (fig. I 5%). Later, the Trippt‘r’( fig. I 59) and the ’ Royal 



Crescent ’ (fig. 154 
were made as tandems. 
In all these tandems, 
with the exception of 
the ‘ Coventry Rotary,’ 
one of the riders over- 
hangs the wheel-base, 
so that the load on the 
steering-wheel is actu- 
ally less than when a 
single rider used the 
machine. The ‘ Coven- 
try* Rotary ’ is a single- 
driver, the others are 
double-drivers. 

‘l’he most successful 
modern tandem tricycle 
is the ‘ Olympia ’ (fig. 
I Go), a single-driver. 

I 47. Sociables, or 
tricycles for two riders 
sitting side by side, 
wrc at one time 
comlzn-atively popular. 
Vi~ure i6r shows one 
with a 1001) frauw u~clc 
1,)’ 11 C’SS1’s. 12udgc k 
(h, which, by the re- 
ii~o~-al of curtain parts, 
troul~l he conwrtccl into 
a single tricy& ; figure 
162, ;I ‘ So& ble ’ formed 
1)~ adding mother driv- 
ing-wheel, crank-axle, 
and sent to the i Co- 
vcntry Rotary (fig. r-14). 

In the ‘ One-track 
SW ia\,le ’ Q% 1 . I63), 
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made in ~886 by Mr. J. S. Warman, the weight of the rider 
rested mainly on the two central wheels, the small side wheels 
merely preventing the machine overturning when starting and 
stopping. It was, in fact, a sociabie bicycle with two side safety- 
wheels added. 

In the c Nottingham Sociable ’ tricycle (fig. I 64), made by the 
Nottingham Cycle Co. in 1889, each rider sat directly over the 

FIG. 16.5. 

rear portion of a ‘ Safety ’ bicycle, and the heads of the two 
frames were united by a trussed bridge to a central steering- 
head. 

148. Convertible Tricycles.---A great many machines for 
two riders were at one tirne made by adding a piece to a tricycle 
so as to form a four’-wheeler. Of these ~8vertz3t~ tricy&s, as 
they were called, the ‘ Royal Mail ’ two-track machine (fig. 165) 

and the ‘ Coventry Rotary Sociable ’ (fig. 162) may be noticed. 
Figure 166 shows the ‘ Regent ’ tandem tricycle, formed by 



k‘ll /. rr:;,. 



CHAP. XV. 

coupling the front wheel and backbone of a ( Kangaroo ’ bicycle 
to the rear portion of a ‘ Cripper ’ tricycle ; affording an example 
of a t~~bZe-dnkiq- cycle. 

Figure 167 shows a four-wheeler formed by coupling together ’ 
the driving portions of a ‘ Humber ’ and a ‘ Cruiser ’ tricycle, J 
affording an example of a qlrcr~~i~Z~-~~~zlill,rr cycle, all four wheels t 
being used as drivers. 

149. &uadricycles.-With the exception of the convertible 
tricycles above referred to, comparatively few four-wheeled cycles 
have been made. In ~869 ‘ Velos ’ wrote : “ No description of 
velocipedes would be perfect without some allusion to the favourite 

our-wheeler of the past generation of mechanics.” Figures I I 7 
and I 18 show one of the best as manufactured hy Mr. iIndrcws, 
of I Mlin. The frame was made of j.he best inch square 
iron 7 feet ion, (T between perpendiculars, and was nominally rigid, 
so that in passing over uneven ground either the frame was 
severely strained or only three wheels touched the ground. The 
two driving-whet& were fixed at the ends of a double cranked-axle 
driven by lever gear, the path of each pedal being an oval curve 
with its longer asis horizontal. While moving in a circle, the 
driving-wheels skidded as well as rolled, since the outer had to 
move ovc‘r fi greater distance than the inner. 
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Bicycles and tricycles have almost monopolised the attention 
Of CyCk makers, and no practicable quadricycle was made until 
Messrs. Rudge & Co. produced their ‘ Triplet ’ quadricycle (fig. 
168) in 1888. The front-frame supporting the two side steer- 
ing-wheels can swing transversely to the rear-frame, so that the 
four wheels always touch the ground, however uneven, without 
straining the frame. The same design was applied to a quadri- 
cycle for a single rider. 



CHAPTER XVI 
r 

CLASSIFICATION OF CYCLES 

I 50. Stable and Unstable Equilibrium.-Cycles may be 
divided into two great classes, according as the static equilibrium 

during the riding is stable or unstable. The former class may be 

FIG. 169. 

further separated into three divisions : (n) Tricycles, in which the 

frame, supported as it is at three points, is a statically determinate 

structure ; (i)) Multicycles, having four or more wheels, the frame 
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gcncrally having a hinge or universal joint, so that the wheels may 

adjust themselves to my inequalities of the ground. If the frame 

be absolutely rigA it will be a statically indeterminate structure. 

(c) Dicycles of the ‘ Otto ’ type, with two wheels, in which the 

mass-centre of the machine and rider is lower than the axle. No 

machineof this class has ever been made, to the author’s knowledge. 

Cycles with unstable equi- 

liljrium may be divided into 

three classes, according to 
the direction in which the 

unstable equilil~rium exists : 
M9nn~1dt~, having only one 

wheel : BCr:~si/(‘s, having two 

wheels forming one track J and 

FIG. 170. FIG. JET. 

.Dz$cZ~~, having two wheels mounted on a common axis. In all 

monocycles the transverse equilibrium is unstable ; they may be 

subdivided into two sub-classes, according as the longitudinal equi- 

librium is stable or unstable. An example of the former sub- 

class is shown in figure 169, in which the frame, carrying seat, pedal- 

axle, and handle, runs on an inner annular wheel, (z, on the driving- 

wheel A ; the central opening, 23, being large enough for the body 
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of the rider, while his legs hang on each side of the main wheel. 

An esample of the latter is shown in figure 170, and a sociable 

monocycle of the former class for t\vo riders in figure I 7 I. 

In bicycles, the transverse equilibrium is unstable and the 
longitudinal equilibrium stable. In dicycles, the transverse 

They may be subdivided into two sub- equilibrium is stable. 

classes, according as 

their longitudinal 

equilibrium is stable 

or unstable. 

The ( Otto ’ di- 

cycle (tig. 172) is 

the only esn111p1c 

of the former sub- 
class, while none of 

the latter class, as 

alrexdj remarked, 

have attained an) 

commercial iniport- 

,?nce. A dicycle of 

the latter tyce would FIG. 172. 

be made with very 

large drivin, CT- wheels, and the mass-centre of machine and rider 
lower than the axis of the driving-wheel. 

T 5 I. Method of Steering.- Proceeding to the further division 

and classification of bicycles, the first subdivision that suggests 

itself takes account of the method of steering ; a bicycle lacing 

said to be a&&- or /wzY-steerer, according as the steering-wheel 

is in front or behind, while among tricycles there are also sz&- 

steerers. A few bicycles have been made with dohkst~~7~r;l~~~. 

The complete frame of the machine is usually divided into two 

parts, called respectively the fi-o~~~-~w~lc and the wz~-f/-~z~~, 

united at the steering centre ; though sometimes that part to 

which the saddle is fixed is called the ‘ frame,’ to the exclusion 
of the other portion carrying the steering-wheel. It should be 

pointed out that the steering portion will sometimes be the larger 

and heavier of the tbvo, the ‘ Humber ’ tricycle (fig. 149) affording 

an example of this. In the ’ Chapman Automatic-Steering ’ 
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Safety (fig. I 73) the saddle is not fixed direct to thq, rear-frame, 

but moves with the steering fork. The complete frallie is in this 
case divided into three parts, which can move relat.ive to each 

other, on which are fixed the driving-gear, the steering-wheel, and 

the saddle respcctivcly. 

Examples of double-steering are afforded by the ‘ Adjustable ’ 

Safety (fig. I 74, made by Mr. J. Hawkins in 1884, and by the 

‘ Premier ’ Tandem Safety (fig. I 37), in each of which the forks 

of both wheels move relative to the backbone. 



‘L’herc have been very few roar-steering bicycles made, though 

their only eviclt’nt disadvantage is, that in turning aside to avoid 

an obstacle, the rear-wheel MZJ~ foul, though the front-wheel has 

already cleared. Nearly all successful types of bicycles have been 

front-steerers. 
I 5 2. Bicycles, Front-drivers.- Bicycles may be divided into 

front-drivers and rear-drivers, according to which wheel is used 

for driving. The ‘ Rucker ’ Tandem (fig. 135) is ai: example of a 

bicycle in which both wheels are used as drivers ; but generally 

only one wheel is used for driving. Each of these divisions may 
again be subdivided intoazm,aeamd and genr&. 

Among ungeared front-drivers we have the ‘ Bone-shaker,’ the 

‘ Ordinary,’ the ‘ Rational,’ the ‘ Facile,’ the ‘ Xtraordinary,’ and 

the ( Claviger ’ (fig. 504. In this classification we regard as 

ungeared those machines in which one revolution of the driving- 

wheel is made for each complete cycle of the pedal’s motion. 

Thus, any bicycle with only lever gearing will be classed as un- 

(reared, since with sucll nxxhanisn~ it is, in general, impossible to b 
gear up or gear down. 

Geared bicycles nln>* bc subdividccl into toothed-wheel geared, 

chaL: geared, and clutA geared. Among wheel geared front- 
drivers we have the ’ Geared Ordinary,’ b Front-Driver, the 

C Bantani,’ the ‘ Geared 

lqacile,’ the ‘ Sun-and- 

Planet ’ bicycle (fig. 474, 
and the ‘ l’rcmicr ’ ‘l’an- 

dcm Dwarf Safety (tig. 

137). Among chain 

geared safeties we have 

the 6 I<;1 ngaroo,’ with 

two driving chains, one 

On e:ach sick Gf the 
driving-wheel, the ‘ Ad- 

justablc ’ Safety Rond- 

ster (fig. I 74, and the ( Shellard Dwarf’ Safety Roadster (fig. I 75). 

A combination of toothed-wheel and chain gear was used in 

the ’ Marriott mcl Cooper ’ Front- Mvcr. 

Clutch genrcd bicycles ha1.e never been very successful, the 
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Brixton Merlin Safety (fig. 176) being about the only example of 

this type. In the Merlin gear, a drum rotates on the axle at each 

side of the wheel, round which is coiled a leather strap, the other 

FIG. 176. 

end being fastened to the pedal lever. When the pedal is pushed 

outwards by the rider the drum is locked by a clutch to the axle? 

and the effort is transmitted to the wheel. On the upstroke a 

spring raises the 

pedal lever. With 

this gear any length 

of stroke may be 

taken, but the imper- 

fect action of the 
clutch is such that 

the great advantages 
due to the possibility 

\ of varying the length 

I'-IG. 177. of stroke are more 

than neutralised. 
Figure I 7 7 shows a possible front-driving rear-steering geared 

bicycle, the front hub having a ’ Crypto ’ or equivalent gear. 

I 53, Bicycles, Bear-drivers.-Among ungeared rear-drivers 
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may be mentioned the Rear-driving ‘ Facile ’ and the American 

‘Star ’ (fig. 178). 
Among toothed-wheel geared rear-drivers we have the ‘ Burton,’ 

the Geared ‘ Facile ’ I&ear-driver (fib. I 29, the ‘ Claviger ’ Geared 

(fig. 507), the ‘ Fernhead ’ Chainless Safety, driven by bevel- 

gearing. Of I c lain geared rear-drivers, the present popular Safety 

of the ‘ r--Iullhcr ’ 01’ ‘ Kovcr ’ type is the most important rcpre- 

sen tntive. 

In the ‘ Houdnrd-geared ’ Safety a combination of toothed- 

wheels and chain gear is used, while the san~e may be said of the 

two-speed gears that are applied to the ordinq type of chain- 

driven safety. 
‘I’his classification is represented dingmmmnticnlly on page 194. 

From this diagram it will he seen that no s~xoessfil tyl>e of rear- 

steering bicycle has been evolved. I+perimenters might with 

advantage direct their cnergics to this comparatively untrodden 

domain. 
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I 5 4. Tricycleu, Q Side-steering.-The classification of tricycles 

may go on on similar lines to that of bicycles. There would be three 
tvDes -front-steer- 

3 r ‘L side-steering, ing, 

//h 
and rear-steering. 

Of side-steering tri- 

cycles there are two 

subdivisions : the 
‘ Rudge Coventry 

Rotary ’ (fig. 156) 
being a side-driver, 

while the ‘ Dublin ’ 
(fig. 143) and the ( Olympia ’ (fig. 160) are back-drivers. No 

side-steering, front-driving tricycle has been made, to our know- 

ledge ; though we 

can see nothing at 

pre;ent to prevent 

tandem tricycles 
of this type (figs. 

I’1cp-I81) from 
being successful 

roadsters. That 
shown in figure 

.J 79 could be ridden by a lady in ordinary costume on -the 

front sent ; it would, perhaps, be slightly deficient in lateral 

FIG. x61. 

I1 

1 

stability, as the mass- 

ccntre would be near 

the forward corner 

of the wheel-base tri- 
angle. That shown in 

fisurc ISO would be 

sqxrior in this re- 

spect, while the weight 

01~ the driving-wheel 

~vould still probably 

IlCll ts. .A type inter- 
;I b Crypt0 ’ g’;‘ar on the 

t)citig collncmxl by 8 



chain ; the frame would be simpler than in figures I 79 and 

180. 

Tricycles are either single-driving or double-driving, according 

as there are one or two driving-wheels. The only treble-driving 

tricycle which has been yet put on the market is the tandem 

made by Messrs. Trigwell and Co., by coupling the front wheel 

and backbone of a ( Kangaroo ’ to the rear portion of a ‘ Cripper ’ 

(fig. 106). The driving-wheels of a double-driving tricycle are 

invariably mounted on the same axle, and since in going 

round a corner the wheels, if of equal size, must rotate at 

different speeds, the driving-axle must be in two pqts. In the 

( Cheylesmore ’ tricycle two separate driving chains were used 

between the crank- and wheel-axles, the cog-wheel on the wheel- 

axle being held by a clutch when driving in a straight line, 

while in rounding a corner the ~11~1 which tended to go the 

faster overran the clutch, and all the driving effort was transmitted 

through the more slowly moving wheel. Starley’s differential gear 

(see sec. 18g), allowing, as it does, both wheels to be drivers under 

all circumstances, is now universally used for double-driving. 

I 5 5. Front-steering Front-driving Tricycles. --~--The early 

‘ Hone-shaker ’ tricycle (fig. I.J I) is an ungeared example of this 

class, while the ‘ Humber ’ tricycle (lig. I 49) is a geared tricycle of 

this same class. The ‘ Humber ’ is a clouble-driver. 

Single-driving tricycles of this division may bc ma& 1.)~ taking 

a ‘ Cryl)to’ or ( Kangaroo’ bicycnlc, and having two back whcols at the 

ClNl of a lwg nslc. ‘I’hcy would, howcvcr, be delicient in lateral 

stabilit>‘, unless used as tandems, on account of the load being al)- 

plic:tl over a point near the forlvnrd apes of the trinngulnrwhcel~ base. 

I 56. Front-steering Rear-driving Tricycles.- Of ungcnrcd 

~yclcs, I,islu’s early Ladies’ triq cle (jig. I 42) and the ‘ Club ’ 

(fig. I$)) arc esnmples. 

‘I‘he geared tric)vclcs may be subcli~idc~d in:o sillglc-drivers and 

double- drivers. Or‘ the former c‘lass the ‘ Ol>q)in ’ (!ig. r$o)? the 

‘ Phantom ’ (fig. I js), the ‘ l:acile’ (fig. 15.4.), t!ie ‘ Claviger,’ and 
the ‘ ‘l’rent ’ convcrtiblc (fig. i S2j arc ~~snmples. 

The cloublc-drivers may 1~ convcnicntly subdivided into 

direct-stccrcrs and indirect-stechrcrs. The ‘ (Yipper ’ (figs. I 50, 

152, I 53), of which probably more cxamplcs have been made 



than all the other types put together, is a direct-steerer, 
so also is the Merlin (fig. 1s~). Among indirect-steerers we 

may nxntion the ‘ Devon ’ tricycle (fig. 145), the ‘ Club (fig 

’ 49 The ‘ Nottingham Sociatk ’ (fig. IQ.) foriiiecl by comw- 

sion of two biq’~‘lcs, and Sing& Omnicycle with clutch gear 

(tig. ISJ), nindo in ‘ST’), also belong to this diGion. 

‘l’his r:lassilication of tricycles is shown dia~ratmnatically on 

pagt2 195. 

I 5 7. Rear-steering Front-driving Tricycles. -The L Veloci- 
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man,’ a hand-tricycle made by Messrs. Singer & Co., of which 

figure 241 represents an improved design for 1896, is an example 

of this class. The ‘ Cheylesmore ’ (fig. 148)) made by the Coventry 

Machinists Co., was one of the 

most successful of the early 
tricycles. Several tandem tri- 

cycles were made on this type, 

one of the most popular being 

tne ( Invincible ’ (fig. I 57)) made 

by the Surrey Machinists Co., 

Limited. 
The tandem tricycles in 

figures 179--1X1, if made with 

both rear wheels running freely 

on the same axle, fixed to a rear 

frame, would afford esamplcs of 

single-drivers of this class. - 

A rear-steering side-driving 
Frc;. 184. 

tricycle was the L Challenge ’ (fig. 147)) made by Messrs. Singer in 

1879. 
I 5 8. Quadricycles. -A great many quadricycles were made at 

one time by adding a piece to a tricycle, so as to form a machine 

for two riders (SW XC. ~4.8). The attachment of the extra 

portion was usually made hy means of a universal joint. The 

one track Sociable (fig. 163) may really 1~ classified as a four- 

wheel cycle, though from the lack of the universal joint in the 

frame it differs essentially from those mentioned above. 

Kudge’s quadricycle (fig. 168), giving oniy two tracks and a 

rectailgular wheel base, is a very well designed machine of this 

type. The steering gear is similar in principle to that used in the 

‘ Olympia ’ tricycle. The front portion of the frame supporting the 

two side-steering wheels is connected to the rear portion by a 

horizontal joint at right angles to the driving-axle, so that the four 

wheels may each touch the ground, howt3ver uneven, without 

straining the frame. It is made as a single, tandem, and triplet. 

Its stability is discussed in section 161. 
‘I’he’cluadricycle with two tracks has some advantages as com- 

pared with the tricycle, and may well repay further consideration 
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Double 
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i Driving Driving 4 

‘ Facile ’ Lisle’s early Ladies’ I I 

0%. 154) Tricycle (fig. 142) 
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I I 
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I I 
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Double 
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Double 
Driving Driving Driving Driving DIYiving Driving 

Sitqle 
Drivmg 

No ‘ Humber ’ ‘ Phantom ’ ’ Invincible ’ ‘ Velociman ’ 
example (fig. 149) (fig. r55) 

(fig. 166) 
Tandem 

‘ Claviger ’ 
Trent Con- 

(fig- 157) 
(fig- 241) 

‘ Cheylesmore ’ 
vertible ’ 
(fig. 182) 

(fig. 148) 

I 
Indirect Steering 

’ Devon ’ (fig. 145) 

‘ Club ’ (fig. 146) 
Two-track tricycles 
‘ Quadrant ’ 

I 
Direct Steering 

‘ Cripper ’ (fig. 150) 
‘ Merlin ’ (fig. 183) 

‘ Nottingham Sociable ’ (fig. 164) 
Singer’? ’ Omnicycle ’ (fig. 184) 
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by cycle makers and designers. If a satisfactory mode of support- 

ing the frame on the wheel axles by springs could be devised, the 

horizontal joint might be omitted, the design of frame simplified, 

the stability of the machine increased, and additional comfort 
obtained by the rider. If the two steering-wheels revolved inde- 

pendently on a common axle, as in the ’ Phantom tricycle 

(fig. I 5 5), the design of the machine would be further simplified ; c c 
- th(: ly:latiolr of the wheels to the frame being exactly the same as 

is a four-wheeled vehicle drawn by a horse. This type of qundri- 

cycle would, however, possess the same objection- 

able features as to swerving as the tricycles shown 

- in @u-t’s 149, I 54, and 155. In a horse vehicle 

the front axle is fised to the shafts to which the 

horst: is harnessed, so that the aslc cannot swcrvc 

when one wheel meets an obstacltz without dragging 

the horse sideways. In this rcspcct the horse 

-- performs the same function as the front wheel of 

FIG. 185. a ‘ CriplEr ’ tricycle. A hansom cab is cquivalciit 

to a L Gripper ’ tricycle, and a four-whcclcr to a 

pen tncyc:lc (, l-i& I Sg), in which the rear portion trails after tlw 

front. 
159. Multicycles. - By stringing togcthcr a number of 

‘ Humbcr ’ or ‘ ( ‘ripper ’ frani43 with their crank -axles and pairs of 

driving-wheels, a cycle of 4, 6, S, or nny cvcn number of wheels 

may 1~2 ol)tainctl. ‘I’hc steeri1lg of such a multicyclc should bc 

effc*ctccl by the front riclur, the ilitc’rsection of the first two aslcs 

dctcrmining ;!ic radius of curvature of tlic path. ‘l’lic following 

wheels should bc mcrcly trailing whtAs, so that they may follow 

in the rcquircd path. 
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s’1‘Al:ILI’rY OF CYCLES 

I GO. Stability of Tricycles.- If (2 b t (fig. I 86) be the points 
of contact of the three wheels of a tricycle with the ground, it will 

l)e in equilibrium under the action of the rider’s weight, provided 

the perpendicular from the mass-centre 

of the rider and machine falls within 

the triangle fz (, c. If this perpendicu- 

lar fall at the point fi, the pressures of 

the wheels on the ground can easily be 

found by the prim+10 of nlonients. 

Let 717 1~ the total weight of the rider 

aud nxtchilw, w,,, w,,, and w,. the pm- 

surcs of the wheels at II, l’, and c on 
the grouud. Then taking moments 

about the line (, I-, draw perpendiculars 

tz tz, and rl! d, to b C. We then have 

IF’ x fi d, = PC’,, x rl (1 , 

FIG. TM. 

0 

a 
I 1;s 
I I \ 
I ’ \ 

SinClar espwssions for w,, and w,. can 

he found. FIG. 187. 

If the point rz’ fall outside the triangle (z Ir r, the tricycle will 
topple over. 

16 I. Stability of &uadricycles.-If the quadricycle be made 

with the steering-axle capable UT turning duly round a vertical 

axis, as in the case of an ordinary four-wheeled carriage drawn by 

her:jes, the mass-centre of the nxxhine and rider clay lie vtxticd!y 
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above the rectangl le ~7: b c d (fig. ISS), n, 6, c and d being the 

points of contact of the wheels with the ground. But if one of 

the axles be hinged to the frame, so as to allow the four wheels 

to be always in contact with the ground, how- 

ever uneven-as in the case of the ‘ Rudge ’ 

quadricycle (fig. I 68) -the mass-centre of 

machine and rider, exclusive of front portion 
I /I \ I 
I \ I n b, must lie vertically above the triangle 

I f 
I \ I \ 

/ 

L-.- 

\ ’ e G Cz, e being the intersection of the plans of 
I / 0 I the steering-axle and hinge joint. If the 
.! 
‘9 ’ 

w 
c 

perpendicular from the mass-centre of ma- 

chine and rider fall between e t and b c, the 

FIG. 188. wheel at CE will lift from the ground, and the 

portion e c L? of the machine will continue 

by coming in contact with the portion to overturn until stopped 
n b. 

In a tandem quadricyc 

d (fig. ISg), to a ‘ Cripper 

le formed by attaching a trailing wheel, 

’ tricycle, n b G, by means of a universal 

I! 

joint at c, the mass-centre of the machine and 

a 
riders must lie vertically above and inside the 

I ’ \ quadrilateral II b c d. If the joint e be behind 
/ \ 

I \ the axle, B c, another condition must be satisfied, 
I \ 

viz. the vertical downward pressure at e, due to 

the weight on the trailing frame, must not be sufi- 

cient to tilt the triangle n /I c about the axle b c. 

This condition will in general be satisfied if the 

joint e be not far behind the axle. 

162. Balancing on a Bicycle.-A bicycle has 

FIG. 189. 
only two points of contact with the ground, and 

a perpendicular from the mass-centre of machine 

and rider must fall on the straight line joining them. If the 

bicycle and rider be at rest, the position is thus one of unstable 

equilibrium, and no amount of gymnastic dexterity will enable 

the position to be maintained for more than a few seconds. 

If the mass-centre get a small displacement sideways, the dis- 

placement will get greater, and the machine and rider will fall 

sideways. In riding along the road with a fair speed the mass- 

centre is continually receiving such a displacement. If the rider 
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steer his bicycle in an exact straight line this displacement will get 

greater, and he and his bicycle will be overturned, as when at 

rest. But, as every learner knows, when the machine is felt to be 

falling to the left-hand side, the rider steers to the left-that is, 

he guides the bicycle in a circular arc, the centre of which is 

situated at the left-hand side. In popular language, the centri- 

fugal force due to the circular motion of the machine and rider 

now balances the tendency of the machine to overturn ; in fact, 

the expert rider automatically steers the bicycle in a circle of 

such a diameter that the centrifugal force slightly overbalances 

the tendency to overturn, and the machine again regains its 

perpendicular posi Con. The rider now steers for a short interval 
of time exactly in a straight line. But probably the perpendicular 

position has been slightly overshot, and the machine falls slightly 

to the right-hand side. The rider now unconsciously steers to 

the right hand, that is, in a circle having its centre to the right- 

hand side. 

If the track of a bicycle be examined it will be found to be, 

not a straight line, but a long sinuous curve. With beginners the 

waviness of the curve will be more marked than with expert 

riders ; but even with the latter riding their straightest the 
silzzlnsi& is quite apparent. A patent had actually been taken 

out for a lock to secure the steering-wheel of an 6 Ordinary ’ bicycle, 

the purpose being to make it move automatically in a straight 

line. The above considerations will show? as clearly as the actual 

trial of his device probably did to the inventor, the absurdity of 
such a proceeding. 

It would be possible to ride a bicycle in a perfectly straight 
line with the steering-n-heel locked, by having a fly-wheel capable 

of revolving in a vertical plane at right angles to that of the 

bicycle wheels, and provided with a handle which could be turned 

by the rider. If the bicycle were falling to the right, the fly-wheel 

should be driven in the same direction ; the reaction on the rider 

and frame of bicycle would be a couple tending to neutralise that 

due to gravity causing the machine to fall. 

Latcrrrl OsczXdh of II B&I n'i -- -From the above esplann- 

tion of the balancing on a bicycle, it will be seen that the 

machine and rider are continually performing small oscillations 
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sideways-the axis of oscillation being the line of contact with 

the ground-simultaneously with the forward motion. The bi- 

cyclist and his machine may thus be roughly compared to an 

inverted pendulum. The time of vibration of a simple pendulum 

is proportional to the square root of its length, a long pendulum 

vibrating more slowly than a short one. In the same way, the 
oscillations of a high bicycle are slower than those of a low one : 

Le. the time taken for the mass-centre to deviate a certain angle 

from the vertical is greater the higher the mass-centre ; a rider 

equally expert on high and low bicycles will thus be able to keep 

a high bicycle nearer the exact vertical position than he will a low 

bicycle. In other words, the angle of swing from the vertical is 

greater in the ‘ Safety ’ than in the ‘ Ordinary,’ 

The track of an ‘ Ordinary’ will therefore be straighter---that 
is, made up of flatter curves -than that of a ‘ Safety,’ both bicycles 

being supposed ridden by equally expert riders. 

163. Balancing on the Otto Dicycle. -In an L Otto ’ dicycle 

at rest the mass-centre of the frame and rider is, in its normal 

position, vertically above the axle 

of the wheels ; the machine is thus 

in sta.ble equilibrium laterally and 

in unstable position longitudinally. 

In driving along at a uniform speed 

against a constant wind resistance, 

F (neglecting at present other re- 

sistances), the mass-centre, G, is in 

its normal position, a short dis- 

tance, 1, in front of the asle (fig. 

190)* While the rider exerts the 

FIG. 193. 
driving effort the wheel exerts the 

force 3’, on the ground, directed 

backwards, and the reaction of the ground on the wheel is an equal 

force, F2, in the direction of motion. The force -F, is equivalent 

to an equal force E; at the aslc and a couple Fr, r being the 

radius of the driving-wheel. The couple Fr is applied by the 

pull of the chain to the rigid body formed by the driving-wheel 

and axle ; therefore, if T be the magnitude of this pull and r, the 

radius of the cog-wheel on the axle, 2’5, = F r \ 



Consider now the forces acting on the rigid body formed by 

the frame and rider : these are, the rextion at the bearing C, the 

weight Wacting downwards, the wind-resistance, E; and the pull 

of the chain 27 Since the frame is in equilibrium, the moment 

of all tlxse forces about any point must be zero. Taking the 

moments about C we get 

wz-F/, = Tr, =Fr . . . . . (2) 

Suppose now the mass-centre, G’, to fall a little forward of the 

position of equilibrium, so that the moment of II/’ about C be- 

comes 1.V P ; in order that equilibrium may be established the 

pull of the chain must have a greater value, T1, thus IIV --- Fk, 
= T’ t-1. This increased pull on the chain is produced by the 

rider pressing harder on the pedals ; in other words, by driving 

harder ahead. 

In the same way, should the mass-centre, G, fall a little behind 
the position of equilibrium, the tendency to fall backward is 

checked by the rider easing the pressure on the pedals, ~2. by 

slightly back-pedalling. 

The frame and rider in an L Qtto ! dicycle thus perform oscilla- 

tions about the axle of the machine ; the length of the inverted 

pendulum is much less than in the ‘Ordinary’ or even the Snfcty’ 

bicycle, and the backward or forward oscillation is greater than 

the lateral oscillation in a bicycle. 

164, Wheel load in Cycles when driving ahead.-A great 
deal of misconception exists as to the modification of the wheel 

loads, due to driving ahead. If the cycle move uniformly, and the 

several resistances lx neglected, the wheel loads will, of course, be 

the same as if the cycle were at rest, and thcreforc will &pend 

only on the position of the mass-centre of machine and rider 

relative to the wh.As. If the only resistance considered is the 

wind pressure F, (lig: I\J I), the load 011 the front wheel will be 

decreased, and that on the rear wheel increased, by the anlount R, 

determined by the equation 

4 4 =RZ; . . . . . . . (3) 

/ being the wheel-bnsc, and /I, the distance of the centrc of wind 

pressure above the ground. k’rictional resistances, including the 
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friction of the bearings and gear& and the,frolling friction of the 

wheels on the ground, make no modificjtion of the distribution of 

wheel load ; the former, because they are internal forces, and do 

not in any way affect the external forces, the latter because they 

act tangentially to the ground, and must be balanced by an equal 

and opposite reaction of the ground on the driving-wheel. 

If the speed of the cycle be increased, the forces due to 

acceleration can be easily shown as follows : Consider the mass 

of the machine and rider to be concentrated at the mass-centre 

G, and that the wheels and frame are weightless ; then, to produce 

the acceleration, the frame 

must act on the mass,and 
the mass react on the 

frame with an equal but 

opposite force, $ Intro- 

duce at the point of con- 

tact of the driving-wheel 

with the ground two equal 

and opposite forces, fi 

and j2 (fig. 191), each 

equal and parallel to f; 
‘2 “;r - - then f is equivalent to 

ITic;. 191. the force f,. and thecouDle 
formed hy the equal and opposite forces ,f and ,J$ The force fi 

must be equilibrated by the reaction P of the ground on the 

driving-wheel, the couple tends to diminish the weight on the 

front wheel, and increases that on the rear wheel, by an amount, 

R, given by the equation 

Ii z =fh, . , . . . . . . (4) 

& being the height of the mass-centre, G, above the ground. 

In the most general cast’, the external forces acting on the 

system of bodies formed by the machine and rider are shown in 

figure 191. These are the resistance J due to the increase of 

speed, the wind pressure F,, the resistance of the wheels to 

rolling, & the reaction of the ground on the driving-wheel, P, the 

weight, Tr/‘, of the machine and rider, and the vertical reactions, 

A’, and R2, on the wheels. I’, A’, and K, art’ dcternlined so as to 
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produce equilibrium with the other forces. Pressure exerted on 

the pedal does not in any way modify the ’ ~eaCtioi1.s 1~1 &jJ 1~2, 

except so far as it affects, or is affected by, the resistances li,, I$, 

and f ; i.~. zvovk spent 232 overcoming resistames of the n~echanism 

does not in alzy way &Sect the wheel Zoads. 
165. Stability of Bicycle moving in a Circle;-Let 1. be the 

radius of the circle in which the cycle is moving, W the weight of 

the rider and machine, and G the 

position of the mass-centre (fig. 

W)* We have already seen that a 

body of mass, Wlbs.! moving in a 

circle of radius, Y, with speed v, has 
2 

‘a radial acceleration, T- ; and must 
1’ 

be acted on by a radial force 

7 I7 73 __-- 
C’Y 

lbs. Now, considering the /r 
3 

weight of the rider and bicycle 

concentrated at G, and that it is 

transmitted from G to the ground 

by a weightless frame, the only 

forces acting on the frame are the 
weight r$,< acting vertically down- 

wards at G, and the reaction from 
Frc;. 193. Frc;. 192. 

the ground, K. The resultant, C, of the two forces, Iv and R, 

must therefore be equal to the horizontal radial force 

If/’ p? . _ -- . . . . . . . . 
CJ- Y (9 
h 

required to give the mass the circular motion, and the line of action 

of Ii must therefore pass through G. Draw (I b equal to JP’ 

1F’v” 
(fig. 193) vertically downwards, and (/ c equal to ___ horizontal. 

y I’ 

Then the reaction, R, is represented in magnitude and direction 

by c (7. When the rider is moving steadily in a circle the machine 

must be inclined at the angle c (7 fi to the vertical, so that the re- 

action, I\‘, from the ground may pass through G (see sec. 45). 

16G. Friction between Wheel and Ground.-When there 
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is no friction between two surfaces in contact the mutual pressure 

is at right angles to the surfaces. Any component of force 

parallel to the common surface of contact can only be due to 

friction. In the case of a bicycle moving in a circle, the centri- 

petal force is supplied by the friction between the wheel and the 

ground. If the surface of the road be greasy, the friction is in- 

sufficient to provide the proper amount of force, and the force of 

reaction of the ground, F, together with the weight of the machine 
and rider, U< form a couple (fig. 192) tlending to overturn the 

machine. 

.Now when a couple acts on a rigid body free to move, the 

body turns chout its mass-centre (see sec. 66). In the case of the 

bicycle (fig. I g 2), the mass-centre, G, will have a simultaneous 

motion downwards, so that the final result will be that the wheel 

will slip to the right. 

Figure 192 also illustrates the forces acting on a bicycle which 

is being steered in a straight line, and which has already attained 
a slight inclination to the vertical ; the weight, My, of the rider and 

the reaction of the ground, F, form a couple tending to increase 

still further the deviation from the vertical. 

I 67. Banking of Racing Tracks.--In racing tracks, the surface 

of the ground at the corners is sloped, as at A ~2 (fig. Ig2), so as 

to be perpendicular to the average slope of the bicycles going 

round the corner. From (5) it is evident that this slope depends 

on the speed of the cyclists and the radius of the track. Trable 

‘VIII. gives the necessary slopes for different speeds and radii of 

track. 
Es~qUe. -Taking a speed of twenty-four miles per hour and 

24 x 5280 
the radius of the track 160 feet, v = - - 

3600 
.. = 35’2 ft. per 

[I/' 212 

second, - becomes 35w22 /jy = ‘24 IV ; that is, b c = 
0. Y 32.2 x 160 

‘24 (7: b (fig. r g3), and therefore the surface of the track must be laid 

at a slope of 24 vertical to IOO horizontal. If the track be laid at 

this slope, the wheel of a bicycle moving at a less speed than 

twenty-four miles an hour will tend to slip downwards towards the 

inside of the track, that of a bicycle moving at a higher speed will 

tend to move upwards towards the outside. 
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TABLE VIII.- BANKING OF RACING TRACKS. 

Mean 
radius of 

track 
-_ .._-_-- -- 

50 ft. 
100 ft. 
150 ft. 

i 200 ft. 

L 250 ft. 
3cm ft. 

Parts Kerticul Rise in 100 Parts HwimztaL 
--- .~-~ -... -- -.. --.. ----- 

Speed, miles per hour. 

29 I 25 30 1 35 1 40 
__. _ -. 

I 
- 

53’4 83*4 / 120’2 

26’7 60-1 
163-7 / 213’7 

, 41’7 1 81-7 106-8 r. 
17% ; 27 -8 40.1 54.5 j1 l 2 

13’3 20 ‘9 30’0 40’9 
16’7 

53’4 j 
IO.7 24 ‘0 
8-9 

32’7 42 ‘7 
13’9 ’ 20 ‘0 I 27 -2 35*6 

__ _ _- - . 

If the width of the track be considerable, the slope should be 

greater at the inner than at the outer edge, for a given speed. In 

tXs case it can be shown by an easy application of the integral 

calculus, that if Ic’ be therradius at any point of the track and 
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3’ the corresponding height above a certain horizontal datum 

level 

,J’ = v2 log, I? . . . . . . . . 
(f (6) 
I3 

feet and seconds being the units. 

If Y be the speed in miles per hour, 

y = ‘15383 Plog R’ . . , . . (7) 

y and R bein g in feet, and log I< being the ordinary tabular 

logarithm. 

Table IX. contains the values of y for different values of /I 
from 40 to 300 feet, and at various speeds from 20 to 40 miles per 

hour, and figure I 93 shows cross sections of tracks for these various 

speeds. 

---- 

Radius , 
feet 

i 

40 
50 
60 

70 
80 

90 
100 

20 

- .- 

98’4 
104.5 
IQ9 ‘4 
113’5 
I 17.1 
120’2 
123.1 

II0 125-6 
I20 127’9 
130 130.5 
140 132.0 
*so 133’9 

175 
200 

225 
250 
275 
300 

138.0 215.6 
141 l 6 

310.5 
221 l 2 318-6 

144 l 7 226-1 325 -6 
147 ‘5 230-s 332’0 
ISO’ 234 l 5 337 l 7 
152’4 238.1 342 ‘9 

- 

Speed, miles per hour 

30 35 
I 

I 221’5 

{ 235 ‘2 

301*4- 1 

* 320.1 1 

25 
I 

153-8 
163 ‘3 
170’9 
177’4 
183-0 
187 ‘9 
192-s 

240 -2 335 ‘0 
255.4 : 347 -6 

I 

I 
263-5 358’6 

368 ‘2 

376 l 9 
270.5 
276 l 9 

196-J 

199’9 
20’ ‘2 
20; ‘3 
209 l 2 

282 l 6 
287 98 
292 -6 

297 ‘I 
301’3 

9:‘; / . 
39893 j 
404’3 ! 
410-o 

49 

393 ‘7 
418*1 

437 -6 
454’1 
468-q 
481-o 

492 ‘2 1 
502’4 , 
511’7 I 
::i*: ’ . 
535’6 1 
W’Q 
566 ‘3 
578.9 ’ 
590-r 
600.3 
6og -6 

Since the circumference of the inner edge of the track is less 

than that of the outer edge, when record-breaking is attempted, 

the rider keeps ;IS close as he safely GUI to the inner cdgc ; COJlSc’- 



quently the average speed of riding is greatest at the inner edge. 
On this account, the convexity of the cross-section is, with advan- 

tage, made greater than shown in figure 194. 
168. Gyroscopic Action, -In the above investigation, it has 

been assumed that the weight of the wheels is included in that of 

the rider and machine, and no account has been taken of their 

gyroscopic action. We have already seen (sec. 70) that if a wheel, 

of moment of inertia 1, have a rotation, 01, about a horizonta: 

axis, and a couple, C, be applied to the axle tending to make it 

turn in a vertical plane, the axle will actually turn in a horizontal 
plane with an angular velocity of precession 

e=$ . . . . . . . 
0 * (8) 

Thus, in estimating the stability of a wheel rolling along a circular 

arc, both centrifugal and gyroscopic actions must be considered. 

Let R be the radius of the track described by the bicycle, 
Y the outside radius and yi the radius of gyration of the wheels, 

Y the speed of the cyclist, and ~1 the weight of the wheels ; then 

0 = -;, I= WI-,$ 0 = I,‘. 
I’ 

Sub itituting in formula (8) we get 

[I = 
‘ic’, y2 1’, 0 

I\’ /’ 
. . . . . . , (9) 

ZJ. the gyroscol)ic couple required, in addition to the centrifugal 

couple, is proportional to the sclunre of the speed, inversely pro- 

portional to the radius of the track, and api)roximatcly propor- 

tional to the radius of the cycle wheels. 

E.~a;llz@.-If the total weight of the mnchinc and rider be 

180 lbs., the weight of the wheels 8 lbs., speed 30 miles per Lour 

=++ feet per sec., the radius of the track IOO feet, I- the radius 
of the wheel 14 in. = j-s feet, and rl = 13 in. = : ii feet, wc‘ 

get C’= 44 ft. per XC., and 

c- 
8 x&x 1.3” 
T00XI~X12 

= 4.83 foe-It-11,s. 

= I>=, - - l 8 foot-poundnls 
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i.e. the mass-centre of the machine and rider will have to be 

4’84 
180 

= l oz 7 feet, or ‘32 inches further from the vertical than if the 

wheels were weightless, and gyroscopic action could be neglected. 

From the above example it will be seen that gyroscopic action 

in bicycles of the usual types is negligible, except at the highest 
speeds attainable on the racing-path, and on tracks of small radius. 

If a fly-wheel were mounted on a bicycle and geared higher than 
the driving-wheel, the gyroscopic attic+?> might be, of course, in- 

creased. If the fly-wheel were parallel to, and revolved in the 

same direction as the driving-wheel, the rider, while moving in a 
circle, would have to lean further over than would be nccessar) 

without the fly-wheel. If, on the other hand, the fly-wheel revolved 

in the opposite direction, the rider would have to lean over a less 

distance ; in fact, by having the Ia) of the fly-wheel large enough 

it might be possible for a bicyclist to keep his balance while lean 

inz towards the ~z~tsirJrr of the curve being described. 

The same gyroscopic action takes place when a tricycle moves 

in a circle. 
169. Stability of a Tricycle moving in a Circle.--A tricycle 

moving round a curve is subjected to the same laws of centrifugal 
force as a l)icycle? the only difference being that the frame of the 

machine cannot tilt so as to adjust itself into equilibrium with the 

forces acting. 
Let figure I 86 be the plan and figure 187 the elevation of a 

tricycle niovin, u in a circle, the centrc of which lies to the left, 

T,ct G $e the mass-ccntre of the machine and rider, 11, /, and c 

the points of contact of the wheels with the ground. Considering 

the mass of the machme and rider concentrated at G, a horizontal 

force, & applied at G is necessary to give the body its circular 

motion. This force is supplied by the horizontal component of 

the reaction of the saddle on the rider. There will be an equal 

horizontal force, &, exerted on the frame at G, by the rider. This 

force tends to make the wheels slip sideways on the ground, an 

equal but ol)positely directed force, r;l, will be exerted by the 

ground on the wheels. The force r;:l gives the body its necessary 

radial acceleration, while the forces If’, and /lj acting on the 

machine form a coupk tending to overturn it. If the resultant R 
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of the forces r;l, and PV cut the ground at a point,p, outside the 
wheel base, n (, c, the machine will overturn. Hence the necessity 

for tricyclists leaning over towards the inside of a curve WIK:I 

moving round it. 
Again, if the force F’, be greater than ,x Iv, the tricycle will 

slip bodily sideways, p being the co-efficient of sliding friction 

between the tyres and the ground. This slipping is often experi- 

enced on greasy asphalte or wood paving. 

I 70. Side-slipping/ T 1 he side-slipping of a bicycle depends 

on the coefficient of friction between the whe& and the ground, 

and the angle of inclinatiotz of the bicycle to the vertical. The 
coefficient of friction varifzs with the condition of the road, being 

WI-)r low when the roads are greasy ; when the roads art: in this 

c*ondition the bicyclist, thcreforc, must ride carefully. The con- 

dition of the roads is a nmttcr beyond his control, t)ut the other 

factor c!ntcring into side-slipping is quite within his control. In 

or&r to avoid the chance of side-slipping, no sharp turns should 

be nude qn greasy roads at high or cvc’n moderate speeds. To 

lnako such turns, we have see11 (SCC. 165) that the 1)icyclc must be 

inclined to the vertical, this slope or inclination increasing with 

the square of the speed and with the curvature of the path. At 

evc3n moderate sptxds this inclinntion is so great that on greasy 

roads thtlru would lx! every prospect of side-slipping taking place. 

If a turn of small radius must actually be effected, the speed of 

the mncllinc must 1~ reduced to a walking pace or cvm less. 
A \wll-made rend is higher at the nliddlc than at the sides, 

\\‘t-rcii riding straight near the gutter the angle iiiadc by the l)lal~e 

of the bicycle with the nomnl to the t;urfa.ce of the ground is 

considerable. If the rider should want to steer his bicycle up 

into the middle of the road, in heeling ovt‘r this angle is increased, 

This may be sat+ done when the road is dry, but on a wood 

psvement snturatcd with water it is quite a dangerous operation. 

\\‘ith the road in such a condition the cyclist should ride, if 

traftic perinit, kmg its crest. 

The esl~lnnntion gkn above (xc. I 62) that in usual riding the: 

lateral swilig of a ’ Safety ’ is greater than that of an L Ordinary,’ 

explains why side-slipping is more often met with in the lower 

innchines. ‘1’1~~ statement of some makers that their particular 
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arrangement of frame, gear, or tread of pedals, kc., prevents side- 

slipping is utterly absurd ; the only part of the machine which 

can have any influence on the matter being the part in contact 

with the ground-that is, the tyres. Again, the statement of 

riders that their machines have side-slipped when 2oing straight 

and steadily cannot be substantiated. A rider may be going 

along quite carefully, yet if his attention be distracted for a moment, 
and he give an unconscious pull at the handles, his machine may 

slip. 

Side-sZ2$pi~~c~ zll’fjl A1ezr;tlrtrtz2 T3Jres.--A pneumatic tyre has a 

much larger surface of contact with the ground than the old solid 

tyre of much smaller thickness. This fact, which is in its favour 

as regards ease of riding over soft roads, is a disadvantage as 
regards side-slipping on greasy surfaces. The narrow tyre on a 

soft road sinks into it, the bicycle literally ploughing its way 

along the ground ; and on hard roads the narrow tyre is at lcast 

able to force the semi-liquid mud from beneath it sideways, until 

it gets actual contact with the ground. The pressure per square 

inch on the larger surface of a pneumatic tyre in contact with the 

ground being very much smaller, the tyrc is unable to force the 
mud from beneath it ; it has no M’U~ZZ contact with the ground, 

but floats on n very thin layer of mud, just as a well lubricntcd 

cylindrical shaft journal does not actually touch the bearing on 

which it nominally rests, but floats on a thin film of oil between 

it and tlic bearing. The coefficient of friction in such a case 

very small, and a slight deviation of the bicycle from the yertic 

position 4.e. steering in any but a very flat curve-may c’au’ 

side-slip. 
The non-slipping covers, now almost entirely used on roadst 

pneumatic tyres, are made by providing prcjections of such sm; 

area that the weight of the machine and rider presses thth 

through the thin layer ot’ mud into actual contact with the groun 
The coefficient of friction under these circumstances is high , 

and the risk of side-slip correspondingly reduced. 

A&kzren f Redw’ion of Cot$%ient czf Friction. --\Vhile the 
driving-wheel rests 011 a greasy road a comparatively small driving 

force may cause the wheel to slip circumferentinlly on the road, 

instead of rolling on it. This skidding of the wheel, though 
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primarily making no difErence in the conditions of stability, in a 

secondary manner influences side-slipping considerably. 

Let a body &? (fig. 195) of weight 1/1/5 resting on a horizontal 

plane, be acted on by two horizontal forces, n and (/, at right 

angles. Let /.l be the coefficient of friction, and 

let at first only one of the forces, b, be in action. 

To produce motion in the direction MX, B must 

be greater than p TK Now, suppose the body M 

is being driven, under the action of a force (2, in 

the direction M Y; in this case a much smaller 

force, 6, will suffice to give the body a component a 

motion in the direction MX, The actual motion 

will be in the direction MX, and since friction 
FIG. 195. 

always acts in a direction exactly opposite to that of the motion, 
the resultant force on the body M must be in the direction 

fk? Ii!. I ,et F be this resultant force ; its components in the 

directions IEZ X and M Y must be b and tl rcspectivcly. Now, if 

the force n be .just greater than p W, it will be sufficient to cause 

the body to ~novt: in the direction 111 I’, ad any force, I+ however 

small, will give Jfa component motion in the direction r2i’ dY. 

A familiar example illustrating the above principle, which has 

probably been often put into practice 13~ every cyclist, is tht: 

adjusting of the handle-pillar in the steering-hcnd. If the handle- 

pillar fits fairly tighly, as it ought to do, a direct pressure or pull 

parallel to its axis may be insufficient to product the required 

motion, but if it bc twisted to and fro as cm easily be done on 

account of the great leverage given by the handles-while a slight 

upward or downward pressure is exerted, the rccluirccll motion is 

very easily obtained. 

In the ‘ Kangaroo ’ bicycle the weight on the driving-wheel was 

less than in either the ‘ Rover Safety ’ or in the ’ Ordinary.’ 011 
greasy roads it was easy to make the driving-wheel skid circum- 

ferentinlly by the CSWC&C of a considerable driving plcssure. This 

circumferential slippin, (r once being estnblishcd, the very smallest 

inclination to the vertical would be sufficient to give the whtxl a 

sidewny slip, which would, of course, rapidly increase with the 

vertical inclination of the machine. 

17 I. Influence of Speed on Side-slipping. --The above dis- 
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cussion on side-slipping presumes that the speed of the machine 

and rider is not very great, so that the momentum of moving 

parts does not seriously influence the question. If the speed be 

very great, however, the momentum of the reciprocating parts, 

due principally to the weight of the rider’s legs, pedals, and part 

of the weight of the crank, may have a decided influence on side 

slipping. 
I,et, G be the mass-centre of the machine and rider (fig. 196) 

let the t.otal mass be Wlbs., let the linear speed of the pedals 
relative to the frame of the machine bc v, 
and let re, be the mass in lbs. of one of the 

two bodies to which the vertical components 

of the pedals’ velocity is communicated : w 

will approximately bc made up of the pedal, 

ha!f t!ie crank, the rider’s shoe, foot, and 

leg from the knee downwards, and about 

one-third of the leg from the knee to the 

hip-joint. If the rider’s ankle-action be 

perfect, the mass ?f’ may be considerably 

less, depending on tho actual vertical speeds 

communicated to the various portions or 

the leg. Let the centre of the mass zw bc 

distant Z, from the central plane of the 

bicycle. When the pedal is at the top of its 

path this mass possesses no velocity in a 
vertical direction, and therefore no vertical momentum. When 

the crank is horizontal ancl going downward, the vertical velocity 
is at its maximum, and the nionietitun~ is ‘ic’ 2). lxt t 4~ the time 
in seconds taken to perform one revolution of the crank, the time 

taken to impress this momentum is 
t 

l and iff’ be the ~H.w~~~~c 
4’ 

force in poundnls acting during this tinlc to produce the change, 

WC must have (sec. 63) : 

f 
1 f =. WV. 
3 

Therefore 
4 w 2) 

j” = -7 
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If f be the axerage force in lbs., f I =gJ and the above 

equation may be written, 

f 
= 4wv - 

<c l l l . � � - 

( ) IO 

If Z be the length of the crank, the length of the path de- 

scribed in one revolution by the pedal-pin is 2 7 I, and the time 
2d 

taken to perform one revolution is ~--- . 
7’ 

Substituting in (TO) 

we get, 

f 
2wv2 
--.. _ = R"( . . . . . . II ( ) 

Now leaving out of consideration for an instant the action 

of any force at the point of contact of the machine with the 

ground, and considering the machine and rider as forming one 

system, the above force f is an internal force, and can thus have 

no action on the mass-centrc, G, of the whole system. But two 
parts of the system have each been impressed with a moment of 

momentum, SP’ v Z,, about the mass-centre G, the remaining part 

( 11 ‘/’ - 2 w) will b e impressed with a momentum numerically 
equal but of opposite sense. Let G, be the mass-centre of this 
remaining part. Then the up-and-down motion of the two 

pedals being as indicated by the arrows p, and?,, the point G1 

must move to the left with a velocity, v,, such that 

2 70 v Z, = ( II'- 2 7e)j 79 x lZf& 

Thus, if there lx ztbsolutely nu friction between the wheel 

and the ground, the point of contact of the wheel must slip side- 

ways to the right. 

Let J’ be the trz~-~,~~~ frictional rcsistancc, in lbs., required to 

prevent this slipping, then 

Fh = “fl,, 
or 

glrL/1 ’ -* ’ * ’ 
. (I) 

If 72 be the number of turns per second made by the crank, 

V Z 2 T 11 Z, and (I 2 j may be writtc.kn 

F 
16 T 79 Z, Z7e) = ._-._ ---. - -.-- __ . . , . . 

g h 
03) 
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From (12) and (13) the iateril force -F;, or what may be called 

the ‘ tendency ’ to side-slip, is proportional to the masses which 

partake of the vertical motion of the pedals, to the width of the 

tread, and inversely proportional to the height of the mass-centre 

from the ground ; from (12) it is proportional, to the square of 

the speed of the pedals, and inversely proportional to the length 

of the crank ; from (I 3) it is proportional to the square of the 

number of revolutions of the crank-axle and to the length of the 

crank. 
‘I’he form Fchanges in direction twice during one revolution 

of the crank-axle. It is equivalent to an equal force acting at 

G, and a couple 2%. The force acting at G, changing in 

direction, will thcrcfore cause the mass-centre of the bicycle and 

rider to INOW in a sinuous path, even though the track of the 

wheel bc a perfectly straight lirx. ‘I’hc less this sinuosity, other 

things t)cing cqu;tl, the bcltcr ; LT. in this rcspcct a high t)icyclc 

is better than a low one for wry high speeds. 

It must Ix carefully noted that in the allow investigation the 

prcssurc csertcd on the pedal by the rider does not come into 

consideration. When moving at a give spwd the tcndmq to 

side-slip is thwefure quite independent of whether prcssurc is 

being csertcd on the pedal or not. 
17 2. Pedal Effort and Side-slip. ---The idea that the pressure 

on the pedal causes a tendency to side-slip is so general that it 

may lx worth while: to study in detail the forces acting on the 

riclcr, the ~1~~1 and pedals, and the frame of the machine. 1l‘Ol 

simplicity WC will consider an ‘ Ordinary,’ in which the rider is 

vertically cxcr the crank-axle. The investigation will be of the 

smw nature, but a little longer, for a rear-driving L Safety.’ ‘h 

weight of the mac!>ine will lx neglcctcd. 

Let ii T lx the weight of the rider, E, the vertical thrust on 

the p&l, EL the upward 1~11 on the handle-bar, I$ the vertical 

pressure on t hi2 wldle ; let 6, md Z2 lx the distanws of the 

lines of action of F, and F2 rcsp~~~tiwly, and Z:! the distance of 

tlw crmk nslc-bearing from the ctmtrnl plant of the machitic: 

ing on the rider ; these are, his 

6’ ; the pull, 1$, of the hmd!e- 
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bar downwards ; the reaction, E;, from the pedal upwards ; and 
the reaction, &, of the saddle. These forces are all parallel, and 

since the rider is in equilibrium we must have 

w - E; + I$ - 4, = 0 . . . . . (14) 

Also, the moments of these forces about any point is zero ; there- 

fore, taking moments about the mass-centre, G, if the rider has 

not shifted sideways when exerting the pressure El on the pedals, 

F,Z, - F.2 ZQ = 0 . 1 . I , . (1s) 

If the rider does not pull at the handles he must either grip tightly 

on to the saddle, or shift sideways, so that the moment of the force 

I;; is balanced. 

Consider next the forces acting on the frame, which, for clear- 

ncss of illustration, is shown isolated (fig. 197) ; these are, the 

pull, 3-2, on the handlebar upwards ; the pressure, 3& of the 

rider on his saddle downwards ; and the upward reaction of the 

bearings j, andj2. These forces 
are all parallel, and since they 
are in equilibrium, 

4 - Fs + I’; -+Jt = 0 ; 

that is, 

j, -l-j2 = fid - fi2 . . (16) 

Since the force (I<{ - 1~;) has 

no horizontal component, neither 

will the force (j, + j). l3y taking 

moments of all the forces about 

the point of application of j2, 
j 

the value of j, may be found, 

and thenf, can bc determined. 

Now, consider the forces acting on the wheel (fig. zg8), in- 

cluding cranks and pedal-pin, which together form one rigid body. 

Besides the forces F,, j,, and f.2, there is only the reaction of the 

ground, K, and since the wheel is in equilibrium vertically, 
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Substituting the value of j, + fi from (16) we get 

R = 3, - Fi + .I$ =?V . . . . (17) 

2? being vertical, there is no tendency to side-slip. 

The above result can be more simply obtained, thus : con- 

sidering the bicycle and rider as forming one system of bodies, 
the external forces acting are in equilibrium ; and since these 

consist only of the weight, I;V, and the reaction, R, R must be 

(sec. 71) equal, parallel but opposite to W W being vertical, 

R must also be vertical. The force E; exerted by the rider on 

the pedal is an internal force, and has not the slightest influence 

on the external forces acting on the system. 

I 7 3. Headers.--Taking a ‘header ’ over the handle-bar was 

quite an every-day occurrence with riders of the ‘Ordinary ’ bicycle. 

In the ‘Ordinary,’ the mass-centre of the rider and machine was 

situated a very short distance behind a vertical through the centre 

of the front wheel, so that the margin of stability in a forward 

direction was very small ; any sudden check to the progress of 

the machine by zn obstruction on the road, by the rider applying 

the brake, or back-pedallin g, was in many cases sufficient to send 

him over the handle-bar. Two classes of headers have to be dis- 

tinguished : (I) That in which the front wheel may be considered 

rigidly fixed to the frame ; the header being caused either by the 

application of the brake to 

the front wheel, or by back- 

pedalling in a Front-driver. 

(II) That in which the 

front wheel is quite free to 

revolve in its bearings ; the 

header being caused by an 

obstruction on the road, 

application of the brake to 

the back wheel, or back- 

pedalling in a Rear-driver. 

(I) Let Z, (fig. Igg) be 
FIG. ~99. 

the distance of the mass- 
centrc, c, from a vertical through the wheel centre, c ; then, in 

order that the wheel, frame, and rider may turn as one body about 
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the point n as centre,, a moment, PV /,, must be applied. If CE be 

the diameter of the driving-wheel, /i the coefficient of friction of 

the brake, and P the pressure of the brake just necessary to lock 

the frame on the wheel and so cause a header, 

1’ Pa 
~ = NV, . . . . . . . (IS) 

2 

If the pressure actually applied to the brake be equal to or 

greater than P, determined by the above equation, the wheel will 

be locked to the frame. 
Let the circle through G with centre n cut the vertical through 

t at LT. From G draw a horizontal to cut G 7z in f: In taking a 

header, the weight of the machine and rider has to be lifted a 

distance jf h. If u be the speed of the machine, the kinetic energy 

stored up in it is 
w v2 
2 o , and the work done in lifting it through 

h . -._ 
the height f/~ is U’ x f/z ; therefore, if the speed T be grcntcr 

than that determined hy the formula 

v2 

= f/ L?. . . . 0.. 
2&C 

’ (19) 

a header will occur if the brake-pressure be applied strongly. 

If the check to the speed of a Front-driver be made by back- 

pedalling, Y be the radius of the crank, and P, the back-podalling 

force applied, we have, 
P, Y = kvz, . . . , . . . (20) 

The action of back-pedallin, * in a Front-driver is the same as 

that of applyin, u the brake to the front xhecl, as regards the lock- 

ing of the front wheel to the frainc. ‘l’hc speed at which a hexlcr 

will occur if vigorous back-pedalling bc applied is in this case also 

given by equation (19). 
ExnmpZe I. - In a sq-inch ‘Ordinnry,‘thc point G (fig. Igg) may 

be Go inches above the grouncl and TO inches behind the wheel- 

centre c. The hcight,f/l, will then be about T ‘2 inch “I ,l,, foot. 

Substituting in ( 1 g) 

7) !! ‘I -. = 
2 x 32’2 TO’ 

from which 71 = 2-5 feet per second, 

= I -9 mile per hour. 
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Exnn@e U.---In a L Safety’ (fig. 200) the height, f lr, may be 

2 feet. Substituting in (I g), 

V2 

Z x 32.2 
= 2, from which “LI = I I l I feet per second, 

= 7’6 miles per hour. 

The sut~jeect may be looked at from another point of view. , 

Let F, be the horizontal force of retardation which must be 1 

h-----,_ 
supplied by the action of 

I \ . the ground on the wheel. 
This is transmitted 

through the wheel, 

so that an equal force, 

K, acts on the mass at 

G, and the mass reacts 

on the frame with an 

equal and opposite force, 

&. Then, in order that 

stability may be main- 

tamed, the resultant X 

of Wand I;, must not cut the ground in advance of the point of 

contact (1. If R cuts the ground in front of n, the machine 

will evidently roll over about IZ as centre. 

(II) BrnKe o?z BncK W&&-If the brake be applied to the 

rear, instead of the front wheel, the bicycle is much safer as re- 

gards headers. If the brake, in this case, be applied too suddenly, 

the retarding force causes an incipient header, the frame turning 

about the front wheel centre c as axis, and the rear wheel irn- 

mediately rises slightly from the ground. The retarding force 

being thus removed, the development of the header is arrested, 

the rear wheel again falls to the ground, and the process is re- 

peated, a kind of equilibrium being established. 
f!Aeaders thv2~g-?z Obstrz~ctiom 091 the &o&.-If the check to 

the progress of the machine be caused by an obstruction on the 

road, the only difference from the case treated above is that the 
front wheel is free to revolve in its bearings ; the header is taken 

about the point c as a centre, and the resultant R of the weight 

Wand the force fi’, must not pass in front of the wheel ccntre c. 



CHAP. XVII. 219 

The direction of the forces between two bodies in contact is 

(neglecting friction) at right angles to the surface of contact. In 

a bicycle wheel with no friction at the hub, the direction of the 

pressure exerted by a stone at the rim must therefore pass through 

the wheel centre. This condition enables us to determine the 

size of the largest stone which can be ridden over at high speed 
without causing a header. Join the mass-centre, G, to the front 

wheel centre, c (fig. GOT), and produce the line to cut the circum- 

fercnce of the wheel at 6. ;I stone touching the rim at a point 

higher than b may cause a header at high speed ; a stone touch- 

ing at a lower point may be ridden over at any speed. Figure 

zoo is the same diagram for a ‘ Safety ’ bicycle, a glance at which 

shows that with this machme a much larger stone can be safely 

surmounted than with an ‘ Ordinary.’ 

The above discussion presupposes that at the instant the 

front wheel strikes the stone no driving force is being exerted. 

If the rider is driving the front wheel forward at the instant, a 

larger obstacle may be safely surmounted. Let 1’ (fig. 201) be the 

point of contact of a large stone ; the reaction A’, is in the clirec- 

tion e c. The resultant force I< on the mass at G must be equal 

and parallel but opposite to R,. The forces _c\: and R, form a 
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couple K Z, tending to turn the frame and rider about the centre 
c, Z being the length of the perpendicular from G on e c pro- 
duced. If the rider apply to the front wheel a turning moment 
in the forward direction equal to or greater than R Z, there will be 
a couple of equal magnitude acting on the frame tending to turn 
it in the opposite direction, which will neutralise the couple R 1. 
The final result is that the wheel safely surmounts the obstacle, 
turning about e as centre. 
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CHAPTER XVIII 

STEERING OF CYCLES 

174. Steering in General.-When a bicycle moves in a 

straight line, the axes of its wheels are parallel to each other. The 
steering is effected by changing the direction of one of the ly:heel 

spindles relatively to the other. In order to effect this change of 

direction, the frame carrying the wheels is made in two parts, 

jointed to each other at the stceGz&?en~~, the parts being called 

respectively the rear- and front-frames. One of these parts, that 
carrying the saddle, is usually nmch larger than the other (and is 

often called the frame, to the exclusion of the other part called 

the jh-4) ; the wheel -or wheels -mounted on the other (smaller) 

part of the frame is called the steering-wheel - or wheels, 

According to this definition, the driving--wheel of an ‘ Ordinary’ is 

also the steering-wheel. In side-steering tricycles (see chap. xvi.) 

the frame is in three parts, and there are two steering-heads. 

Cycles are front- or rear-steerers, according as the steering- 

wheel is rmurued on the front- or rear-frame All bicycles that 

have attained to any degree of public favour are front-steerers : 

The ‘ Ordinary,’ the ‘ Kangaroo,’ the ‘ Kuvcr Safety,’ the ’ Anlerican 

Star,’ and the ( Gcarcd Ordinary.’ A few successful tricycles have, 

however, been rear-steerers. 

I 75. Bicycle Steering.-Let IZ (fg. 202) be the wheel fixed to 

the rear-frame, (, the steering-wheel, and d the intersection of the 

steering-axis with the ground ; this, in most cases, is at or near 

the point of contact of the wheel with the ground, though in the 

‘ Rover Safety,’ with straight front forks, it occurs some little 

distance in flmt. Let the plan of the axes of the wheels n and b 

be produced to meet at o, then if the wheels roll, without slipping 

sideways, on the ground, the bicycle must move in a circle having 



0 as its centre. The steering-wheel, B, will describe an arc of 

larger radius than that described by the wheel LZ ; consequently 

if in making a sharp turn to avoid an obstacle the front wheel 

clears, the rear wheel will also clear. In a rear-steering bicycle, on 

the other hand, it may 

happen that the rear 
wheel may foul an object 

which has been cleared 

by the front wheel. 

The actual sequence 

of operations in steering 

a bicycle is not com- 

monly understood. If a 

beginner turn the steer- 

ing-wheel to one side 

before hisbody and the 

bicycle have attained the 

necessary inclination, the balance will be lost. On the other hand, 

the beginner is often told to lean sideways in the direction he wants 

to steer. This o@‘ration cannot, however, be directly performed ; 

since, if he lean his body to the right, the bicycle will lean to the 

left, and the sideway motion of the mass-centre cannot 1~ con- 

trolled in this way. It has been shown (sec. 162) that the path 

described by a bicycle, even when being ridden as straight as 

possible, is made up of a series of curves, the bicycle being 

inclined alternately to the right and to the left. If at the instant 

of resolving to steer suddenly to one side the bicyclist be inclined 

to that side, he simply delays turning the steering-wheel until his 

inclination has become cc-mparatively large. ?‘he radius of curva- 

ture of the path correspondin, (I to the large inclinatiotl being small, 

the steering-wheel can then be turned, and the bicycle will 
describe a curve of short radius. If, on the other hand, hc be 

inclined to the opposite side, the steering-wheel is at first turned 

in the direction opposite to that 111 which hc wishes to steer, so as 

to bring the bicycle vertical, and then change its inclination ; 

the further sequencu of operations is the same as in the former 

case. Thus, to avoid an object it is often necessary to steer for a 

small fraction of a secoml towards it, then steer alvay from it ; this 

a --w-m-- 
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is probably the most difficult operation the beginner has to master. 
In steering, the rider’s body should remain quite rigid in relation 

to the frame of the bicycle. 

I 76. Steering of Tricycles. -The arrangement of the steering 
gear of a tricycle should be such that in rounding a corner the 

axes of the three wheels all intersect at the same point. In the 
‘ Humber, the ‘ Cripper,’ and any tricycle with a pair of wheels 

mounted on one axle this conciition is satisfied. 
Let 0 be the intersection of the axes, CZ, b, c, of the three 

wheels. The tricycle as a whole rotating round 0 as a centre, the 

--me- --- 

linear speed of the rim of wheel c will be greater than that of 

wheel (I nearer the ccntre of rotation. If b and c are not driving- 

wheels, and are mounted independently on the axle, they will run 

automatically at the proper speeds. If b md c are driving-wheels, 
as in the ‘ Humber,’ ‘ Gripper, and ‘ Invincible tricycles, some 

provision must be made to allow the wheel on the outside of the 

curve to travel faster than the inner. This is described in sections 
188, 189. 

I 7 7. Weight on Steering-wheel. -----We have already seen that 

a considerable portion of the total weight of the machine must be 
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placed on the driving-wheel, so as to prevent skidding under the 
action of the driving effort. A certain amount of weight must 

also rest on the steering-wheel in order that it may perform its 

functions properly. 
If the machine be moving at a high speed in a curve 

of short radius, the motion of the frame and rider can be ex- 

pressed either as one of rotation about the point 0, or as a 

translation equal to that of the mass-centre of the machine and 

rider, combined with a rotation about a vertical axis through 

the mass-centre G. If the ride;- should waut to change from a 

straight to a curved course, the linear motion of the machine 

remains the same, but a rotation about an axis through the mass- 

centre must be impressed on it. To produce this a couple must 

act on the machine. The external forces, P, and r),, constituting 

this couple can cvidcntly only act at the points of contact of the 

wheel and the ground, and, presuming that the rolling friction may 

be neglected, can only be at right angles to tho direction of 

rolling. The magnitudes of the forces I-‘, and P2 depend on the 

speed at which the cycle is running, and also OJI the general 

distribution of weight of the machine and rider-in mathematical 

language, on the moment of inertia of the system. The weight, 

CP, on the steering-wheel must be equal to, or greater than, 

F’, p being the coefficient of friction. 
r-L 

The moment of inertia, 

about its mass-centre, of a system consisting of a machine and 
two riders is very much greater than twice that of a system con- 

sistiirg of a machine and one rider ; consequently the prcssurc 

required on the steering-wheels of tandenis is much greater than 

twice that required on the steering-wheel of a single machine. 

A simple analogy may help towards a better understanding of 

this. !+upposc two persons of equal weight bc seated at opposite 

ends of a see-saw, and that the up-and-down motion is imparted 

by a person standing on the ground, and applying force at one 

end of the see-saw. If now only one person be left on the see- 

saw, and he be placed at the middle exactly over the support, the 

person standin g on the ground will have to supply a much smaller 

force than in the former case to produce swings of equal speed and 

amplitude. The swinging up and down of the SW-saw corresponds 



to the change of steering of the cycle from left to right, the forces 
applied by the person standin, m on the ground to the forces, P, 

and P2, of reaction of the ground on the wheels. The single 

person on the middle of the see-saw corresponds to a single rider 

on a cycle, the two persons at the ends to the riders on a tandem. 
Sensiiiveness of Stewing. -We have continually spoken of the 

point of contact of a wheel with the ground, thereby meaning the 

geometrical point of contact of a circle of diameter equal to that 

of the wheel. The actual contact of a wheel with the ground, 

takes place wer a considcrablc 

sw-face, the lower portion of the 

tyre getting flattened out as 

shown, somewhat csag~,crated in 
figure 204. ‘I%(3 total Ixessurc of 

the wheel on the g: ound is dis- 
tributcd wcr this ;wx of contact. Considering tyres of the same 

thickness, it is cviclcllt that a wheel of large dianwtcr will have 

the length of its 5;urfaw of contact in the clirection of the plane 
of the wheel ~rca.tCr than that of a wheel of smaller cliamt’tcr. 

Consiclcr nc)\v tile rcsistancc to turning such a \\‘lltxl, pivot- 

like, on the ~rou~xl, as must bc done in steering. Let A be the 
area of the surface of contact, and suppose the prcssurc of 
intensity, j, distributed uniforiilly over it, as will be wry approsi- 

mately the case with piicuimtic tyres ; then 

Consider a sinall portion of the arca of width, r, included bctwcn 

t\\‘i, conwntric: circular arcs of iiicail radius, i-. IA (I lx the arca 

of this piccc, the total prcssurc on this will lx /J U, and the 

frictional rcsistancc to spinnin& r motion of this portion of the tyre 

on the: q-mm1 will bc pp (c. ‘l’lie kuonicnt of this force about the 

gwnwtric:nl wntrv, 0, is 

11-j (7 I’ , . . . . . . . (I) 

and the total naomcnt of rcsistnwc of the wheel to spinning on the 

gwwid is the SIIJII of all such clk3ncnts. If WC’ consider the 

surface of contact to bc a narrow wctanglc, whose width is wry 
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small in comparison with its length, Z, the nvw~7ge value of Y in (I) 

will lx 
l? -, and the total n~oment of resistance to spinning will be 

4 



instantaneous ask of rotation is now a line inclined to the 

ground. 
Suppose that the plane of the wheel can be inclined to the 

vertical when the cycle is moving in a curve, as in the case of a 

bicycle or steering-wheel of a ‘ Cripper ’ tricycle. Let the asis of 

the wheel bc produced to cut the ground at V, then if the cycle 

be a: the instant turning about the Faint V as ccntre, the motion 

of the wheel on the ground will be one of pure rolling, no slidi~lg 

being espericiiced by ally point of the tyre in contact with the 

ground. ‘l‘hc part of the wheel in contact with the ground may 

be considered part of a right circular cunc, having its vertex at [,( 

Such a cone would roll without slipping on a plant surface, the 
vertex, I’, of the cone’ rcmniniiig alw3!ms in the sanie position. 

‘1‘1~0 iiitcrscrAiol1 of the‘ asis of the wheel with the ground is 

&tcrnliIlcd 1)~ the inclinntion of the \~l~cl to the vcrtic:]]. ‘I’lliS 

iiiclilintiail tlc~l)cIltl s 0iI the rntlius of the curve ilk \vl~i(:il the 

bicyc:lc is ii~o~~ing, aid also its spc‘cd. I“01 n c’urw of n give]-, 
radius tltci-c is, thm+rt’, Ollc pm?icxuinr sIWc~1 at \vhirah I,’ \vi]l 

c()incicicf witlt 0, tltc coiitrc Of’ turning of the bic>yclc. At this 
sl~~cd thcrc \Yill hd Ilo spl ni?illg 

of the tjvrc oil tlic gTOUlld, 

jylli]c fit grcatcr or less spCds 

spinning occurs to n grcntcr 

or less ClL$lW. 

I 70. Steering Without 
Hands, I II n froll t-driving 

l)ic:ycl(!, 1.h~~ s;~tlcllc :I nd miik- 

n:;lc lkaing c3rricd b)* tlic tmr- 

flljd frotit-fr:lmc‘S rcqw~~tiwly, 

tlicrc is tl~~~oruticnlly 110 clitii- 

wltj’ ii1 stwritq I\-ithout usin; 

t IN! ln11dlc-1 ILlI-. If it 1~ ck- 

sircd to furl1 towmis thch C:lit, 

3 lit-)rimiIt;~l thrust. at the ltlft 

l”d~Il 3s 
]“I<; it psscs its top . 2Oj. 

lmsitiol), jr 2 Ilull at tlic right p&l 3s it psscs its lowest positioy 

jvill c:ffwt t 1~ cl~5ircd niotion. 

111 :I ix3r-clriviil~ lkyclq tllC SX1JlC and C~ank-3slc bc ing 



Let CQ be 51 angle the stekng-axis makes wit!~ the horkoDta! 

when tk ‘uiqcle is vertical (fig. 205) ; h the di:;tanci: (3; the 

wheel centre fmrn the steering-axis J k, the distance between ‘5, tile 
point of contact cf the wheel with the ground, and d the ptlinl: of 

mtezectim of tk steering-axis with the ground, when the bic;;cle 

is vertical and the steering-wheel in its middle position ; j the 



CHAP. XVIII. 

steering-axis are-the reaction of the ground, 2nd the weight? w, of 

the front wheel and frame. ‘l’hc reactions at the ball-head jnt.:r- 

sect the steering-axis, and therefore cause no tendency to turn. 

The reaction of the ground can be resolved into three com- 
ponents- II’, acting vcrticnlly upwards ; .Zf; the rcsistancc in the 

direction of motion of the w!lcC! ; 2nd C, !;!:C CCbti-iikiril furce at 

right nnglcs to +ZfI ‘1’11~ lint of action of If‘ pnsses very near the 

steering-axis for all 1x1~~s of 0 and yf, and since If‘ is itself sma11 

in coin prison with U’ and C, 

its nwiwnt niny lx ncglcctcd. 
Frc;. 2&l?. 
I 
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tendency is to reduce it, on account of the mass-centre of the 

handles being behind the steering-axis. 
We shall now determine the analytical expressions for the 

monlents of Sl/, C, and zef, assuming that the angles 8 and ‘p are 

small, and that, therefore, we may use the approximations 

5232 8 = 8 = imt? 8 

Sk II) = Q) = tcl12 f/L 

We have seen above that the moment of LV is 
_- -- --- 

Q6 ,’ x 6 Cd,’ 
-. -- 

NOW Q-6 ,I = 1I'CO.f a, 

also sifl a = Sit2 a0 COS 8. 

Therefore 
- ----- 

--II = lj7 J r~-Sin 2 a COS 2 0 _ Q6 
= Wcns a0 approximately. 

-- 
Now 6 d, = 6 ct slit 6 d d,. The angle 6 d d, is made up of 

the two angles n d 6 and n d d,. The former is zero if $J is zero, 

and the latter is zero if 0 is zero. For small values of 0 and q, 

the angle n d 6 = ~YI sliz ao, and n d dl = 0 ttz~~ ao. 

Therefore b d, = 6 ct sir& (3 tat2 a0 + (t Sz’n a,). 

- 
Therefore, if we assume that 6 d remains constant, we have - --.-.- 
6 d, = XI (il inn ~1~ + q!~ slit CQ,) approsimately, and moment of Il’is 

1Yfi shs a,, (0 + 9 c0s a,,) . . . l . l (3) 

The moment of C for small -values of 8 and 9 will bc npprosi- 

mntcly C x b d x st’lt Q~). 

Now, if the angle 9 remains constant 

c = :I:, K = ./- = z 

sin (I d 6 
- approximately, 

f/J sir2 (f 0 

Q bzing the speed of the bicycle, X the radius of the circle 
described by the front wheel, and Z the length of the wheel-base. 

T’herefow the moment of C is 
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The moment of zu can be found as follows : Resolving w 

into two components parallel to and at right angles to the steer- 

ing-axis, the latter is 7u cm a. Figure ZIO shows side and end 

elevations of the steering-axis and mass-centre, G. The perpen- 

small value of 8 is 
--5- - &fe 
G B, x 8 = cos-&’ 

0 
while for a small value of 9 it is f 9. Therefore nlorncnt of ZP, is 

Hence, finally adding (s), (4) , and (s), the moment tending to 
turn the steering-\vhccl still further from its middle position is 

* . 
7‘0 iYi~iiit;iili CC~Liiiibriuiii the expression (6) should have the 

v4ue zero, to steer further to one side or other it should have 

a small positive value, and to steer 

straighter 3 sii~~111 ncgfitivc value. 

E’or given ~1~s of v and q~ there 
remains an clcmetit 0, the inclin;Ition 

of the rear-frnme, at the c9nimnnd of 

the rider ; but evt’n with a skilled rider 

tlw above moment \,arics probably so 

quickly that hc could not adjust tlic -m-s--_ 

inclination 0 quickly enough to pre- / 

serve equilibrium. / 

In tlic abow csprcssions we have 
l.‘Iti. 2x0. 

taken no account of the gyroscopic action of the wheel, though 

probal$ this is the most importnut fxtor in tlic problem 

‘l’nking account of the gyrosc‘opic action, the nbovc moment 

about the steering-axis would produce a motion Of precc’ssion 

about an axis at right angles to those of the ball-head and 
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steering-wheel ; while to turn the steering-w?& about the steer- 

ing-axis, a couple, with its axis at right angles to the steering-axis, 

would be required. This is produced by the side pressures on 

the steering tube ; so that in steering without hands, if the rider 

wishes to turn to the right, he merely leans ever slightly to the 

right, and the steering-wheel receives the required motion, pro 

vided the value of the expression (6) is small. 
E~n~~z~Ze.---With the same data as in section 168, to turn the 

steering-wheel at the speed indicated, a couple of 2.42 foot-lbs. 

is required, Z’L if the ball-head be 8 inches long, side pressures of 

3.63 lbs. would suffice to turn the front wheel at the speed 

indicated. To turn the steering-wheel more quickly, a greater side 
pressure must be exerted on the steering-head. 

From section 168 the gyroscopic couple required is proportional 
to the square of the speed, and approximately proportional to the 

weight and to the diameter of the front wheel ; thcrcfore, steering 

without hands should be easier the higher the speed, the larger 

the steering-wheel, and the heavier the rim of the steering-wheel. 

This agrees with the fact that a fair speed is necessary to perform 

the feat, thnt the feat is txsier with pneumatic than with solid 
tyrcs, the former with rim being heavier than the latter ; it also 

accounts for the ~n.g’ steering with large front wheels, and for the 

fact that the ‘ Ikmtau~ is more dificult to steer without hands 

than the ‘ Ordinary. 

It may be noticed that if this csplnnation be correct, it should 

be possible to ride without hands a bicycle in which the steering- 

axis cuts the ground at the point of contact of the front wheel. 

IK Dourlet, who discusses the subject at considerable length, says 

this is impossible ; he also snys that the mass-ccntrc of the front 
wheel and frame must lie in front of the steering-ask ; but this 

would n~an that a bicycle with straight forks could not be ridden 

without hands ; whereas some of the earliest ‘ Safety ’ bicycles, 

made with straight forks, were easily ridden without hrmds. 

ISO. Tendency of an Obstacle on the Road Uo Cause Swerv- 
iag,---If a bicycle ruu over a stone, the force exerted by the stone 

on the steering-wheel acts in a direction ihtcrsccting the stecring- 

axis, and hns thus no tendency to cause the steering-wheel to turn 

in either direction. In the saint way, the steering-wheel of a 
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‘ Crippcr ’ or ( Invincil.Ac ’ tricycle in running over a stone experiences 

no tendency to turn, and therefore no resistance need be applied 

1)~ the rider at the handle-bw. The line of action of the force 

exerted on the machine cuts a vertical lint through the mass- 

centre ; the force therefore only tends to reduce the speed of the 

machine, but not to deviate it from its path. If the obstacle meet 

one of the side wheels of a tricycle, the for-cc exerted by the stone 

and the force of inertia of the rider form a couple tending to turn 

the machine and rider as a whole nl>out their common mass- 

centrc. In some tricycles the force cwrtcd by the stone tends 

also tc) change the position of the steering gear, and so cause 

sudden swerving. A ftw of the chief types of tricycles are dis- 

cussed in dctnil, with rcfercncc to these points, in the following 

sections. 

x $3 I. @ripper Tricycle - 1 et one of the dri\ ing-wheels meet 

with an 0t)stnclc. .l ntrotliicing at G, the ulass-(:cntrc, two 0l)l)dsit.e 

forces, fi2 and I,:{, cnch CqU21 to J’,, 110 clI;ulgc is made it) the 

static condit.ion of the system. ‘l’hc forw, /I; (tig. 203), cscrtcd 1)~ 

the stow cm tlic iiiicl~inil is c\:pivnluid to nil cclunl t’drt:c, &, 

acting at t;he mass-wntrc of the niachinc and rick, and rctnrding 

the motion, and a coul)lc formed by the forws J’, nnd /rI( tondilll,r 
to tllril the machine about its iwtss-centi-c, I;. This turning is 
l,rl;ic~itu~! 1,): iliac side fiktion cj,f the whce1s Oii tlic grou:I(!. ‘1’0 
actually turn alwit ( ;, tlw drivin,“l;-wheels must roll a little and the 

front steering-wllccl slip sitlcwnys. 

I ,ct / I)c the wsist;w:c to JilqG n, (f siclcwwi of the front wheel, ~ 

2, and /? the lengths of tlw l)c”l)ctldiL’111~1I.s from I; on the liilcbs of 

actioii of the foiccs /I; .3Ild j; ic” t 11C icAd on the stccri ng-ivhcel, 

and ,CL the coctlicicrlt of friction 1Uwccn tlw steering-\vhcel am1 

the ground. ‘1’11cn -I/? must lw c~lu;ll to or gcntcr than /r; /i. 

Also+ p w, thcrcfbrc EL 7i’ l2 1 -I,‘/, or 

Tf, in the ‘ C‘riplw ’ tricycle, the stccrin g-axis produced ~KWWS 
esnctly thrcqh the point of contact of the steering-wheel with th,; 

ground (fig. 2 I I ), ttic renction from tlit.: q-ound on the steering- 
wheel 113s no tenclcnc*y to cnusc it to turn ; no rcsistnncc is neccssnrj 
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at the handle-bar when one of the driving-wheels strikes an 
obstacle. If, as in all modern tricycles, the steering-axis produced 
passes in front of the point of contact of the steering-wheel with 

the ground (fig. 2 12), the force,f; will tend to turn the steering- 

wheel sideways, and must be resisted by a force, E;, at the handle- 

bar, such that F4 Z,, = f I,, IS being the length of the perpendicular 

frown the point of contact with the ground to the steering-axis, and 
Z, the half-length of the hnndlc-bar. 

In a tricycle with a straight fork, the distance ZS, and therefore 

also the nccessnry force I;J, at the handle-b,w to prcyent swerving, 

is greater than with a curved fork (fig. z I 2). 

I 8~. Royal Crescent Tricycle.---In the ‘ Royal Crescent ’ tri- 

cycle (fig. I 5 I), made by Mes:jrs. Rudge C&Z Co., the steering-As 
iutcrscctcd the ground nt a point d (fig. 2 I 3)) sonw distance behind 

the point of contwt of the wheel. ‘1’1~ force, f; would tlwrcfore 
tend to turn the stccringwlwcl nbot!t the steering-axis, in the oppo- 

site direction to tlxlt in the ‘ Crippcr.’ ‘1‘1~ distance, L!, being much 
grc:tter than in the ‘ Gripper,’ the force, & ncccssary at the handle- 

bar to prfxent swerving ws also greater. A spring control ws 
used for the steering, SO that a considerable force was necessary to 
nloye the stacring-whwl frotn its middle position. 

I S3. Humber Tricycle .--In a ‘ Hurnber’ tricyck, an obstacle itI 

front of OIW of the drivitq-wheels tends to turn the driving-aslc 

round the steering-asis, (7 (fig. 2 14). ‘l’his must be resisted by a 
force, J:, , npl&xl by the rider at the lxwdle-b,nr given by he 

ccluntion 4; 1, = 191, /-I, cr the obstacle will change the direction of 

motion sudclcnly and a spill may occur. If tlic rider supply the 



CHAP. SVItI. 3 tcerz 1zg OJ cycLcs 235 

necessary force, &, the conditions as to the machine as a whole 

turning about the mass-centre G, and as to the weight necessary 

I on the steering-wheel to prevent this turn- 

ing, are the snmc as discussed in section 

It will be seen from the above that 

the arrangement of the steering in the 
‘ Humber ’ tricycle is less sakfactory than 

in some of the other types. 

Any cycle in which there arc a pair of 

independent wheels mounted on a corn- 
mon xile, pivoted tg the frame at its 

middle point, will lx subject to the sanlc 

defect of steering. Esnmples are afforded 

in figures 15-r.) Igj, nncl 1232. 

IS+ Olympia Tricycle and Rudge 
Quadricycle. -.-- ‘1’1~ whorl plan of an 
‘ Olympia ’ tricycle is shown nt figure 2 t j. A single rcflr driving- 

wheel is used ; thC two front wheels arc side-stecrcrs. Ill s0111c 

of the curlier lxttterns of this tricyck made by Rkriott C! 
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Cooper, the steering-&.xls rfln free on the same nslc, which 

was pkotcd at ct to the rcnr-frame of the mnchinc ; the nction in 

steering was thcrcforc tlic same as in the Wunibcr ’ tricycle. Ill 
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the modern patterns of the ‘ Olympia’ tricycle the steering is effected 

by providing the steering-wheel spindles with separate steering- 

heads at n, and oz.,. Short bell-cranks are formed on the spindles, 

and the ends of these cranks are connected by links to the end of 

a crank at the bottom of the steering-post rz. The distance, Z2, 

between the steering-axis and the point of contact of the steering- 

wheel with the ground being much less than in the ’ Hun~ber ’ 

tricycle, the influence of an obstacle in causing swerving is corre- 

spondingly less, though in this respect the ‘Olympia ’ is inferior to 

the ‘ Gripper.’ The arrangement of this gear should be such that 

the axes of the steering-wheels in any position intersect at a point, 

0, situated somewhere on the axis of the driving-wheel. This 

cannot possibly be effected by any arrangement of linkwork, but 

the approximation to esnctncss inay be practically all that can 1~2 

dcsircd for roacl riding. ‘i‘hc ge:n- should be armngctl so that the 

bell-crank of the outer steering-wheel swings through a 1~53 anfile 

from its midillc position lhnn thnt of the inner wheel. 

If the axes of the wh~ls q ant1 tl., intersect the axis of the 

driving-wheel at 0, and 0, (fig. 2 IS), the Iliachim. as a wliolc may 

IK supposed to turn about a point, OY son~ewlitm bcltwtmi 0, and 

0%. Let c 1~ the point of contact of wheel (I, with the ground 

~hcn the tricy4c is moving round ccntre 0, and let the lincnr velo- 

city of a Imint on the frniiic vertically nbovc c IX rqmscimd by 1. fi, 

drawn l)c’i)“‘clicular to 0 L’. From c draw CC Iq)cndicul;~r, and 

fro:n u’ draw cl’~j l~;Irallcl, to tllo asis 0, t‘ ; thcsc t\\‘o lines intcr- 

secti;lg at (‘, the actual velocity ~-II is compounded of a vclocbity of 

rolling l-e of the \~hccl OH tllc ground, and a velocity of side-slilj, 

e rr’. ‘1’1~ esistcncc of this side-slip it1 running round curves HC’CC.‘I- 
sitatcs careful nrrangmtlnt of Lhe stm-in, 0 nicclianim, so that thu 

ccntres 0, and 0, Ilmy iicl*cr b,c widely scpnr2tc. This sidct-slil) 
must also add apprcci::i,ly to the effort rquircd to pt-o~~cl the 

‘Olympia tricycle in a curved pnth, sucl1 as a racing track ; and for 

such a pu~~pos~ might ptissibly npprcc‘i:Uy hnnclica~) it as cum- 

par4 with a ‘ Crippc‘r.’ 
7’11~ steering ge;u of the ‘ Rudgc ’ cluadricyclc is the salnc 3s 

that of the 6 C )lyiiq~ia ’ triqclc. 

J sj. Rudge Coventry Rotary.~--- 111 the ‘ Kudg~ Covcntr) 

Rotary ’ two-track triqclc’, with sin& driving-jvlicel and t\vo 



steering-wheels (fi,. c 2 16), the reaction from the ground in driving 

l)eing at F, there was continually a co~plc, I;/,, in action tending 

to turn the machine, and which MYIS resisted by the reactions, fi 

and J2, of the ground on the sides of n 
the two side wheels. For equilibrium, 

Iv, =fZp 

The steering-wheels were pivoted 

about axes pnssin g through their points 

of contact y;ith the ground and con- 

ntxtcd by short ~CVCI’S, connecting-rods, 
and a toothed-rack, to a toothed-wheel 

controlled by the rider. The arrange- 

ment, in this case, should again lx such 
that in any position of the stccring.gcar 

the thrw axes intcrscct at a poil:t 0 ; 

the ninchiiw would then turn al~out 0 

2:; a cc11 tt-c. 



cyczcs in 
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v;heel, b, engaging with thosk of n and c, will cause the shafts, 771 

and ~2, to rotate with the same speed, O, about their common 

axis ; the shaft, k, beina 0 at rest relative to its bearings, &. If 

driving-wheels be mounted at the ends of the shafts, 771 and 71, 

they will both be driven with the same angular speed 0) about the 

axis 1/‘1 12. 

Lot now the shaft, k, bc rotated in its bearings, giving a rotation 

0~~ to the shaft 74 and a rotation --ml to the shaft 12, while k and 

its bearings are being simultaneously rotated alx~t the axis ~1 72 

wit1 

will 

fillcl 

the angular slwd, 0). ‘.I’llC rcwlltal~t spwd of the shft N1 
l)C (w+m,), tll;lt Of tllC! Sllilfi: /I will 1X (0)--wI). ‘1‘1111s, 

ly, tlic avctrngc angular slw~l of tlic shafts 111 ant1 11 is the 

s3111c as that of tlac hcnrings, k,, while the diffcrcnu2 of their 

nngul:lr slwxls is cliiitc iiltlqxwlcnt of tlw an~gular slxx~l of An,. In 

St:ulqV’s ~QGwifl;~/ triqclc gear, or Mt7w2 1 gtxr, a ~hniii-wheel is 

formctl 011 the saint piccc of nlctnl as the bcnrings, k,, and i.; 

driven by a c:linin from the crank-ask. ‘l’ho driving ufforf of the 

rider is thus traiismittccl to tlw tlrkiiig-whtxls at tlw ciid of the 

shrifts ?!I nntl I!. ‘I’hc shafts lia1.C still lwfwt frccclom to rotate 

rclativcly to car*11 otlw, aid thus if in s:ccrin~ one h.xTGi& 

to ~0 Crlstcr or dowr thw the otlwr, tlwrc is nr,thiik; in thu 

iiic~clianism to prcwQ it. 

In figure 2 IS, the bcvcl-wheels, n and c, in gear with the wheel !I 

arc shown of equal six. In Stnrlq’s gear (fig. 2 I 9) a wcond wheel 
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near the other end of the spindle, I?, gears with those on the ends of 

the two half axles, so that the driving effort is transmitted at two 

points to each of these wheels. This forms, perhaps, the neatest 

possible gear, but a great variety could be made if necessary. 

Such a differential gear consists essentially of the chain-wheel, R,, 

carrying a shaft, fi, which gears in any manner with the shafts 71~ 

and PI. ‘The particular form of gearing is optional ; provided that 

it allows 111 and PZ to rotate relatively to each other. Thus in 

Singer’s dc,Me-driving gear, the wheel, (/, was a spur pinion, with 

l”lfi. “I’]. 

its nsis parallel to 111 II, and engaging with a spur-wheel and 

an annular-wheel kc1 rcspcctiwly to the shafts, II/ and II. This 

gear had the sli$t clisndvanta~c that equal efforts could not \w 

rlolntnuiiic;~tucl to the driviu~-whwls, that conncckd to the annular- 
wlwcl of the gcnr doing most of the work. 

‘l’hc Mancc qxr 1x4~~ only used aQ$wfli~~~Z~v for steering, the 

relative motion of the bcvul-\vhccls, n, fi, i (IQ. 2 1 S), is very slc~w, 

and thcrc is not thu same absolute ticwssity for cscessivc accurwy 

as in toothed-wk.4 driving Scar. 

E.~N~VP---~ tricycle with &in. driving-whwls, tracks 32 in. 
apart, lwin~ driven in a. circle of 100 fact radius at n speed of 20 

lnilcs an lwur, rcquirccl the spucd of the bnlnncc-gear. 
‘\Vllile the cwtrc of the machine tllo\‘cs in ;I, circle I 200 inches 

radius, the inner and outer ~1~~1s muyc in circles (I zoo - I 6) and 

( I 300 + x6) inches radii rcspwtiwly. ‘I’hc circumfcrtznces of thcsc 
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circles are respectively 27r x I 200, 2~ x I 184, and z7r x I 2 I 6 inches. 

While the centre of the machine moves over 2~ x I 2cJo inches, the 

outer wheel moves over 2~ x 32 inches more than the inner. The 
2TX3” 

relative linear speed is therefore -. -x20 
27r ii 1200 

= ‘5333 miles per hour 

= 75333 x 5280 x 12 
Go ~- 

= 563’2 inches per minute. 

,The circumference of a 2%in. wheel is 879G in. The number 

of revolutions made by the outer part of the axle in excess of those 

made by the inner is therefore 

$3’2 
- G-40 per minute. 

87’yG - 

The numlwr of revolutions of the ask divisions relative to 

the hnlancc bos, k, is therefore 3.20 per minute. 



CHAPTER XIX 

XIOTIO?U’ 0VIr;R K%EVEN SL’RI;‘ACES 

190. Motion over a Stone. -If a cycle be nloving along a 

perfectly smooth, Ant road, neglectin, cr the slight horizontal side- 

way motion due to steering, the nlotion of every part of the 

frame of the machine is in a straight line. Suppose a bicycle 
to lnovc over a stone which is so narrow that its top may be 

considcrcd a point. The motion being in the direction of the 
arrow, the path of tlw witrc of the driving-wheel will lx a 

strnig!G lint 0 ,.I (fig. 220) parallel to the ground until Sk tyrc 

.--J 

..c-mc 
--I - a -1c- 

q---c---“s 

cOnx.3 in contact with tlic obstnck at S, wlicn tl1C furtlwr :notion 

of the wfic~l cciitrc will lx in a cirrwlar arc, ~1 I;, ha~itig S as 

ucntrc. ‘1’1~ further path of tht‘ whwl cciltrt2 is the straight lint, 

II C, pa-:&4 to the ground. ‘l’hc path of the ccntrc of the rear 

wlicc~ is of tlw mm2 nature : a strni$~t linq 0 n, until the iyrtt 

lllcf2ts tl;C 0l)siaClc’l S, the circular arc, II b, with S as clentrc, and 
then the straight li:tc (; le. 

The niotion of 2.ny I!Oint rigidly conncctcd to tlic fmme of 
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the bicycle can mw be easily found. Let P and Q be the 
centres of the front and rear wheels respectively, and let it be 
required to find the form of tile path of the point R lying on the 
saddle and rigidly connected to P and Q. Having drawn on the 
paper the paths of P and Q (fig. zo), take a small piece of 
tracing paper, and on it trace the triangle P Q R. Move this 

sheet of tracing pnpcr owl the drawing paper so that the points 
I’ and Q lie rcspcctivcly on the ccrves 0 A ~5’ C and on A c. In 
this position prick through the point A’. and a jloint UI~ ii:, path 
will 1x2 obtnincd. Ey rcpcnting this process a numlxr of points 
on the rc~~uircd path cw be obtained sufficiently close together 
to draw a curve through them. Figuws 220, 2 2 I, and 2 22 

Fl(L 322. 

rcspcctivcly show the curws dcscrilcd 1)~ a point a short distance 
allow the snddk of an ‘ Ordiwry,’ of a ‘ Rwr-driving Safety ’ with 
wheels 2s in. and 30 in. diamctcr, and of a ‘ Eantnm ’ jvith both 
bk3As 24 in. dinnwtcr, the point Iwin, tf midway butwcn the wheel 
ten trcs. il nun&x of such curvc~ arc givun and cshaustively 
discussed in 1C. P. Scott’s ‘ Cycling Art, Energy, and LOCO- 
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motion,’ though it should be noticed tjlat the curved portions of 

the saddle paths, clue to the front and rear wheels passing o\‘cr 

the obstruction, are shovx plncc~l in wrong positions. 

I 9 T. Influence of Size Of Wheel.--In figure 220 it will 1)~ 
tlc-)ti(cec.l that the total heights of !hc curved portions of the paths 
of the wheel ccztrcs above the straight portions are the same, 

whatever be the ciiamcter of the wheel ; but the greater the 

diamcttr of the rolling wheel, the greater is the horizontal distance 
nlov~~3 o\-er tq- the whrcl centre in passing over the stone. 

Thus with a lar g= ~11~1 the stone is mounted anti passed over t 

more gratlunlly, and therefore with less shock, than with a small 

wheel. Therefore, other things being the same, large wheels are 

Iletter than small for riding over loose stones lying on a good 

fld road. 
192. Influence of Saddle Position.-The motion of the saddle 

may be conveniently resolved into vertical and horizontal corn- 

porlcnts. In riding n!ung n level 

roncl the vertical motion is zero 

and the horizr)ntnl motion uniform. 

When the front wheel meets an T I 
ohstxlc the motion of the frame 

may be expressed as a motion of 
translatkm equal to that of the 

rear wheel ccntrq Q, together with 

n motion of rotation of the frm~e 

about Q as centre. Let w be the 

angular speed of this rotation at 

any instmt. The linear motions 

of’P and R relative to Q will be 
FIG. 223. 

in directions at right angles to Q P and Q R respectively, and their 

speeds will be w x Q P and w x Q ~‘8 respectively ; the lines @ P 

and QR (fig. 223) may therefore represent the magnitudes of the 

velocities, the directions being at right angles to these lines. 

Through Q draw a horizontal line, and to it draw perpendiculars 

Pp and Rr. Then Qp and Q r will represent the vertical com- 
ponents of the motions of P and Q respectively, Pp and Rr 

the horizontal components. 

In the same way, if the front wheel be moving along the level, 



and the Lack wheel be passin g over an olWaclc, by drawing 
perpendiculars I< 9 and (i g’ x 3. horiz~x:l:~.i l:;t\ throw,@ P9, it can 

1)~ sl~0~v-n that -I’ql atld I’?-’ 1’i:~~~l;cZXll~ thC Yt;Yili‘;l1 conlp>ont\nls i-jf 

t\+: motions of (! alId 1;: r~~~.~xtivcly rclativo to P, Q ‘1” and I;‘P~ 

the horizontal components. 

Therefore, in a bicycle with equal whcck, the vertical ‘jolting 

communicated to the saddle by one of the wheels passing over 

an obstacle is I\.roportional to the horizontal distance of the 

saddle from the centre of the other wheel, the horizontal 
6 pitching ’ to the vertical distance from the centre of the other 

wheel. With wheels of different kxs the average angular speeds 

(0 are inversely proportional to the chords A R and n b (fig. 220) ; 
this ratio must he compounded with that mentioned above. 

If the saddle of a tricycle be vertically over the centre of the 
wheel-base trinnglc, its vertical motion will be one-third that of 

011e of the wheels passing over a stone. In the ‘ Rudgc ’ quadri- 

cycle the vertical mction would be one-fourth, with similar con- 

ditions as to position of saddle. 
From the above discussion it is readily seen that the most 

comfortable position for the saddle, as regards riding over rough 
roads, is midway between the wheel centres, the vertical motion 

of the saddle being then half that of a wheel going over a stone. 

In a tandem, with one seat outside the wheel centres, the vertical 

jolting of this seat is greater than that of the nearer wheel. 
Again, as regards horizontal pitching, the high bicycle compares 

unfavourably with the low ; the rider on the top seat of the 
‘ Eiffel ’ bicycle would have to hold on hard to avoid being pitched 

clean out of his seat while riding fast over a rough road. A long 
wheel-base is a decided advantage as regards horizontal pitching 

in riding over stones. The angular speed o of the frame in 
mounting over a s’tone is, other conditions remaining the same, 

inversely proportional to, the length of the wheel-base. There- 
fore, the pitching is also inversely -proportional to the length of 

the wheel- base. 

A curious point may be noticed in the case of the LOrdinary.’ 
From the saddle prr~l: shojvn (fig. 220) it will be seen that when 

the rear wheel, after surmounting the obstacle, is descending 

again to the level, the saddle actually moves backwards. This 
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can only hal~pcn at slow speeds ; at higher speeds the rear wheel 
actually leaws the stone before touching the ground, and the 

‘backward kink in the saddle path may he clitninatt‘d. 

Tg3, Motion over Uneven Road.--If the surface of the road 
1,~ undulating, but free from loose .c;tones, the paths of the wheel 

wntres, 1’ and (1, will 1x2 curw parallel to that of the road surface, 
and the lmh of any point rigidly 

fiwcl to the frmw c‘an be found by 
the same method. In a very bad 

case, the undulr~tions being very 

close toguthtx- (fig. x4), it may 

hq,i)en that the radius of curvature 
of one of the 1~01~s is less tha9 Fiti. 224. 
the radius of a large bicycle wheel. 
In this case the path, p’f, of the large wheel will have abrupt angles, 
while that of the smalltx wheel, q q, may be continuous, the large 
wheel being actually worse than the small enc. 

I().$ Loss of Energy.--- If the motion of a wheel over art 
obstacle took place very slowly, there would theoretically he no 
loss of enqy in passin g over it, since the work done in raising 

MC-4 / 
/ -\ 

- --- 

FIti. Z?j. FIG. ~4. 

the weight would be restored as the weight descended ; but at 

aplmcial~le speeds t.hc; loss of energy by impact and shock may 
bc considcrablc. Let 2 wheel rno;-ing in the direction of the 

arrow (iig. 225) pass over an obstacle of such a form that the 
wheel rises without sudden jerk or shock to a height /1, the speed 
being so great that at its highest point the !rheel is clear both of 



and r-nay lx as gent 23 
111 ‘7 !‘-I‘ 

. I . d . . . . 3 0 ’ (2) 
- c’, 

where m is the b-eight of the portion of the machine rigidly con- 
nected to the wheel tyrc. 

The motion of the JVhecl continuing, the ~4xel centre mounts 
Over :1x stox, dcscrihing a circle, c1 c,,, with centre: A’, and the 





195. Expzxditure of Power.- The energ 3 cyclist gcncrntcs 
xliilc ritliiig ;11o:1g ,‘L 1~~1 road is expended in overcoming the 
\*nriou5 rcsistnwes to motion. Thcsc may be clxad as follws : 
( r ) I+7ri(-:tion of lxnrings and genring of the machine. (2 j Rolling 
rcsistnncc of thu ~hecls on the ground. (3) Kt’sistance due to 
loss of crwgy ljy viixation. (4) Rcsistancc of the air. ‘l’hc 
power q~ntlcd in ovcrcomin~ thcsc rcsititanccs is the powr 
clctunlly COllllllu!l ianted to the mxhirw, and may lx called the 
(/wkr i.jowcr of tht’ rider. ‘1’1~~ power actually gcnerntccl in the 
living hcnt-motor (tllc rider’s body) nxy lie did the tii~!i’cnr’c~t 
powr : tht: r!iZ~r~ncc iwtwen the I’~~~~~~-i~~~~d and the Ix&c powers 
\vill be the powr spent in overconiins the frictional resistance of 
the motor ---1’x. the friction of the rider’s joints, muscles, and 
ligmitwts. At wry high pedai speeds the brake power is small 
coniparcd with the indicntud ; in fact, by supporting the bicycle 
cwnvcnicntly, tnkiiig off the chain, and pednlling as fast as he 
Cl111 7 ;I rider mn>’ lx>ssil)ly develop more indicntccl ~x-wx than 
when rari 11, ‘r on ;I track, thwgh the lxnkc power is practically zero. 
The gcnring of the iricycle, therefore, must not be made too low, 
or the grcntcr part of the rider’s energy will lx spent in heating him- 
self. ‘l’hc estimation of the work so wasted lies in the domain of the 
physiologist rather than in that of the engineer ; we proceed, therc- 
fore, to the considcrntii;;; of the brake power and its expenditure. 

I 96. Resistance of Mechanism.---The frictional resistance of 
the hcnrings is very sm=tll compared with the other resistances to 
1X GVCrCOille ; the resistnncu (1~ to friction of the bearings of ;1 
bicycle moving on a smooth track is practbliy the s;“cmE: a:: 111 



Sp3XlS. Prolkor Iktnkin cstiinnted this at -, ,,‘,,,, part of the 
weight of the ridcsr, l)ut exact espcrimcnts arc wanting. 

Thtl frktionnl wsistancc of the trhain l~ossil)ly w&s wit17 the 
pull on it, and ;IS, other thing lwiii g crlual, thcb pull of the chain 
incwxses with the slwt‘d, the rkst;lnce will also wry with the 
SpWd. ~I:owcvcr, in compnrkon with the rvsistanr‘e clue to roll- 
ing and lvith the air xcsistnnw, that of the chain is small, and 
may lx il;cludt\d in the internnl rcsistnnce of the mac:hinc, which 
jve inny ~3). is nl)ljrosimntely con5tnnt at all speeds. 

I 9 7. Rolling Resistanm- The rc5istnnce to rolling is, nccold- 
ing to the eslwrinients of SIorin, composed of two terms, one 
constant, the other proportionnl to the speed. With n pneumatic 
tyre on a smooth rend the second term is nqligil,lt: in comparison 
15 it11 the first, according to hf. flour-let. The rolling resistance is 
inversely proportionnl to the dinmctcr of the wheel. 

In ( ‘l‘rait6 dcs I:icycles et I.ky&ttcs,’ (-1. Bourlet says that 
the rolling resistnnw with pneumatic tyres is small, independent 
of the speed, and on n dry road it wries from 

-0oj Il’to ‘01 IV . , . . , , . (I) 

while on 3 rxin g track the proM.~le value for the resistance is 
TIO-+ 71,; 7F’ being the total weight of machine and rider. 

‘I’he resistance of a solid rub\xr tyre \-aria with the speed, 
and may l)ossibl>* be csprcssiblo by a formula of the form 

R= :I + 11 T’, , . . . . . . (2) 

A and II king constmts. 
The powr F’ required to ow-come the rolling rosistnncc 

'00 j II’at the Sp”c’d Z’ is 

P = '005 IVZ units . . . . . . (3) 

If Wbc expressed in lbs. and CL’ in miles per hour, 

P = ‘44 7J’y foot-lbs. per min. . . (4) 

~$3. Loss of Energy by Vibration,- Che of the great ad- 
vantages of a pneumatic tyrc is that little or no vibration is c’om- 
municated to the machine and rider. On a smooth road or track 
witi pneumatic tyrcs the loss due to vibration is probably 
iicgligibk ; but on a rough roxl it may be wry large, and is 
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possibly proportional to the speed. With solid tyrcs, a consider- 

able amount of energy is lost in vibration. I3ourlot’s esperiments 

on the road show that the work wasted in vibration is about one- 

sisth of the total. 
The use of a pneumatic tyre ennldes the tremulous vibration 

to be almost eliminated, no vibration being communicated to any 

part of the machine. For riding over very rough roads the intro- 

duction of springs into the wheel or frame may still further 

diminish vibration. The anti-vibrators should be placed so that 

they protect as great a portion of the machine from vibration as 

possible. In this respect a sprin g wheel should be better than a 

spring frame, and a sprinZ (7 frame, in turn, better than a spring 

saddle. The machine, as a whole, should be made sufficiently 

strong ant1 riGid that none of its parts yield under the stresses to 

which they arc subjcctcd. Of course, when a spring yields and 

again estends, A certain amount of energy is lost ; it thus becomes 

a question as to when springs are advantageous or otherwise. 

Probably the rougher the road, the more can springs be used with 

advantage in the wheels, frame, and saddle ; whereas, on a smooth 

racing track, their continual motion would simply provide means 

of wasting a rider’s energy. 

199. Rssistsnce of the Air,-* V. Rourlet discusses the air 

resistance of a rider and machine, and concludes that it may be 

reprcscnted by a formula 

R =Lsv2. , m . , .-. . (5) 

R being the air rcsistanee, S the area of the surface exposed, v the 
speed, and fi a constant. If the resistance be measured in kilo- 

grammes, the area in square metres, and the speed in metres per 

second, K = l oG. The area of surface exposed will depend on 

the size of the rider and his attitude on the bicycle. A mean 

value for S is l j square metre ; then 

R = ‘03 V' m l l l m l l m (6) 

If the resistance be measured in Ibs., and the speed Y in miles 

per hour, 

A?? = ‘013 Y2 . . . . . . . (7) 
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The power required to overcome this resistance is 

1’1’44 Y3 foot-lbs. per minute . . . . . (8) 

Table X. gives thu air resistances and the corresponding powers 

at different speeds calculated from these formula. 

TAI3LE s. -AIR h3ISTXSCE TO ‘ SAFETY BICYCLE AND 

RILmI. 
--- --.-~ ~-.--- _-.--- .- - 

Speed Resistance Power Speed Resktance Power 
,_ -~ ____....._ .__~_ -. . .._-_._ - - _.... -- -_-_ -___ 

h1 ill,,, j Ibs. 

5 -q 32 
6 ‘47 
7 ‘64 
s j ‘83 

g / 
I ‘05 

i0 j I ‘30 
II I I.57 
I2 i I ‘X7 
13 j 2 ‘20 

14 / 2’55 
15 j 2 ‘92 
16 3’3? 

1 17 ! 3’P 

Foot-lbs. per 
inin. 

I43 
247 

$tT 
83; 

1,144 
1,522 

1,977 
2,513 
31139 
3,861 

4p5 

Miles per 
hour 
IS 

I9 
20 
21 
22 

23 
24 
25 
26 

27 
2s 

5,620 ,) ;: 

lbs. 

;:;; 

5 -20 

5’73 
6.29 
6 %8 
7 ‘49 
8’12 

8’79 
9’48 

10’19 

IO.93 
11.70 

Foot-lbs. per 
min. 
6,672 
7,846 
9,152 

10,600 
12,180 
13,920 
X5S20 
17,870 
20,100 
22,520 
25, I IO 

27,900 
30,890 

? 

If the wind he blowing exactly with or against the cyclist, his 

speed mhrtiw to fhe air must be used in the above formula. 
Thus, if the wind be blowing at the rate of IO miles per hour, and 

the rider be moving at the rate of 20 miles per hour, while going 

qqriltsf the wind, the air resistance is that due to a speed of 30 

miles per hour, while going with the wind there is still a resist- 

ance due to a speed of 20 - IO = IO miles per hour. 
If ZJ be the speed of the cyclist, V that of the wind, while 

riding against the wind the relative speed is (v + Y). If the 

cyclist rides at a high speed, a very slight breeze against him may 
increase the air resistance considerably. Whilst riding with the 

wind the relative speed is (cd - I/). In this case, if the speed of 

the wind be greater than that of the cyclist, there will be no i 

resistance, but, on the contrary, assistance will be afforded by the 

wind. If the speed of the wind be less than that of the cyclist, 

there will be air resistance due to the speed (cd - Y). 
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The power rquircd to overcome air resistance in driving at 

t’ miles per hour against a wind Mowing I’miles an hour is 

1’ = I 31~ z’ (7 j- 1j2 foot-lbs. per nGnute . . (1) ( 

A consicltxntion of the figures in ‘l’al~lc S. will show that 
l)iqcle record-lmsking dcpcnds nwc on pncc-making arrmgc- 

mats than on 311~ other sin&z factor. For esarnple, to ride unpriced 

at twenty-sewn lnilcs ,211 hour requires the expenditure of more 

than two-thirk c\f 3 horse-powr to overcome only the air resist- 

LlllCC. Though an average speed of 275 miles per hour was kept 

up by Mr. 1 i. I’alnwr and by Mr. 11’. I>. l+ost in the Ibh Road Club 

I oo-lniics raw, I S$& it is most improbable that they worked at my- 

tiling like this rntc during the whole period, the diffcrcnce being due 

to the dccrcnse in theair rcsistmcecauscd Ly the pact-makers in front. 

2 00. Total Resistance .---Sunmin~~ w, the total resistance of 
the bicycle can lx cspressed 1)~ the ~rll~uiL1 

1;’ = A+B-v+Lzt2 . , l . . . (II) 

and the power required to drive it by 

P= Av+Bv2+ cv3 1 l . . . . (12) 

A?, 13, and C being co-efficient3 depending on the nature of the 

mechanism and the condition of the road, but which are constant 

for the same machine on the same road at different speeds. 



Figure 2 zS shows graphically the variation of the power required 

to propel a qclc as thtf speed incrtxstx ‘l‘hc speeds are set off as 

d,hKC. For any spd, 0 S, the power required to owr- 

come: the frictional rcktnnw of the mechanism is set off as an 

ordinate S M ; the power required to ovcrcomc rolling rcsist- 

ancc is ,I1 T ( W kin g tnktx at I So lb.) ; the power required 

0 /o s a 20 
m/;/es p hour 

30 

FIG. 22% 

to overcome air resistflnce is TI;’ ; and the total power required 
is the ordinate SAT. The curve I%! can 1~ lowered by improve- 
ments in the mechanism, the curve T by improvements in the 

tyres and track-surface, and the cur\-c’ R by improvements in 
pace-making. 

Experiments on the total resistance of n c~~lc cm be carried 
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out in two Wys. Firstly, by towin tr the machine and rider along 

n level road by mems of another machine, tlw pull on the tow- 

line being read off from n spring-lxkmcc. Scconclly, by letting 

the nmzhine and ridtx run down a hill, the gradient of which is 

known, until a uniform speed is attained ; tlw ratio of the 

resistance at the speed attained to the total weight of lnnchinc 
and rider is tlw sine of the nnglc of inclination of tho road. The 

second mctlmcl is not convenient for a series of experiments at 

different speeds, since a number of hills of different gradients are 

required ; but since no extra assistance is required, a rider may 

use it when unable to use the first method. 

Table XI., t&m from ‘ Engineering,’ Jnnuary IO, 1896, giving 

results of eslwinlents 1)~ Mr. I-I. 31. Rmenshnw, serves to show 

the variation of the resistance according to the state of the road. 

Machine ! Road 

I 
>Y l 

. . 

Tandem Tri. ; . . 

cycles, Pneuw ,’ 
¶Y l 

. . 
matic Tyres i 

I 

A&halk pavcmen t 

9) 29 

I-TeLby mud . 
YY 

. 
Wet mud . . 

Flint . . . 
Tandem Bi- ( . 

cycles, Pneu-: I H&vy *mud : . 
matic Tyres 

l 
. . 

F&g pavkknt . 

Single 
Tri- f j Flint l * . 

cycles, Solid 
. . . 

Tyres . 
Fl& pavement . 

. Heavy mud . . 

Total Pounds 
weight. 

Lbs. 
per 
ton 

120 

290 
290 

290 
440 
440 
290 
440 
440 
290 
290 

200 

370 
200 

370 
200 

220 

220 

220 

200 

37 
31 

3: 

35 
35 
31 
30 
30 
73 
65 

33 

;i 

33 
c 

: 
60 5 

146 4 

- 

4 
10.4 

7 

ii*; 

i 
4 

12 



201. A Machine is a collection of hodics designed to transmit 

and modify motion and t&x. The moving parts of a machine 

are so conncctcd, that a change in the position of one piece in- 

L-oh-es, in general, a certain definite change in the position of the 

others. ;Z bit-vcle or tricycle is a machine in which work done by 

the rider’s muscltx is utilised in changing the position of the 
machine and rider. Coining to narrower limits, we may say a 

cycle is a machine by which the oscillatory movement of the rider’s 
legs is converted into motion of rotation of a wheel or wheels 

rolling along the ground, on which is mounted a frame carrying 

the rider. Still mortf narrowly, we may consider a cycle as a 

mechanism for convertin g the motion of the pc’dals, which may 

be &her oscillatory or circular! into motion of rotation of the 

driving wheel. 

202. Higher and Lower Pairs.--- Each part of a machine 

must be in contact with at least one other part : two parts of a 

mechanism in contact and which may have rclativc motion 

forming a pall-. If the two parts have contact over a surface, as 

is necessary when huavy pressures are transmitted, the pair is said 

to be ZOZ~W. l=rom this definition there can only be three kinds 

of lower pairs- turning pairs, sliding pairs, and screw pairs ; as in 

a shaft and its journal, a cylinder and piston, a bolt and its nut, 

respectively. If the elements of a pair do not have contact over 

a surface, or if one of the elements is not rigid, the pair is said to 

be /zz$&-, the relative motion of the pair being, as a rule, much 

more complex than that of lower pairs. A pair of toothed-wheels 
ii: con::tct, a Crsibie band and drur , .I f.;,r.!l and its bearing-case, 

are examples of :iigher Ilairs. 



Liffk O?’ CTtI/?IfZ“/i~i’. -‘l’w Jt‘tnt3~ts of consecutive pairs tiq 
lx cotintxtt’cl to;letlwr 11s 3 l//zfi. At1 nsseniiAage of pairs con- , 
tiectc:cl by link5 cotxxitutx a fi(lw~~t~J~- L-Jltz&, or a u~~A~IL~I, or a 
gem-. ‘l‘he sitnljlest kitictnntic chain contains fwtr pairs con- 
ttcctcd by four- links ; it is thcrcforc cnlM a four-li:lk tnc(*hnnism. 
It‘ otw link 1x2 tised: a motion givctl to a second link will prodwc 
a d~~tt3-mitia~~l~ tiiotiw 0t’ the two rcninining links. ‘I’hrec pairs 
utiitcd by tht.02 links c’otwitutc’ a rigid trintiglc, while a five-link 
cllniti rcilltir~~.-i further cwtwtt-aint for tnwement of a detinitc 
c*fi;ir,lc.tcr to I)c l~wclucc~l. ‘I’hc four-link kincniatic chain is the 
I~asi:, of lx-oM~l!- (I[) lwr ct’tit. of all litikwxk tiicchat&nts. 

20,;. Classification of Gearing. Pi-ofcswr Kankitic &fitics 
ati clcnwtitnry c:ombitiation in tnc~:lianisni as a Ilair of pritiq 
nto\-itig ljiLct2S >o (:t)tin~ctcd that one tratisti~its tttotioti to tlitr 
other ; thar W;IO~C tnoiion is the c;~use is cnllcd the dri\w, tlw 
othw the Mlowr. ‘l’lic rx3ntie~*tion l)c’twcen tlict tlrii-cr and 
tbll(.,\\-CI. 111q IN2 : 

(I) I$ rolling contact of tlicir surfact’s, as iti tuolhlcss ~+ccls. 
(2) 1:). sliding contact of tlwir surfxcs, as in tootled-wlwcls 

~w.l c’;11115, ckc‘. 

(;) I$* fIcsiLAc: hand 5, such as b&s, cot&, and gcartng clinins. 
(4) By linlxork , such as connecting-rods, &(I. 
(5) By redu$cntion of cords, as in the castt of ropes and 

l’UllC)~S. 
(6) 1:~ an intervening fluid. 
‘i’hc drilling gcnr of cycles has been tnadc front cl~~scs (z), (;;), 

and ($, cacli of which will form the subject of a scpxltc chnplcr. 
.hi ~nt~;!~lu of ( I ) is found in the ‘ 1<othcrhntn ’ cyclonwtcr, tlw 
~-1~~1 of \I\ hich is driwn by rolling contact from the tyre of the 
front wheel. The pump of a pticuninti~: tyre is an csamplc 
of (6). U’t2 cannot recollect an example in cycle construction 
corrcqundin g to (j), though it would IX caky to &sign one to 
~-ork in wnncction with a pedal clutch gear, such as the ‘ AIerlin. 

204. Efficiency of a Machine.-If the pairs of a nlechanism 
could perform their relative motion without friction, the work 
done by thi: pritne mowr at the driving end of the machine 
would lx tranctnitted intact to ..be driven end ; in other words, 
ii-i; work 6;;~ out of the machine wuld tx equal to that put into 
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it. But however skilfully the parts be designed to reduce friction 
to the lowest possible amount, there is always SOIM frictional 
resistance which consumes energy, so that the work got out of 
the machine is less than th;lt put into it, by the amount of work 
spent in overcoming the frictional resistance of the pairs. 

The ratio of the work transmitted by the machine to that 
supplied to it is called the LTJ%L~~ (,ft/ld ~W%IC. ‘The efficiency 

of a machine will be higher according as the number of its pairs 
is small ; an increase in the number of pairs increases the oppor- 
tunities for work to bc3 wasted away. Thus, in general, the 
sinqkr tht2 n~echmism used, the better will be the results 
obtained. 

It seems perhaps unnecessary to say that no advantage can be 
derived from mere cotnplesity of mechanism, but the number of 
driving gears for cycles that are being patented shows either that 
the perpetual motion iuveutor has plenty of vitality, or that the 
technical con~nion sense of a large number of cycle purchasers is 
not ot‘ a very high standard. 

205. Power. ---We have already seen that the work done by 
an agent is the product of the applied force, into the distance 
through which the point of application of the force is moved in 
the direction of the applied force. The @wer of an agent is equal 
to the I’LZJ’L? of doing work -that is! power may be defined as the 

rusk ituize per writ of fijl~. If E be the work done in t seconds, 

and P the po\ver of the agent, thou 

But E is equal to R’s, where E’ is the force acting and s the 
distance moved ; therefore 

But “t is equal to the speed ; therefore 

P=Fv . . . . . l . . I 
0 

That is, the power of the agent is equal to the product of the 
acting force and the speed of its point of application. The same 



260 CHAP. XXI. 

principle is csprcssed in the nmsim, ‘ What is gained in power 

is lost in speed ’ ; the word ‘ power ’ in this nlasim having 

the meaning WC hn\-c associated with ‘ force ’ throughout this 

book. 

In a frictionluss mnchinc the power is transmitted without loss. 

‘l’ho abovc equation shows that an) 7 given horse-power may bc 

transtnitttxl by any force I;; howver mall, provided the speed v 

cm be mndc sufticicntly gent. On the other hand, if the spwd of 

transnkiol~ 1~ wry mall, a vtq- large force, F, may correspond 

to a very small tr;u~smission of power. An esnniple of the former 

cns~ occurs in trnnsnlitting powr to great distances by ~neans of 

wi rk2 rope. Here the speed of the rope is made as large as it 

is found prxticalk to run the pulleys, so that a rope of cons- 

parntivu slnnll c@nwtcr nmy transmit a considmxble amount of 
power. An csnmple of the latter case occurs in a hydraulic 

forging press, whew the prwurd’ exerted on the ram is, in maq 
cases, 10,000 tolls ; but the speed of the ram being small only a 
few inches per mitmk the horscqmwr rcquircd to work such a 

press niny bc coinparatiwly sinall. 
‘I’hese ~~rim3pl~s arc of direct nl)l~licntion to the gearing o! 

qc1L.s. 
E.1myvt7 I. Suppose two rear-clriving bicycles each to hat-e 

Ainch driving-wlwcls geared to 56 inches ; let the bicycles be 

cq~nl in cwry I cspcct, cscept that in one the numbers of teeth in 

the wheels OH the crmk-ask and hub are 16 and S respectively, 

while in the other the rlumbm arc IS and 9 respectively. When 

“oing along the snlne gradient at the smnc speed, the speeds of h 
the chain wlative to the mnchinc m-c in tlw mtio of S to 9 ; 

conscclucntly, the pulls 011 the chain will bc in the ratio 9 to S, 
thnt on the chnin of the bicycle having the smaller wheels being 

the greater. 
EmwyVe /I.- Let N-0 bicycles be the sanw iii ewry respect, 

eswpt that in one the cranks are 6 inches long, in the other 

7 i mhcs. V‘lien I-tinning alon _ g the sme road at the same speed, 

tlw wrk done in owrcoming the resistmce will be the same in 
the two caws, and, thcreforc, tlw work done 11y the pressure of 
the feet on the pedals is the sane in both cxxs. Hut the pedals’ 

speeds are in the ratio of 6 to 7, thcwfore the average pressures 



to be applied to the pedals are in the ratio 7 to 6, the shorter 

crank requiring the greater pressure. 
Exnmp/e /Il%--!iuppose two Safety bicycles to be equal in 

every respect, cscept that one is geared to 56 inches, the other to 
63 inches. With eciual riders, running along the same road at the 

SPIN speed, the work done in both cases will be equal. But the 
distances moved over during one revolution of the crank are in 

the ratio of 56 to 63, that is, S to 9. The numbers of revolutions 

rccluired to move over a given distance will therefore be in the 

rntio of the reciprocals of the distance. ---that is, 9 to 8. Conso- 

(luently, the average pressures to be applied to the pedals in the 

two cases will 1~ in the ratio of S to 0, the bicycle with the low 

gear rerluirin,; (1 the smaller prcsTure on the pedals 
The whole cluestion of gear for a bicycle thus resolves itself 

into a cluestion of what will suit best the convenience of the rider. 

Assuming that the maximum power of two riders is exactly the 

same, one may be able to develop his maximum power by a corn- 

pnratively light pressure on the pedals and a high speed of revolu- 

tion of the cranks, the other may develop his maximum power 

with a heavier pressure and a smaller speed of revolution of the 

crank-axle. The former would therefore do his best work on a 

lower geared machine than the latter. The question of length of 
crank depends also on the same general principles, different riders 

being able to develop their maximum powers on different lengths 

of crank. 
The maximum power a rider can dcvclop by pedalling a 

crank-axle is probably at low speeds proportional to the speed of 

driving ; at higher speeds the power does not increase so rapidly 

as the speed, and soon reaches an absolute maximum ; at still 

higher speeds the rapidity of pedalling is too great, and the power 

actually communicated to the crank-axle rapidly falls to zero. 

These variations of the power with the speed are graphically 

represented by the curves P and P, (fig. 223), /I, being for longer 

sustained effort than P ; a certain speed of the crank-asle corre- 

sponding to a definite speed of the cycle on the path, so long as 

the gearing remains unaltered. The height of the ordinates will 
depend on the duration of the ride, and the maximum power n b 

for an effort of short duration may be developed at a less axle 



I’ 

,’ 
. 

262 CHAP. SKI. 

speed than the maximum a, 6, for a longer effort. By increasing 
the amount of gearing-up, the absciss,lc of the curve would be all 
proportionately increased, while the ordinates remain as before. 
The best gearing-up possible for the rider will be such that the 
power curve of the machine intersects the rider’s power curve at 
the highest point of the latter. From b, the highest point of the 
rider’s power curve with a certain gearing-up, draw b 6’ to intersect 
at /,l the power curve X of the machine, then the rider will 
develop the greatest speed cLJ on the machine if the gearing-up 
be incrclzwd in the ratio of c I, to cb’. If, as seems to the author 

most probable, the ratio 
l-I,’ 

cb 
for ‘the shorter effort is greater than 

the ratio g-l for the longer effort, the gearing-up should be 
-1 I 

greater for the former than for the latter. That is, to attain in 
all races his highest possible speed, the shorter the distance the 
higher should be the gear used by the rider. 

Very little is known as to the maximum power that can be 
developed by a cyclist, no accurate experiments, to the author’s 
knowledge, having been made. Kankine gives 4,350 foot-l&. 
per minute as the average power of a man working eight hours 
raising his own weight up a staircase or ladder, and I 7,200 foot-lbs. 
per minute in turning a winch for two minutes. Possibly racing 
cyclists of the front rank develop for shofi periods two-thirds of 
a horsc-powtlr- i.~p,. 22.m~ foot&s. per minute. If this estimate 
and that of the air resistance (sec. 199) be correct, from figure 228 
it is evident that a speed of 28 miles per hour could not be 
attained on a single bicycle, in still air, without pace-makers, even 
though the mechanism and the tyres were theoretically perfect. 
It should be noted that the conventional horse power, 33,o~)o foot- 
lbs. per minute, introduced by Watt, and employed by engineers 
as the unit of power, is considerably in excess of the average 
power of a draught horse. 

206. Variable-speed aear. -The maximum power of any rider 
is exerted at a particular speed of pedal and with a particular 
length of crank. The best re s-&s on all kinds and conditions of 
roads would probably be att.ained if the pedal could always be 
kept moving at this particular speed whatever the resistance ; the 
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gearing would then have to vary the distance travelted over per 

stroke of pedal, until rquilibrium between the effort and resistance 

was t2stn!~lished. ;III ideal variable h (rear would be one which 
roul~t 1x2 altet-t.4 r.0ntinrlou~ty ;I!id autolnnticatly, so that when 

h Gng uphill 3 low CJCN was in operation, and when going down 

hilt a high gear. .I nunkw of two-speed gear-i have been used 

Ivith succi’s5, xx1 IIW dcscrihed in chapter xxvii., !,rlt no con- 

tinuoiisl!. xtr\in~ ; 1 wu has Ix~n used for ;I cycle driving gear, 

tllou$ swh 3 condkntion is ~11 known in other lx-anches of 

applied mcchnnir~. 

207. Perpetual Motion.-Kmy inventors and schemers do 

not aljprecinte the importance of tt~ principle of ‘ what is gained 
in force, or ct’fort, is lost in speed.’ Since for a given power 

the effort or force can be increased indefinitely by suit;t.ble 

(rearing :, 7 zmd likewise the speed, they appear to reason that by 

a suitably devised mechanism it may be possible to increase 

both together! and thus get more power from the machine 

than is put into it. A crank of 1.ariablc length, the tevcragc 

being greater on the down than on the up-stroke, is a favourite 

de\-ice. The Simpson lever-chain is another device having the 

m;le objcxt in vim-. The angular speeds of the crank-axle and 
hack hub art‘ inversely proportional to their numbers of teeth ; 

with an ordinary chain the distances of the lines of action from 

the centrcs are directly proportional to these numbers. By driving 

the back hub chain-wheel front pins on the chain links at a greater 

distance from the wheel ccntre, it was claimed that an increased 

leverage was obtained, and that the lever-chain was therefore 

greatly superior to the ordinary. It is possible, by using an 

algebraic fallacy I\-hich may easily escape the notice of anyone 

not sufficiently skilled in mathematics, to prove that 2 x 2 = 5 ; 

but though the human understanding may be deceived by the 

mechanical and algebraic paradoxes, in neither case are the laws 

of Nature altered or suspended. When once the doctrine of the 

6 conservation of energy ’ is thoroughly appreciated, plausible 

mechanical devices for o-eating energy will receive no more atten- 

tion than they deserve. 

208. Downward Pressure.--In all pedomotive cycles the 

gmeral direction of the pressure exerted by the rider on the pedals 
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is vertically downwards. If P be the average vertical pressure 

and a! the vertical distance between the highest and lowest points 

of the pedal’s path, the work done by the rider per stroke of pedal 

is Pd. This is quite independent of the form of the pedal path. 

209. Cranks and Levers. -If the pedals are fixed to the 

ends of cranks revolving uniformly, the vertical component of 

the pedal’s motion will be a simple harmonic motion, and, 

neglecting ankle action, the motion of the rider’s knee will be 

approximately simple harmonic motion along a circular arc. 
\Vhen the crank is vertical, its direction coincides with that of 

the vertical pressure, and consequently no pressure, however great, 
will tend to drive the crank in either direction. The crank is 

then said to be on a ‘ dead-centre.’ In steam-engines, and 

mechanisms in which the crank is employed to convert oscillating 

into circular motion, a fly-wheel is used to carry the crank over 

the dead-centre. In cycles, when speed has been got up, the 

\vhole mass of the machine and rider tends to continue the 
motion, and thus acts as a fly-wheel carrying the cranll; over the 

dead-centre, so that in riding at moderate or high speeds the 

existence of the dead-centre is hardly suspected. In riding at ‘i 

a very slow speed, however, the existence of the dead-centre is 

more manifest. If two cranks are placed at right angles to each 

other on the same shaft, while one is on the dead-centre the other 

is in the best position for eserting the downward effort, and 

there is no tendency of the shaft to stop. 

In the above discussion we have assumed that the connecting- 

rod which drives the cran 2; can only transmit a simple thrust or 

pull ; if! in addition to this, the connecting-rod can transmit. a 

transverse effort there may be no dead-centre. In turning the 

handle of a winch by hand, the arm acts as a connecting-rod 

which can transmit, thrust, pull, and transverse effort, so that no 

dead-centre exists. In Fleming C% Ferguson’s marine-engine 

two cylinders are connected by piston-rods and intermediate links 

to two corners of a triangular connecting-rod, the third corner of 

which is at the crank ; with this arrangement there is no dead 

centre, the single crank and triangular connecting-rod being in 

this respect equivalent to two cranks at right angles. 

The existence of the dead-centre is supposed bv some to be 
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a disadvantage inherent to the crank, but the efficiency of the 

mechanism is not in any way directly affected by it. 

2 IO. Variable Leverage Cranks.-One favourite notion of 

those inventors who have no clear and exact ideas of mechanical 

principles, is to have a crank of variable length arranged so 

that the leverage may be great during the down-stroke of the 

pedal and smali during the up-stroke ; their idea evidently being 
to obtain all the mechanical advantages of a long crank, and yet 

only m&e the foot travel through a distance corresponding to a 

short crank. We have shown above that, presuming the pressure 

is vertical, the work done per stroke of pedal depends only on the 

pressure applied, and the vertical distance between the highest and 

lowest points of the pedal path ; the distance of the pedal from the 

centre of the crank-spindle having no a%-41-t influence whatever. 

The pedal path in most of the variable crank gears that have ap- 

peared from time to time is simply an epicycloidal curve which does 

not differ very much in shape from a circle, but which is placed 

nearer the front of the machine than an equal circle concentric 

with the crank-axle. Thus, the gear only accomplishes in a 

clumsy manner what could be done by a simple crank, having its 

axle. placed a little fuither forward than that of the variable crank. 

Let 0 (fig. 229) be the centre of a variable crank, and td the 

pedal path during the up-stroke. Let the length of the crank 

become greater, the path of the pedal during 
d 

this extension being d n, and let the arc n b ‘?. 

be the pedal path during the down-stroke. = %. 

The crank will then shorten, br being the 

i 

. 
,:‘o 

pedal path. If the pressure be vertically 
/ / 1 

downward, work will be done only while the 

pedal moves from n to b, and the angle of 
J=’ c 

driving will be the small angle a a b. Thus 
Flc;. 229. 

while with a variable crank a greater turning effort may be exerted 

than with a fixed crank, the arc of actioh is correspondingly less. 

2 I r. Speed of Knee-joint during Pedalling.--Regarding that 

part of the leg between the knee and the foot as a connecting-rod, 

that between the knee and the hip-joint as a lever vibrating about 

a fixed centre, the speed of the knee corresponding to a uniform 

speed of the pedal can easily be determined by the method of 



section 33. Figure 23 is a polar curve showing the varying 
speed of the knee for different positions of the crank. From this 
curve it will be seen that on the down-stroke the maximum speed 

is attained when the crank is ;:early horizontal, but on the up-stroke 

the maximum speed is not attained till the crank is nearly 45O 

above the horizontal. The speed then rapidly diminishes, and is 

nearly zero when the crank is vertical. The shorter the crank, in 
comparison with the rider’s leg, the more closely does the motion 

of the knee approximate to simple harmonic motion ; with simple 

harmonic motion the polar curve is two circles. 

In any gear in which a crank connected to the driving-wheel 

is used, the speed of the knee-joint will vary approximately as 
above described--L it will gradually come to rest as it ap- 

proaches its highest and lowest positions, then gradually increase 

in speed until a maximum is attained. 

212. Pedal-clutch Mechanism.-Instead of cranks, clutch 

gears have been used for the driving mechanism. In these a cylin- 
drical drum is placed at each side of the axle and runs freely on it. 

A long strap, with one end firmly fixed to the drum, is coiled 

once or twice round it, the other end is fastened to the pedal 

lever. When the pedal is depressed, the drum is automatically 
clutched rigidly to the shaft ; when the pressure is removed from 

the pedal, the pedal lever is raised by a spring and the drum 

released from the axle. One of the most successful clutch gears 

was that used on the ‘ Merlin ’ bicycles (fig. I 76) ,lnd tricycles 

made by the Brixton Cycle Company. 

The general advantage which a clutch gear was supposed to 

have as compared with a crank was that any length of stroke 

could be taken from a pat of an inch up to the full throw of the 

gear. However, even supposing that the clutches which lock 

the drums to the axle and the springs which lift the pedal levers 

are perfect in action, the gear has the serious defect that the down- 

stroke of the pedal begin3 quite suddenly and is performed at a 

constant speed ; thus the legs must have a considerable speed 

imparted suddenly to them. At moderate and high speeds this 
is a decided disadvantage as against the gradual motion required 

for the crank-geared cycle. There is the further serious practical 
disadvantage that no clutch that has been hitherto designed is 
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perfectly instantaneous in its action of engaging and disengaging. 

When a clutch is used for continual driving, as in the clutch 

driving gears of some of the early tricycles, and where no great 

importance need be attached to the delay of a second or two in 

the action of the clutch gear, the case is quite different. Mr. 
Scott, in ‘ Cycling Art, Energy, and Locomotion,’ has put the 

comparison between the crank gear and clutch gear for pedals in 

a nutshell thus : ‘I In the crankclutch cycle, as in other uses, 

the immediate solid grip is a matter of very little concern ; if a 

half turn of the parts takes place before clutching, it does very 

little harm, since it is so small a fraction of the entire number of 

revolutions to be made before the grip is released. But if a grip 
is to be taken at every down-stroke of the foot, as in a lever-clutch 

cycle, the least slip or lost motion is fatal.” 

These two objections are so weighty, that in spite of the 

immense advantage of providing a simple variable gear, pedal- 

clutch gears have never been much used. 

2 13. Diagrams of Crank Effort.-Though the pressure on 

the pedal may be constant during the down-stroke, the effort 

tending to turn the crank will vary with the 

varying crank position. The actual pressure on 
the pedal may be resolved into two components, 4 

parallel and at right angles to the crank ; the 

former, the radial component, merely causes pres- 

sure on the bearing, and, since no motion takes 

place in its direction, no work is done by it ; the 

latter, the tangential component, constitutes the 

active effort tending to turn the crank. If 0 C 
(fig. 230) be the crank in any position, and P the 

total pressure on the pedal, the radial and tan- 

aential components, Ic’ and T, are equal to the 
FIG. 230. 

b 
projections of 1’ respectively parallel to, and at right angles to 

the crank 0 C. If the tangential component T be set off along 

the corresponding crank direction, a po/ar curve of crank effort 

will be obtained. 

If the pressure, P, be constant during the down-stroke, and 

be directed vertically downwards, the polar curve of crank effort 

will be a circle. Let p be the effort exerted by the rider at any 
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instant at his knee-joint in the direction of the motion of the 

latter, let f be the corresponding tangential effort on the pedal, 

let s be a very small space moved through by the pedal, and SI 

the corresponding space moved through by the knee-joint. 

Then the work done at the knee-joint is ~9, the corresponding 

work done at the pedal t s ; these two must be equal, presuming 
there is no appreciable loss in the transmission. Therefore 

S1 
e--p . . . . . . 42) 

s' 
T:ut s is the ratio of the speeds of the knee-joint and pedal 

respectively, and is represented by the intercept Df (fig. 21). 

If, therefore, the effort at the knee-joint be constant during the 

down-stroke of the pedal, figure 2> * is the curve of crank effort as 

well as the speed curve of the knee. ?. 
If, starting from any position, the distance moved through 

by the pedal relative to the machine be set off along a horizontal 

line, and the corre- 

sponding tangential 
effort on the crank 

be erected as an or- 
dinate, a 1-ecta?z,rru(ar 

FIG. 231. curve of crank effort 

will be obtained. 
Corresponding to the circle as the polar curve of crank effort, 

the rectangular curve will be a cwve tljs1’Izes. Figure 231 ~Aows 
the rectangular curve corresponding to the down-stroke polar 
curve in figure 23. 

The area included between the base line and the rectangular 
curve of crank effort represents the amount of work done. The 
mean height of the rectangular curve therefore represents the 
mean tangential effort to be applied at the end of the crank in 
order to overcome the resistance of the cycle. 

214. Actual Pressure on Pedals.-The actual pressure on 
the pedal durin g the motion of the cycle is not even approxi- 

mately constant. Mr. R. I’. Scott investigated the actual 
pressure on the pedal’ by means of an instrument which he calls 

the ‘ Cyclograph,’ the description of which we take from ‘ Cycling 
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-\rt, Energy, and Locomotion.’ ” ii frame, ,4 /Z (fig. 232), is pro- 

vided with means to attach it to the pedal of any machine. A 
table, B, supported by springs, E E, has a vertical movement 

through the frame ~1 A, and car- 

ries a marker, C. The frame carries 
a drum, D, containing within me- 

chanism which causes it to revolve 

rcgulnrly upon its axis. The cylin- 

drical surface of this drum B is 

wrapped with a slip of registering 

paper removable at will. When 

WC wish to take the total foot 

pressure, the cyclogrnph is placed k-IL 232. 
upon the pedal and the foot upon 

the table. The drum having been wound and supplied with the 

registering slip, and the marker C with a pencil bearing against 

the slip, we are ready to throw the trigger and start the drum, by 
means of a string attached to the trigger, which is held by the 

rider so that he can start the apparatus at just such time as he 

desires a record of the pressure.” 

Figure 233 shows a cyclograph from a 52-inch ‘ Ordinx-y ’ on a 
race track, speed 18 miles per hour ; figure 23~ that frtirn the same 

machine ascending a gradient I in IO, speed 4 miles an hour ; 
and figurc “3.5 is from the same machine back-pedalling down a 

gradient I in I 2. Figure 236 is from a rear-driver geared to 

54 inches up a gradient I in 20 ai a speed of cj miles an hour ; and 
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figure 237 is from the same nmchine going up a gradient of I in 

7 at a speed of IO miles per hour. The figures on the diagrams 

are lbs. pressure on the pedal. ‘I’hese curves and runny others 

arc discussed in the work above referred to. 

Thtzw curves gi\-c no notion as to the varying tn~~,q-~~?ttinZ effort 

on the crank, which is, of course, ol‘ more importance than the 

total prcssurc. ;Ilallard & Eardon’s dynatnonxtric pedal, referred 

FIG. 237. 

to by C. Kourlet, is an instrument ill which the tangential COW- 

ponent of the pcdnl pressure is measured and xcorded. 

2 I 5. Pedalling. ----A vertical push during the down-stroke of 

the pcdnl is the most intense effort that tlx cydisl c’an coni- 

nlunic;lte, and unfortunately it is the only ant’! that many cyclists 

are capal&2. of escrtinfi. From Scott’s q-clpgraph diagrams it 

will be seen that in only one cast is the ,Iledal pressure zero 

during the up-stroke. The first improvcnl:2nt, therefore, that 

should be made in pedalling is to lift the ifoot during the up- 

stroke, though not nctunlly allowing it to get out of contact with 

the pedal. Toe-clips will be of advantage in acquiring this. 

Nest, just before the crank rmches its upper dead-centre a 
horizontal push should bc csertml on the pedal, and before it 

reaches the lower dead-celltre the pedal should be clawed back- 

wards. These motions, if performed satisfactorily, will consider- 

ably extend the arc of driving. 
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Atzkde Actiotz. -To perform thiese motions satisfactorily the 

ankle must be bent inwards when the pedal is near the top, and 

fully extended when near the bottom. Figures 238, 239, and 

qo, from a booklet describing the ‘ %nbeam ’ cycles issued by 

Mr. John Rlarston, show the positions of the ankle when the 

crank i.5 at the top, the middle of the down-stroke, and the 

bottom respectively. The method of acquiring a good ankle 

action is well described in the ‘Sunbeam’ booklet and in 

Macredy’s ‘The Art and Pastime of Cycling.’ Besides increasing 

FIl,, Y22. FIG. ‘-39. h’lri. 240. 

the arc of driving, ankle action has the further advantage of 

diminishin g the extent of the motion of the leg. With a good 

ankle ac:tion the speed curves shown in figures 23, 501, and 

5 I I may be considerably modified ; in fact, the addition of a fifth 

link (between the foot and ankle) to the kinematic chain in 

ligurc 22 makes the motion of the leg indeterminate. 

If the shoe of the rider be fastened to the pedal an upward 

pull may be exerted, and the action of pedalling becomes more 

like that of turning a crank by hand, the arc of action being 

extended to the complete revolution. With prc//ill;r pea?& more 

work is thrown on the: flexor muscles of the legs, to the corrc- 

spending relief of the extensors. 

2 J 6. Manumotive Cycles.-- A few cycles, principally triqclcs, 

have been designed to be driven by the action of the hand and 

arms. 
Singers’ ‘ Yelociman ’ has been for a number of years the 

best example of this type of machine. Figure 241 shows an up- 

to-date esanqG. The effort is applied by the hands to two long 
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levers, which, by sliding joints in place of connecting-rods, drive 

cranks at opposite ends of an axle ; this axle is connected by chain 

gearing to the balance gear on the driving-axle. The steering is 

done by the back pressing against a cushion supported at the end 

of a long steering bar. 

2 I 7. Auxiliary Hand-power Mechanisms.--! number of 
cycles have been made from time to time with gearing operated 

by hand, having the intention of supplementing the effort com- 

municated by the pedals. The idea of the inventors is that the 
greater the number of muscles concerned in the propulsion, the 

greater will be the speed, or a given speed will be obtained with 

less fatigue ; but though this may be true for extraordinary efforts 
of short duration, it is probably quite erroneous for long-con- 

tinued efforts. Whatever set of muscles be employed to do work, 

a man has only one heart and one pair of lungs to perform the 

functions required of them. It is a matter of everyday experience 
that the cyclist can tax his heart and lungs to their utmost, 

using only pedals and cranks ; so that, unless inventors can pro- 
vide a method of stimulating these organs to do more than they 

are at present, capable of, it seems worst than usclcss to compli- 

cate the maciGnc with auxiliary hand-power mechanism. Re- 
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oar&d as a motor, the human body may be compared to a 3 
number of engines deriving steam from one boiler, supplied 

with feted-water by one feed-pump. If one engine is capable 

of using all the steam generated in the boiler, no additional, but 

rather less, useful work will be obtained by setting additional 

engines running. It is a fact well known to engineers that 

a steam-engine works most economically when running under 

its heaviest load. One engine, therefore, will utilise the steam 
wncrnted in the boiler more eficicntly than several. a The lungs 

may lx conqx~~~l to the furnace of the boiler, the blood to the 

feed-water, the heart to the feed-pump which circulates the feed- 

water, the muscles of the legs to an engine capable of utilising all 

the energy supplied by the combustion of the fuel in the furnace, 

the arms to a small engine. If the analogy can be pushed so far, 

less work will be got from the body by using both legs and arms 

simultaneously than by using the legs only ; and this quite inde- 

lwndcntly of the frictional resistance of the additional mechanism. 

‘1’11~ ‘ Ron&sculler ’ and. ‘ Oarsman ’ tricycles w\rcre designed so 

that the rider Inight usercisc the muscles of his legs, back, chest, 
and arms, as in rolving. The speed attained was less than in the 
crank-driven triqclc, thcl mechanism being more complex and 

tlwwforc less tlffic%nt, while from the foregoing discussion it 

SCCIllS probable that the rider, though using more muscles, 
actual ly dcvcloped less indicated pO\Wl-. 
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CHAPTER XXII 

THE FRAME (DESCRIPTIVE) 

2 18. Frames in General.--The frame of a bicycle forms 
practically a beam which carries a load-the weight of the rider- 
and is supported at two points, the wheel centres. In order to 
allow of steering, this beam is divided into two parts connected 
by a hinge joint-the steering-head. The two parts are some- 
times referred to as the ‘front-frame ’ and the ‘ rear-frame ’ ; the 
front-frame of a ‘ Safety ’ including the front- fork, head-tube, and 
the handle-bar. The rear-frame has assumed many forms, 
which will be discussed in some detail. In all bicycles that have 
attained to any degree of success the rear-frame has been the larger 
of the two ; hence sometimes Ivhen ‘ the frame ’ is mentioned 
without any further qualification, the rear-frame is meant. It is 

usually evident from the contest whether ‘the frame ’ means the 
rear-frame or the complete frame. 

2 rg. Frames of Front-drivers.-The ‘ Ordinary ’ has the 
simplest, structurally, of all cycle frames, consisting of a single 
tube, called the backbone, forked at its lower extremity for the 
reception of the hind wheel, and hinged to the top of the 
fork carrying the front wheel. The frame of the Scared 
Ordinary ’ is the same as that of the ‘ Ordinary,’ the dis- 
tance between the seat and the top of the driving-wheel 
being too small to admit of bracing the structure. With the 
further reduction of the size of the driving-wheel, and the greater 
distance obtained between the saddle and top of the driving- 
wheel, it becomes possible to use a braced frame. Figure 242 
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shows a front-driving frame made by the Abingdon Works 

Cotnpany (Limited). Here the weight of the rider is taken up 

by the two straight tubes, 

each of which will be sub- 

ject to bending-moment due 

to half the total weight. 

Figure 132 shows one 

form of frame used by the 

Crypt0 Works Company 
(Limited), in their ‘ Bantam.’ 

The bracing in this is more 

apparent than real, since the 

weight of the rider is trans- 

ferred to the middle of a 

FIG. 242. 
straight tube of very little less 

length than the total distance 

between the wheel centres. This tube must, therefore, be made 

strong enough to resist the bending-moment. 

Figure 243 shows the frame of the ‘Eantamette,’ made by the 

same company, and which can be ridden by a lady with skirts, 
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Here, of course, the backbone is subjected to bending-stresses, 

and a very strong tube must be used for it. Figure 291 shows a 
properly braced front-driving frame designed by the author, which 

is practically equivalent to a triangular truss. The short tube join- 
ing the steering-head to the seat-lug is made stout enough to resist 

the bending due to the saddle-pin attachment, while the seat-struts 
are subjected only to compression, and the lower stays to tension. 

220. Frames of Rear-drivers .-The rear-driving chain-driven 
‘ Safety ’ introduced in 18Xg is kinematically the same as the popu- 

lar machine of the present day. The greatest difference between 
them lies in the design of the frame. So many designs of frame 
have been used that we can only notice a few general types here. 

The original ‘ Humber ’ frame (fig. 128) has a general 

resemblance to the present-day diamond-frame, though from a 

structural point of view, the want of a tube joining the saddle-pillar 

to the crank-axle makes it greatly different as regards strength. 

Figure 244 shows the ‘ Pioneer’ dwarf Safety, made by H. J. 
Pausey, I 8Xg. This is of the cross-frame type, and consists 
practically of two 
members, one join- 

ing the driving- 

wheel spindle to 

the steering-head, 

the other running 

from the saddle to 

the crank-axle. It 

will be noticed that 

the frame is not 

braced or stayed in 

any manner, so that 
the, whole iyeight - .-c-L- --- .~ - 
of the rider is trans- 

ferred to the back- 
FIG. 244. 

bone. When driving, the pull of the chain tends to bring the crank- 

axle and driving-wheel centres nearer together, and there being no 

direct struts to resist this action, the frame is structurally weak. In 
this respect it is much worse than the ‘ Humber ’ frame (fig. I 28). 

Figure I 26 shows the ‘ Rover ’ Safety made by Messrs. Starley 

& Sutton, 1885. The frame is of the open diamond type, the 
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front fork is vertical, and the steering is not direct, but the handle- 

bar is mounted on a secondary spindle connected by short links 

to the front fork. 

Figure 245 shows a Safety made by the Birmingham Small 

Arms and Metal Co., Limited. The principal difference between 

FIG . “45. 

this frame and that of figure 244 consists in the substitution of 

indirect for direct steering. 

Figure I 2 7 shows the ‘ Rover ’ Safety, made by Messrs. Starley 

Frc;. 146. 

cY= Sutton in 1SS6. The frame is of the open diamond type, with 
curved tubes, and direct steering is used. The approximation 
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to the present type of frame is closer than in any of the previous 
examples. 

Figure 246 shows the ‘ Swift ’ Safety, made by the Coventry 

F’Ic;. 247. 

3Iachinists Co., I SS7. This frame is of the open diamond type ; 

the top and bottom tubes from the steering head are curved. 

The first improvement on the elementary cross-frame (fig. 244) 

\vas to insert struts, or a louver fork, between the crank-bracket 

FIG. 248. 

and driving-wheel spindle (fi g. 247), so that the pull of the chain 

could be properly resisted. Another improvement was to connect 

the steering-head and the top of the saddle-post by a light stay 

(fig. 248). In the ‘ Ivel ’ Safety Of 1887 (fig. 249) a Stay ran from 

the steering-head to the crank-bracket, but the chain-struts were 
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omitted. The ‘ Humber ’ Safety of this period (fig. 250) had the 

crank-bracket stay and chain-struts. The ‘ Invincible ’ Safety, 

made by the Surrey Machinists CO. in I SE% (fig. 2 5 I), had, in 

E’IG. 249. 

addition, a stay between the steering-head and top of saddle-post ; 

while a later machine (fig. 252), by the same firm, had stay-rods 

from the driving-wheel spindle to the top of saddle-post. This 

bicycle \vas made forkless, the wheel-spindles being supported 

0Q at one end ; but in this respect the design is not to be 

recommended. 

The frame of the ‘ Sparkbrook’ Safety, 1887 (fig. 253), may be 
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noticed. It is a kind of compromise between the cross-frame and 

the open diamond ; the crank-bracket and driving-wheel spindle 

are directly connected, but the crank-axle is connected to a point 

about the middle of the upper tube of the frame. The bcnding- 

E‘lc;. 252. 

moment, which attains nearly its maximum value at this point, 

is resisted by this single tube, which consequently must be rather 

heavy. 
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The frame of the L Quadrant ’ bicycle (fig. 254) differs essen- 

tially from eit.her the diamond- or cross-frame. In this bicycle 

the main frame is continued forward OH each side of the steering- 

wheel ; the spindle of the steering-wheel is not held in a fork, but 

its ends are mounted on cases which roll on curved guides or 

c quadrants.’ From each case a light coupling-rod gives connec- 

FIG. 254. 

tion to a double lever at the bottom of the steering-pillar. The 
frame in front of this steering-pillar consists practically of two 

tubes with no bracing, while the bracing of the rear portion is 
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very imperfect. This arrangement for controlling the motion of 
the steering-wheel is the same as used in the ‘ Quadrant ’ 
t, icycle. 

The frame of the ’ Rover ’ Safety of 1888 (fig. 255) shows a 

l--It;. 255. 

great advance on any of the earlier frames above described. It 

may be described as a combination of the cross- and diamond- 

FIG. 256. 

frames. The main tube nom the steering-head is joined on about 
the middle of the down-tube from the. saddle to the crank-bracket, 
which thus may be considered to be supported at its ends and 
loaded in the middle, and must therefore be fairly heavy to resist 
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the bending-moment on it. Another weak point in the design is 

the making of the top tube curved instead of straight. 
The ‘ Referee ’ frame (fig. 256) was one of the earliest with 

FIG. 257. 

practically perfect bracing. The crank-bracket being kept as near 
as possible: to the rim of the driving-wheel, the diamond was 
stiffened by a curved down-tube. A short vertical. saddle-tube was 

continued atove the top tube, thus allowing the saddle and pin to 
be turned forward or backward-a good point which has been 
abandoned in later frames. Ball-socket steering was used. 
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Figure 
the frame 

255 

I 257 shows the Safety made by Singer Sr Co., 1888, 

of which differs very little essentially from that of figure 

k’igure 25s shows the ( Singer ’ Safety of 1589, the frame of 
which differs considerably from all types hitherto described. The 

F~ti. 260. 

remarks applied to the design of the frame in figure 255 may also 
be applied to this frame. 

The ‘ Ormonde ’ (fig. 259) and the ’ Mohawk ’ (fig. 260) frames 
may be noticed, the latter havin g the down-tube from saddle to 
crank-bracket in duplicate. 
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Figure 130 shows the ‘ Humber ’ Safety of r88g. This frame N 
gives the first close approximation to the present almost univer- 
sally used ‘ Humber ’ frame. 

In 1890 the ‘ Humber ’ Safety, with extended wheel-base, was 
introduced. In this machine the distance between the crank- 
axle and the driving-wheel was increased, thereby increasing the 
distance between the points of contact of the two wheels with the 
ground. With this increased distance it was possible to join the 
seat-lug to the crank-bracket by a straight down-tube, thereby 
giving the well-known ‘ Humber ’ frame (fig. I 3 I). The stem of 
the saddle-pin goes inside this tube, and a neater appearance is 
obtained thereby. This frame is not a perfectly braced structure, 

the introduction of a 
tube to form one of the 
diagonals of the dia- 
mond being necessary 
to konvert it into a per- 
fectly framed structure. 
This has been done 
in the ‘ Girder ’ Safety 
frame (fig. 296). With 3 
well designed ‘Humber ’ 
frame, however, the pos- 

FIG. 261 
sible bending-moment 

on the tubes, due to the omission of the diagonal, is so 
small that it is practically not worth while to introduce the extra 
tL.b. 

Quite recently a ‘ pyramid ‘-frame (fig. 261) has been introduced 
in America. It remains to be seen whether the excessive rake 
of the steering head, necessary with this design, will allow of the 
easy steering we are accustomed to with the diamond-frame. 

Bn~~zbno 2%anles.---From the discussion of the stresses on the 
frame (chap. xxiii.) it wili be seen that when the frame is properly 
braced, and its members so arranged that the stresses on them 
are along their axes, the maximum tensile or compressive stress 
on the material is small. If a steel tube were made as light as 
possible, with merely sufficient sectional area to resist these 
principal stresses, it would be so thin that it would be 
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unable to resist rough handling, and would speedily become 
indented locally. A lighter material with greater thickness, 
though of less strength, would resist these local forces better. 
The bamboo frame (fig. 362) is an effort in this direction, the 

FIG. 262. 

bamboo tubes being stronger locally than steel tubes of equal 
weight and external diameter. 

AZunukh Frams. --From the extreme lightness of aluminium 
compared with iron or steel, many attempts have been made to 
employ it in cycle construction. The tenacity of the pure metral 
1s , however, very low, and its #ductility still lower: compared with 
steel ; while no alloy containing a large percentage of aluminium, 
and therefore very light, has been found to combine the strength 
and ductility necessary for it to compete favourably with steel. 
Of course, for parts which are not subjected to’severe stresses it 
may ~wAxA~ be used with advantage. 

2 z I. Frames of Ladies’ Safeties.--The design of the frame of 
a J,ndies’ Safety is more difficult than the design of the frame 
for a man’s Safety. In the early Ladies’ Safeties the frame was 
usually of the single tube type, and may be represented by the 
‘ Rover’ Ladies’ Safety (fig. 263). The single tube from the crank- 
bracket to the steering-head is subjected to the entire bending- 
moment, and must therefore be of fairly large section, If the 
lady rider wears skirts, the top tube, as used in a man’s bicycle, 
must be omitted ; and if a second bracing tube be introduced, it 
must be very low down. Figure 264 sholys one of the usual 



288 CHAP, XXII. 

forms of Ladies’ Safety, a tube being taken from the top of the 
steering-head to a point on the down-tube a, few inches above 
the crank-bracket. By this arrangement, of course, the down- 

tube is subjected to a bending stress, while the frame, as a whole, 
is weakest in the ncighhourhood of the crank-asle. Since the 

bending-momcnt on the frame diminishes from the crank-axle 

towards the front wheel centre, it is better to have the two tubes 
from the steering-head diverging (fig. 265) instead of converging 
as they apljroach the crank-axle ; the depth of the frame would 
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then vary proportionally to the depth of the bending-moment 
diagram, and the bending stresses on the members of the frame 

I'll;. 26j. 

would be least. Such an attempt at bracing the frame of a T,adies’ 
Safety, as is illustratccl in figure 266, is useless, since at the point 1’ 
the depth of the frame is zero, and the 
Wily improvcm~nt is that the bending 
at the point 3’ is resisted by two tubes 
instead of one. 

22 3. Tandem Frames. - A great 
variety of frames are in use at present, the 
processes of natural selection not having 

FIG 266. 

gone on for such a long time as is the case with frames for single 
machines. A frame (fig. 267), resembling that of the ordinary 
diamond-frame, with 
the addition of a cen- 
tral parallelogram, has 
been used. It will be 
noticed at once that 
the middle portion is 
not arranged to the 
best advantage for re- 
sisting shearing-force, Frti. 267. 

SO that as regards strength, the middle portion of the frame is simply 
equivalent to two tubes lying side by side and subjected to bending. 
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l~‘ll,. ’ ?:I,,. 

‘l’hc addition of a diagonal to the central pardlelogran~, indi- 
catccl ly the dotted lint (fig. 267), convelits the frame into a 
lmccd structure, and the strength is proportionately increased. 



The 
diqona 
though 

front quadril;~tcral of the frame (fig. 2G7) requires a 
,l to make the frame a perfectly braced structure, and, 
riding along a level road, it is possible, by properl) 

disposing the top and bottom tubes, to insure that there shall be 
no bending on them, it would seem advisable to provide against 
contingencies by inserting this diagonal in t;lndem frames. Such 
is done in the ( Thompson &z James’s’ frame (fig. 140). 

Figure 270 shops a tandem frame, made by Messrs. J. H. 
ljrooks & Co., intended to take a lady on either the front or back 
seat. On the side of the machine on which the chain is placed, 
instead. of a single fork-tube two tubes arc used, one above and 
one below the chain, and both lying in the plane of the chain. 

-/ 

Thus the lower part of the iranw constitutes ,I beam to resist the 
l,unclin~-l~lonlcnt, and the upper portions arc‘ used merely to 
support the saddles. 

Figure 2; I show a tnndcm fkme also intended to take a lady 
on either the front or back scat, designed 11y the author. The 
frame is dropped below the a+ thtb lower part is, in fact, a 
braced structure of exactly the same nature as that in figure 267. 
The crank-bracket is held by CI pair of leers, the lower ends of 
which are hinged on the pin at the lowr point of junction of the 
frame tubes. ‘I’hc upper ends can be clamped in position on the 
tubes which form the chain-struts. The driving-wheel spindle is 
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thus permanently fastened to the frame, and therefore remains 
always in track. A single screw is used to adjust the crank-bracket, 
on releasing the top clamping screws of the supporting levers, 
Although this is a reversion to the hanging crank-bracket, it may 

FIG. 271 

be pointed out that it is connected rigidly to the frame at four 
points, and may therefore be depended upon not to work loose. 

223. Tricycle Frames. -In the early tricycles Y-shaped 

FIG. 173. 

frames for front-driving rear-steerers and loop-frames for front- 
steerers were usually employed, while in side-drivers, such as the 
Coventry Rotary, the frame was T-shaped, the top of the T being 
in a longitudinal direction. The frame of the ‘ Cripper ’ tricycle 
(fig. 150) was also T-shaped, the top of the T forming a bridge 
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suppor?;ing the axle, and the vertical branch of the T running 
forward from the middle of the axle to the steering-head and 
supporting the crank-axle and seat. These frames were almost 
entirely unbraced, and their strength depended only on the 
diameter and thickness of the tubes. 

The diamond-frame for tricycles, on the same general lines as 
the diamond-frame used in bicycles, marks a great improvement 

in this respect, figure 27 2 illustrating the frame of the ‘ Ivcl ’ 
tricycle. Figure I 5 2 illustrates a tricycle with diamond-frame 
rnndc hy the Prcmicr Cycle C’ompany (Limited). It will bc 
noticed that the frnmc is the same as that for a bicycle, with the 
addition of a hridgc: and four brackets supporting the axle. ‘I’llC 

nest irnpro\:cmcnt, 2s rcgnrds t!?e proper bracing of the frame, is 
the spreading of the seat-struts, so that they run towards the ends 
of the bridge, the bending stresses on the axle-bridge being slightly 
reduced by this arrangement. Figure 273 shows a tricycle with 
this arrangement, by Messrs. Singer 6: Co., but with the front part 
dropped, so that it may be ridden by a lady. 

In nearly all modern tricycles the driving-axle has been 
supported by four bearings, two near the chain-wheel, so that the 
pull of the chain can be resisted as directly as possible, and two 
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at the outer ends, as close to the driving-wheels as possible, each 
bearing being held in a bracket from the bridge. The whole 
arrangetrient of driving-axle, bridge, and brackets looks rather 
complex, while the chain-struts are subjected to the same severe 
bending stresses as those of a bicycle (sec. 238). A great 
improvement is Starley’s combined bridge and axle, the bridge 
being a tube concentric with, and outside, the axle. Figure 274 is 

a p!nr, showii~g the arrangement of the combined bridge and axle, 
crank-bracket and chain-struts, as made by the Abingdon Com- 
pany, the lug for the seat-strut being shown at the left-hand side 
of the figure. The driving cog-wheel on the axle is inclosed in an 
enlarged portion of the outer tube, in which two spaces are made 
to allow the chain to pass out and in. The chain adjustment is 
got by lengthening or shortening the chain-struts by means of a 
right- and left-handed screw, the hexagonal tubular nuts being 
clearly shown in. the figure, an arrangement patented by the 
author in 1889. Messrs. Stnrley Brothers have still further im- 
proved the tricycle frame by making the chain gear exactly central, 
SO that the design of the frame is simplified by using only one 
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tube as a chain-strut, while the bending stresses caused by the 
pull of the chain are eliminated. The crank-bracket (fig. I 53) is 
enlarged at the middle to form a bos encircling a chain-wheel, 
two openings being provided for the chain to pass in and out, as 
in the axle-box, while three lugs are made on the outside of the 
box to take the three frame tubes. The narrowest possible tread 
is thus obtained. This, in the author’s opinion, marks the 
highest level attained in the design of frame for a double-rear- 
driving tricycle. 

2 24. Spring-frames. -In the days of solid tyres many attempts 
were made to support the frame of a bicycle or tricycle on springs, 

FIG. 275. 

so that joltings due to the inequalities of the road might not be 
transmitted to the frame. The universal adoption of pneumatic 
tyres has led to the almost total abandonment of spring-frames. 
The springs should be so disposed that the distances between 
saddle, handle-bar, and crank-axle remain unaltered. In Har- 
rington’s vibration check, which was typical of a number of 
appliances that could be fitted to the non-driving wheel of a 
bicycle, the wheel spindle was not fixed direct to the fork ends, 
but to a pair of short arms fastened to the fork ends and con- 
trolled by springs. This allowed the front wheel to move over an 
obstruction without communicating all the vertical motion to the 
frame. 

Figure 2 7 5 shop the ‘ British Star ’ spring-frame Safety, mzcle 



by Messrs. Guest & Barrow, the rear wheel being isolated by 
a powerful spring from the part of the frame carrying the saddle. 

Figure 2 76 shows the ‘ Crcmornc ’ spring-frame Safety, the springs 
king introduced near the spindle of the driving-wheel. In 

Sbuth these spring-frnmc~ thu lower f’ork is jointctl to the frnmc at 
or near that crank-k~ckct. In the ‘ IClland ’ spring-frame, made 
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by Cooper, Kitchen Sr Co., the spring was introduced just below 
the seat lug, and the lower fork was hinged to the crank- 
bracket. 

Figure 27 7 shows the ‘ Whippet ’ spring-frame bicycle, the 
most popular of the type, in which the driving-wheel and 
steering-wheel forks are carried in a rigid frame. The portion 
of the frame carrying saddle, crank-axle, and handle-bar is sus- 
pended from the main frame by a powerful spiral spring and a 
system of jointed bars, the arrangements of which are shown 
clearly in the drawing. 

Figure 278 shows a spring-frtme bicycle now made by Messrs. 
Humbrr S= Co. (Limited), the rear fork being jointed to the frame 

FIG. 278. 

at the crank-bracket, and the front wheel being suspended by a 
pair of anti-vibrators. ‘I’hc rear fork is subjected to a consider- 
able bending moment, and must therefore be made heavy ; in 
this respect the design is inferior to many of the earlier spring- 
frames. 

2 2 5. The Front-frame. -The front-frames of bicycles and 
tricycles show great uniformity in general design, any differences 
between those of different makers being in the details. The front- 
frame consists of the fork sides, which are now usually tubes of 
oval section tapered towards the wheel centre ; the fork crown ; 
the steering-tube ; and the handle-bar. The double-plate fork 
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crown (fig, 279) is now almost universally used. The fork sides 

are brazed to the crown-plates. In the best work it is usual to 

insert a liner at the foot of the steering-tube, shown projecting in 
figure 279, so as to strengthen the part. The fork tubes are again 

FIG. “79. FIG. Ao. 

strengthened by a liner, the top of which also forms a convenient 
finish for the fork crown. 

The top adjustment cone (fig. 280) of the ball-head is slipped 
on near the top of the steering-tube, the latter having been pre- 
viously placed in position through the ball-head. The end of the 
tube is screwed, to provide the necessary adjustment of the cone. 
The end of the tube and the tubular portion of the adjustment 
cone are slit, and the handle-bar having been fixed in the neccs- 
sary position, tho three are clanlpcd together by a split ring and 
tight cning screw. The lamp-bracket is often made a projection 
from this tightening ring, as shown in figure 280. Figure 280 

illustrates the ball-head made by the Cycle Components Manu- 
facturing Company (Limited), and shows the adjustment cone, 
lamp-bracket, and the adjusting nut apart on the steering-tube, 
while figure 2s 1 shows the ball-head complete, with the parts 
assembled in position. 
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The steering-head of the ( Falcon ’ bicycle, made by the 
Yost Manufacturing Company, Toledo, U.S.A., differs from that 
by the Cycle Components Company, in having the adjusting cone 
screwed on the steering-tube. The top bearing cup is butted 

FIG. 281. 

against the frame tube of the steering-head, the top lug embracing, 
and being brazed to, both. 

It is becoming more usual not only to make the handle-pillar 
adjustable in the steering-tube, but also to make the handle-bar 
adjustable in the socket at the head of the handle-pillar. One of 
the best designs for accomplishing this (fig. 282) is that used in 
the ‘ Dayton ’ bicycles, made by the Davis sewing Machine 
Company, Dayton, C.S.A A conical surface is formed on the 
handlt-bar, and fits a corresponding surface on the socket at the 
top of the handle-pillar. A short portion of the handle-bar is 
screwed on the exterior ; the handle-bar is fixed in the required 
position by screwing up a thin nut, and thus wedging the two 
conical surfaces together. 
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The handle-bar is most severely stressed at its junction with 
the handle-pillar. A handle-bar liner (fig. 283), as made by the 

E‘IG. 518;. 

Cycle Components Manufacturing Company, is used to strengthen 
it. 

The front-frame of the usual type of the present day is cssen- 
tially a beam subjected to bending, showing in this respect no 
improvement on, that of the earliest tricycles. In tandems and 

triplets many accidents - have resulted from the 
collapse of the front fratne ; additional strength 
is therefore desirable for this, generally the 
weakest part of these machines. This can be 
attained by making the steering-tube and fork 
sides of sufficient section, and also by entirely 
new designs for the front-frame. 

Ii 

The ‘ Kf@Tee ’ front-frame (fig. 284) is made 
by continuing the fork sides up through the 
crown to the top of, and outside, the steering- 
head. The maximum bending-moment is thus 
resisted by the two fork sides and the steering- 
tube, instead of only by the latter, as in the 
ordinary 1,nttcrn. There should bc no possi- 
bility, therefore, of the steering-tube giving wa~v. 

~)z~~L’LY~~v~ sz&s (fig. 285) continued to the 
top of the stcurin, (r-head are a still further im- 
provenlent in the same direction ; the forward 

FIG. 284. tube acting as a strut, the rear tube as a tie, 
though both are subjected, in some degree, to direct bending. 

A braced front frame has been made in the ‘ Furore ’ tandem. 
In a bicycle designed by the author in 1588, with the object 

of eliminating, as far as possible, all bending stresses on the frame 
tubes, the steering-head was behind the steering-wheel, and 
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consequently the latter could be supported by a trussed fratne. 
The complete frame (fig. 286) had a general resemblance to a 

clueen-posit roof-truss. This design answered all rcquiremcnts as 
regards 1 ightl ICSS and strength ; but as an expert rider experienced 

Y 

E’Ic;. 286. 

almost as much. dif7iculty in learning to ride this machine as a 
novice in learning to ride one of the usual type, it was abandoned. 

In tandems steered by the rear rider, the front-frame could 
be immensely strengthened by taking stay-tubes frotn the ends of 

I 
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the front wheel spindle to a double-armed lever near the bottom 
of the steering-pillar (fig. 287). These stay-tubes would have to 
be bent, as shown in plan (fig. 288), to clear the steering-wheel 

FIG. 287. 

FIG. 288. 

when turning a corner. The front fork would then be made 
straight, as it would act as a strut, while the stress would be 
almost entirely removed from the steering-tube. 



CHAPTER XXIII 

THE FRAME (STRESSES) 

226. Frames of Front-drivers.--+ b c (fig. 290) shows the 
bending-moment curve on the frame of an ‘ Ordinary ’ (fig. 289) 

due to the weight, FK of the rider. The weight of the rider does 
not come on the backbone at one point, but, by the arrange 
ment of the saddle spring, at two 
points, p, and p2. If perpendi- 

FIG. dig. 

culars be drawn from f , and j$ to 
meet this curve at d, and d,, 
J, (, (I, will be the bending-moment 
curve of the spring, and the re- 
mainder (I n, d, c of the original 
bending-moment curve will give 
the bending-moment on the back- 
bone and rear fork. The bending- 
moment on the backbone is 
greatest near the head, and dimi- 
nishes towards the lower end. Ac- 
cordingly, the backbones of ’ Ordi- 
naries ’ were invariably tapered. 

In the ‘Ordinary’ the front fork 
was vertical, and consequently the 
bending-moment on the frame just 

FIG. 290. 

at the steering-head was zero. In the ’ Rational,’ however, the front 
fork was sloped, and a bending-moment, R, l, existed at the steering- 
head, I being the horizontal distance of the steering-head behind 
the front wheel centre. There would consequently be two equal 
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forces, RI and F2, acting at right angles to the head, at the top 
and bottom centres, such that 

~,h=R,Z . . . . . . . . (I) 

where /‘z is the distance between the top and bottom centres. The 
q-eater the distance h, the smaller would be the force E;, and 
Thus a long head might be expected to work more smoothly and 
easily than a short one. 

It is easily seen that the side pressure on the steering-head of 
a ‘ Safety ’ bicycle or ’ Cripper ’ tricycle arises in exactly the same 
way. The arrangement of the frame of a ‘ Safety ’ is such as 
permits of a much longer steering-head than can be used in the 
‘ Ordinary,’ and as the pressure on the front wheel is much less 
than in the ‘ Ordinary,’ the side pressure on the steering-head is 
also very much smaller. 

Es ff Nqve II In a ‘ Geared Ordinary ’ the rake of the front fork 
is 4 inches, the distance hetwcen the toll n.~d bottom rows of balls 
in the head is 3 inches, the weight of the rider is 150 lbs., and the 
saddle is so plnccd that two-thirds of the weight rest on the front 
wheel ; find the side pressure on the l)nll-head. The reaction, R, 
(fig. 2Sg), in this case is 

2 x 150 = IOO lbs., 
3 

the l)cnding-rnom~17t at the head is 

100 x 4 = 400 inch-lbs., 

the force F is therefore 

4oo 
- = 133-3 lbs. 
3 

Esn~f$Ze I%- I n a ’ Safety ’ bicycle the ball steering-head is 
9$ inches 1 ong, the horizontal distance of the middle of the head 
behind the front wheel centre is 9 inches, the rider weighs 150 lbs., 
and one-fourth of his weight rests on the front wheel ; find the 
side pressure on the steering-head. In this case, the reaction 
X, is 

-t x 150 
4 

= 37’5 Ills., 
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the bending-moment on the head is 

37’5 x 9 = 337.5 inch-lbs., 

the side pressure on the steering-head is therefore 

337’5 -- 
+ 

= 35.5 lbs. 

E..~nq?& HL--In Example I., if the point j1 (fig. 289) of 
maximum bending-moment: on the backbone be 6 inches behind 

the front wheel centre, find the necessary section of the backbone. 
The bending-moment at pi will be 

100 x 6= 600 inch-lbs. 

If the maximum tensile stress be taken 15,000 lbs. per scl. in., 
substituting in the formula A?= Zf; we get 

z= 600-_ 
15,000 

= ‘04 inch-units. 

From Table IV., p. I I 2, a tube I$ in. diameter, number 20 W.G. 

would be sufficient. 
The section necessary at any other point of the backbone may 

be found in the same manner, but where the total weight of the 
part, is small, it is usual to make the section at which the straining 
action is greatest sufficiently strong, and if the section be kept 

uniform throughout, all the other parts will have an excess of 
strength. In the backbone of an ’ Ordinary,’ the section should 
not diminish by the tapering so quickly as the bending-moment. 

Exi2mjut’ IK- In a front-driver in which the load and the 
relative position of the wheel centrcs and seat are as shown in 
figure 29 I, the stresses can be easily calculated as follows : 

Taking the moment about the centre of the rear wheel, we get 
A?, x 36 = (120 x 23) + (30 x 36) ; therefore 

-4 = 106*7 lbs., R, = 43.3 lbs. 

The maximum bending-moment (fig. 293) on the frame occurs on 
the section passing through the seat, and is- 

M = 43.3 x 23 = 996 inch-lbs. 
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If the frame simply consists of a backbone formed by a tube 
I$ in. diameter, 18 KG., we find from Table IV., p. I 12- 

j--J=* ilf 
052.5, andjr= == 996 

z ‘05 &j 
= 19,000 lbs. per sq. in. 

Rmczd fia;lne j7r ,!hz.wt-&her.-A simple form of braced 
frame is shown diagrammatically in figure 29 I. The short tube 

FIG. 291. 

FIG. 29;. I:l(,. a):. 

from the steering-head to the scat-lu g is made stout enough to 
resist the bending-moment due to the saddle adjustment, while the 
seat-struts arc subjected to pure compression, and the lower stays 
to pure tension. Figure 272 Show3 the stress-diagram for this 
braced structure ; from which the thrust on the seat-struts, cz (1, is 

116 lbs. If they are made of two tubes i in. diameter, zs \\7.(;., 
from Table IV., p. I 12, A = 2 x .OZQ = ‘057, and the corn- 
pressive stress is 

f 
TT6 

= 
‘057 

= 2,000 lbs. per sq. in. 

The pull on the lower stay, n C, is 75 lbs., and if the stays are 
macle of tubes of the same diameter and thickness as the seat- 
struts, the tcnsilc stress will be correspondingly low. 
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The greatest stress on the top-tube will be due to the saddle 
adjustment. ‘With the horizontal branch of the L pin 3 in. long, 
a total horizontal adjustment of 6 in. can be provided ; the 
maximum bending-moment on the tube will be 

M = 150 x 3 = 450 inch-lbs. 

If the tube be I in. diameter, 20 W.G., Z = ‘0253, and the 
maximum stress on the tube will be 

f 
. . f$f = 450 -_ 

% ‘0253 
= I @oo Ibs. per sq. in. 

2 2 7. Rear-driving Safety Frame.-The bending-moment 
curve for the frame (taken as a whole) of any bicycle is inde- 
pendent of the shape of the frame, and depends on the weight to 
be carried, and the position of the mass-ccntre relative to the 
centres of the wheels. The actual stresses on the individual 
members of the frame, however, depend on the shape of the 
frame. The fi-arnc of a rear-drivin g chain-driven Safety must 
provide supports for the wheel spindle at II/, the crank-axle at C, 
the saddle at S, and the steering-head at H, and Hi (fig. 296). 
Two principal types of frame are to be distinguished. In the 
CYOSS-fiwne the ljoint iY, and H? were very close together, and 
the opposite corners of the quadrilateral W C H S were united by 
tubes. In the cl~(~,irnllci-fi~tr~lr~, adjacent corners of the pentagon, 
r/l Hz C /V S, arc united by tubes. In both the diamond- and 
the cross-frames ~A’l’~~o~n/ ties and struts are inserted, the object 
being to nraki: the frame as rigid as possible, and, of course, to 
reduce its weight to the lowest possible consistent with strength 
The weight of a bar necessary to resist a @en straining action 
depends on the ma,q-ritude of the straining action and its direction 
in relation to the bar. We have already seen that a force applied 
transversely to a bar and causing bending, to be cffcctually re- 
sisted, will require a bar of much greater sectional area than if 
the force be either direct compression or tension, It may thus be 
laid down as a guiding principle in designin ~ cycle frames, that t/ze 
zw-ions lmlllbers shim/d h so disposed, t?mt tl . fflr as joss,'~Ze they 

in-t.- id2 s2djtaW to dh~ect colr@-essioid or zh.s,on, hit wt bedi/g-, 

It follows from this that each member should be attached to 
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other members at only two points. A bar on which forces can 

only be applied at two points-its ends-cannot possibly be sub- 
jected to bending. If a third ‘ support ’ be added, the possibility 

and probability of subjecting the bar to bending arises. The 

early Safety frames and some Tandem frames of the present day 
show many examples of bad design, a long tube often being 
‘ supported ’ at one or more intermediate points, the result being 
to throw a transverse strain on it, and therefore weaken, instead 
of strengthen the structure. 

zzS. The Ideal Braced Safety Frame.-In a Safety rear- 
frame the external forces act on five points ; the weight of the 

rider bemg applied partially at the saddle S, and at the crank- 
axle C, the reaction of the back wheel at 11,; and the pressure on 
the steering-head at H, and EL2 (fig. 296). If the five points 

H,, U,, S, LK and C be joined by bars or tubes 

v 

dividing the space into triangles, the frame will 
be perfectly braced, and there will be only direct 
tensile or compressive stresses on the bars. 

F~ti. 295. 
Figure 296 shows the arrangement used in the 
‘ Cirdcr ’ Safety franicY while 5gure 294 shows a 

number of possible arrangements of perfectly braced rear-frames. 
Figure 295 shows another perfectly braced rear-framr, in which 
the lower back fork between the cr:;nk-asle and driving wheel 
spindle is ornittod. Comparing this wit1 figure 320, it will be Seen 

that a very narrow tread may be obtain :d with this frame, a saving 
of at least the diameter of one lower fork tube being effected. 

i!%nqzUe.-~--The rider weighs I 50 lbs., 30 lbs. of which is 
applied at the crank-axle, the rcmaindcr, 120 lbs., at the saddle S. 
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From the given dimensions of the machine (fig. zg6), the re- 
action, R, and R,, on the front and back wheels can be calculated. 
Considering the complete frame, and with the dimensions 
marked, taking moments about the centre of the front wheel, we 
have 

(30 x 23) + (120 x 33) = R, x 42 N 

from which 

R, = I 10-7 lbs. 
and 

R, = 150 - I 10.7 = 39’3 lbs. 

, Consider now the front-frame consisting of the fork and steering- 
tube ; it is acted on by three forces, the reaction, R,, upwards, and 

I 
i Ih 

FIG. 296. 

. 
FIG. 299. 

-- 

FIG. 297. 

the reactions between it and the rear-frame, at H, and Hz. 
These three forces must therefore (see sec. 45) pass through the 
same Iloint. With the ordinary arrangement of ball-head the 
vertical pressure of’ the front portion of the frame acts on the rear 



DetaiZ.5 CHAP. XXIII. 

portion at HI, nnd the resultant force at H2 may be assumed 
at right-angles to the steering-head, H, .H2. ‘I’hcrefore, from fi) 
draw Hz 15, intersecting the vertical through the front wheel cent& 
at /r ; join H1 h, giving the direction of the force at H,. 

The stress-diagram (fig. 297) can now be constructed by the 
method of section 83. From this diagram it is easily seen that 
the lower 11xk fork is in tension, and also the tube from the 
Ion-cr end of the steering-head ; the other members of the frame 
are in coinprcssion. By measurement from figure 297 the thrust 
K r along the seat-struts is I I 7 lbs. ; that along the down-tube, b 6, 
about T’) 11,s. ; along the top-tube, lr /, about 41 lbs. ; along the 
steering-head, n 111, I z lbs. ; along the diagonal, n 6, from the top 
of the steering-bend to the crank-bracket, 7 Ibs. ; and the tension 
on the lower back fork, G O, is $3 lbs. ; on tLe bottom-tube, n II, 
6,~ lbs. These flues will, of course, vary slightly according to 
the dimensions of the frame. 

‘Taking a working stress of 10,000 11,s. per square inch, the 
sectional arca of the two tubes constituting the seat-struts w&ld 
only rcquirc to be l 1; = 1 0 0 0 0 -01 I 7 sq. in., provided the diameter 
was grcnt enough to resist buckling. The section of the other 
tubes would be correspondingly small. We shall see later, how- 
ever, that many of the frame tubes are subjected to bending, and 
that the maximum stresses due to such bending are much greater 
than those considered above. 

229. Number Diamond-frame.-The force on the tube 
between the spaces n and (, (fig. 296) is very small, and by carefrll 
design n-q IE IKK~L’ zero (WC SW:. 230). In the ‘Humber’diarnonci- 
frnnlc this tube is suppressed, and thus if the frame tubes were 

connected lq I)in-joints at C, S, IT, and IT?, the frame would be 
no longer able to retain its form when subjected to the applied 
forces. ‘I’hnt the frame actually retains its shape is due to the 
fact that the frnme joints are rigid, and that the individual 
members arc capable of resistance to txnding. If all the frame 
joints arc rigid, the stress i;l J ny mcnlher v;in not be determined 
by staticA Incthods, hut the elasticity and deformation of the 
parts nndcr stress must be c:cxsidered. However, by making 
certain nssumI)tionS, results wI+AB imy be approximately true can ’ 

bc obtained ‘1,~ statical mt’thods: 



Exa??z@? I.- Suppose the tubes C AT1 and H, H, to be 
fastened together at IS,, so as to form one rigid structure, which 
we may consider connected by pin-joints to the frame at C and 
W,, the other joints of the frame being pin-joints. The distance 
of a, from the axis of the suppressed member, H2 C, is 6 in, 
The bending-moment at H, on the part C Hi Hz is therefore 
7 lbs. x 6 in. =1 42 inch-lbs. ; the bending-moment diminishes 
towards zero at C and H If the tube 33, C be I in. diameter, 
and a working stress of 10,000 lbs. per sq. in. be allowed, sub- 
stituting in formula !3), section Ior, we get 

10,000 =I”; +..3&“,’ 

or, A=* 0232 sy. in. 

Consultin 2; Table IV., p. r 12, we see that the thinnest 
there given, No. 32 WC;., has an excess of strength. If the 
tube AL2 C had been retained, the sectional area of the tube 
k?, C need only have been 

/q -_. = 64 
I 0,000 

= l 0064 SC+ in. 

Exzq~‘e /L--Suppose the tubes HI Z;r, and ri, S rigidly 
fastened at Ei,, and connected at f1, and S by a pin-joint to the 
rest of the frame. The part H, Hz S may then be considered as 
a beam carrying a load of 7 lbs. at H2. The perpendicular dis- 
tances of H, and 5’ from the line of action of this force are 6 in. 
and IS in. respectively. The bending-moment at Ir, is therefore 
(see sec. S7) 

7 x 6 x IS 

24 
= 31.5 inch&. 

The compressions along H, HL’ and AL? S will be increased by 
the components of the original force, 7 lbs., along the suppressed 
bar at & C. Similarly, the forces along C H, and C S will be 
altered. The thickness of tube required can be worked out as in 
Example I. above. 

230. Diamond-frame, with no Bending on the Frame Tubes. 
-Consider the complete frame divided by a plant, P.P (fig. 296) 
immediately behind the steering-head, fiI &. If the frame 
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tubes Hz S and H, C’ are not subjected to bending, the forces 
exerted by the front part of the frame on the rear part must be 
in the direction of the tubes. The forces acting at P, and Pz on 
the front portion of the frame are equal in magnitude but re- 
versed in direction, The only other external force acting on the 
front portion of the frame is the reaction, R,, of the wheel on the 
spindle ; these three forces are in equilibrium, and therefore 
must all pass through the same point. The condition then that 
the tubes in a diamond-frame should be subjected to no bending 
is that t/z& ~AXS (7f the z%j- n& botto~r-trrbcs shou/d, if ~rodzcced, 
intersect n f n j+min t vertic$y over the front wheel ckwtre. This is 
very nearly the case in figure 296 ; if it was exactly, the force b n 
along Hz C would be zero. 

2 3 I. Open Diamond-frame. -The open diamond-frame (figs. 
127, “46), t bough in csternal appearance very like the ‘ Humber ’ 
frame, is subjected to totally different straining actions. In the 
first place, if the joints at C, H,, A&, S and W be pin-joints, 
under the action of the forces the frame would at once collapse. 
Practically, the top-tube, H1 S, and the seat-struts, S W, form one 
rigid beam, which must be strong enough to resist the bending- 
moment due to the load at S. Taking the same dimensions as in 
figure 296, the distances of Hj and W from the line of action of 
the load at S are 2 T in. and g in. respectively, and the weight of 
the rider I 50 lbs., the bending-moment at S will be 

150 x 21 x g .- -~- 
30 

= 945 inch-L. 

Taking .f = 20,000 lhs. per sq. in., and substituting in the for- 
mula AX = ZA 

2 = _ 935.. = -0372 in? 
20,000 

From Table IV., p. I I 2, a tube I: in. diam., 14 W.G., would be 
required ; or a tube IA diam., I 7 W.G. 

When the rider is going easily his whole weight rests on the 
saddle, and must be supported by the beam U, S T/t/. On the 
other hand, when working hard, as in riding up a steep hill, his 
whole weight may be applied to the pedals, and, therefore, will 
come on the frame at C. The bottom-tube, H, C, and the lower 



back fork, C W, must be rigidly jointed together at C, and form 
a beam sufYiciently strong to resist this bending-moment. Taking 
the same dimensions as in figure 296, the bending-moment at C is 

150 x 15 x 19 

34 
= 1,257 inch-lbs. 

z 2 IGw 
f 

= = l 0628 in. 
20,000 

and a I in. tube, I I W.G., or a I & in. tube, 14 W.G., would be 
required. A comparison of these results with those of sections 
228-9 will reveal the weakness of the open diamond-frame, 

232. Cross-frame.--In the cross-frame (fig. 304, the forked 
backbone G runs straight from the steering-head to the back 

I h?ohxs 
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wheel spindle. The crank-bracket an&seat-lug are connected by 
the down-tube b. The earlier cross-frames consisted only of 
these two members ; but in the later ones, bottom stays e, from 
the crank-bracket to the back wheel spindle, and stays c and d, 
from the steering-head to the crank-bracket and seat-lug respec- 
tively, were add.ed. With this arrangement, the down-tube b is 
subjected to thrust, the stays c, Lz, and e to tension, and the 

backbone LZ to thrust, combined with bending, due to the forces 
acting on the steering-head. 

The stress-diagram can be drawn as follows : The loads W’, 
nud W2 at the seat-lug and crank-axle respectively being given, 
the reactions .R, and X, at the wheel centres can be calculated, as 
in section Sr). At the back wheel spindle three forces act. The 
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magnitude and direction of R2 are known, the pull of the lower 
fork e is in the direction of its axis, and is, therefore, known, but 
the thrust on the backbone (1: is not along its axis ; its direction is 
not known, and we cannot, therefore, begin the stress-diagram 
with the forces acting at this point. If the initial tension on the 
stays c and d be assumed such that there is no straining action at 
the junction of the down-tube b and the backbone a, the former 
will be subjected to a thrust along its axis, and, therefore: the direc- 
tions of the three forces acting at the seat-lug are known. Draw 
IV! (fig. ~oI), equal and parallel to the weight acting at the seat-lug, 

and complete the force-triangle LV, (, 6, the sides being parallel to the 
correspondingly lettered members of the frame (fig. 300). Proceed- 
ing to the crank-bracket, the forces acting are the weight I?&, the 
thrust of the down-tube 6, and the pulls of the stays d and e, the 
directions of which are known ; the force-polygon b W2 e rt can 
therefore be drawn. Proceeding now to the back wheel spindle, 
the pull of the stay e and the upward reaction R, are known. 
Setting off K, (fig. 301) from the extremity of the side e, and 
joining the other extremities of e and R,, the direction and 
magnitude a1 of the thrust on the backbone are obtained. This 
thrust does not act along the axis of the backbone, which is, 
therefore, in addition to a thrust along its axis, subjected to a 
bending-moment varying from zero at the back wheel spindle to a 
maximum PZ at the steering centre, 1’ being the thrust measured 
from figure 301, and Z the distance of a perpendicular on the 
line of action of the thrust from the centre of the backbone at the 
steering-head. 

The forces acting on the backbone n are ; the pull of the lower 
stay e and the reaction R,, having the resultant n1 ; the pulls 
c and d, with resultant f acting, of course, through the point of 
intersection of G and u’ ; the pressures 3, and R2 on the steering 
centres. Since R,, PI and zR2 revcrscd are the only forces acting 
on the front-frame, the resultant of F, and -F, must be R,. Thus 
the forces acting on the backbone n are equivalent to the three 
forces R,, ui and d which must, therefore, all pass through the 
point 0. A check on the accuracy of the stress-diagram is thus 
obtained. 

The point 0 being determined, by joining it to the top and 
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bottom steering centres the directions of E; and F, are ob- 
tained, and their magnitudes by drawing the force-triangle 
R, IT;; R2 (fig. 301). 

233. Frame of Ladies’ Safety.-Figure 302 is the frame- 
diagram of a Ladies’ Safety. Having given the loads at the seat-lug 
and crank-axle, the reaction of the wheels can be calculated, as 
in section 89. The stresses on the seat-struts n and the back fork 
e may be found in exactly the same’ manner as for the diamond 
frame ; viz. by drawing the force-triangle R, n e (fig. 303). The 
best arrangement of the two tubes c and CC from the steering-head 

FIG. 302. 

will be when their axes intersect at a point o vertically over the 
front wheel centre. Assuming that the forces on these two 
tubes are parallel to their axes, they are determined by drawing 
the force-triangle R: u’c for the three forces (fig. 303) acting on 
the front-frame of the machine. The down-tube b is acted on by 
three forces-(r) The thrust of the tube c ; (2) the resultant f of 
the thrust n and load WI acting at the seat-lug ; (3) the re- 
sultant <q of the pulls d and e and the load W,, acting at the 
crank-axle. These three forces form the force-triangle c f g 
(fig. 303). ,4 check on the accuracy of the work is obtained by 
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the fact that the forces/ and g (fig. 302) must intersect at a point 
p on the axis of the tube c. 

From figure 303, the thrust of c on the down-tube b is 145 lbs., 
while its component cl at right angles to b is 142 lbs. The down- 
tube L is 22 in. long, divided by c into two segments, 7 and 
15 in. The greatest bending-moment on it is therefore 

142 X 7 X 15 -- = 
22 

667 inch-lbs. 

The lower part of the down-tube is subjected to a thrust g” (the 
component of the force g parallel to the down-tube) of 62 lbs. 

234. Curved Tubes..----About the years &go-2 a great number 
of Safety frames were made with the individual tubes curved in 
various ways. The curving of the tubes was made on aesthetic 
grounds, nnd possibly the tremendous increase in the maximum 
stress due to this curving was not appreciated. The maximum 
stress on a curved tube subjected to compression or tension at 
its ends is discussed in section IOI. 

~‘lrIl/~/e.---.-.I,et a tube be bent so that its middle point is a 
distance cclual to four diameters from the straight line joining its 
ends ; the mnsimum stress is, by (4) section IOI, 

P 

A + 

4xPx4d I7 p Ad-. -- = A 

The tube would, therefore, have to be seventeen times the sec- 
tional area of a straight tube subjected to the same thrust. 

235. Influence of Saddle Adjustment.-So far we have con- 
sidered the mass-centre of the rider to be vertically over the 
point S (fig. 296) ; this is approximately the case when the saddle 
is fixed dkct, as in some racing machines, to the top of the 
back fork without the intervention of an adjustable saddle-pin. 
But when an adjustable saddle-pin is used, the weight on the 
saddle acts at a distance Z, usually from 3 to 6 inches behind 
the point S. The weight Wacting at this distance is equivalent 
to an equal weight acting at A’, together with a couple TV/, 
producing a bending-moment IV1 I at 5’. From the manner in 
which the adjustable pillar is usually fixed at S, this bending- 
moment is generally transmitted to the clown-tube S C, which 
must therefore be stout enough to resist it. Since, however, the 
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joint at S is rigid, a small part of this bending-moment may 
be transmitted to the tube SI&. 

ExanqVe.-Taking Z = 5 in., and TV = 120 lbs., as in 
figure 296, M = I 20 x 5 = 600 inch-lbs. Taking the direct 
thrust along S C Ig lbs., as in section 228, and a working stress 
20,000 lbs. per sq.. in., the diameter of the tube I in., and sub- 
stituting in (3) section 101, 

20,000 = 
4 x 600 L$ + -.-~--, 

we find A = -1210 sq. in. From l‘abie IV., p. I 13, the tube 
would require to be I 8 W.G. 

If the saddle were placed vertically over S, and no bending 

came on the tube S C, its sectional area would be ‘9 2. OQO 
f 

= l ooogg sq. in. : one-hundredth part of the section necessary 
with the saddle placed sideways from 5’. 

This example is typical of the enormous additions which must 
be made to the weights of the tubes of a frame when the forces 
do not act exactly along the axes of the tubes. 

By the use of the T-shaped seat-pillar (fig. 304) the range of 
horizontal adjustment can be increased without increasing unduly 

FIti. joq.. k-IL 305. 

the stresses due to bending ; or, for a given range of horizontal 

c adjustment, the bending stresses are lower with the T-shaped 
than with the L-shaped seat-pillar. The adjustment got by 
an L pin with horizontal and vertical limbs is much better 
(figs. 256, 260), since by turning the L pin round, the saddle 
may be adjusted either before or behind the seat-lug S. Thus, 
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for a horizontal adjustment of 6 inches, the maximum eccentricity 
[ need not be greater than 3 inches. By combining such an 
L pin with the ‘ Humber ’ frame it would be possible to further 

reduce the stresses on the frame. Figure 305 shows a seat-lug 
for this purpose, designed by the author. 

For racing machines of the very lightest type possible the 
best result is obtained by fastening the saddle direct at S ; this, 
of course, does not allow of any adjustment, and a machine that 
might suit one ri.der admirably might not be suitable for others. 

236. Influence ofChain Adjustment.-In chain-driven Safeties 
it is found that chains stretch, no matter how carefully made, 

’ \ after being some time in use, and 
\ \\ ‘1, 
‘\ ’ I thcrcfore some provision must be 

made for taking up the slack. This 
is usually done by making the dis- 
tance between the centres of the 
crank-axle and the driving-wheel ad- 
j ustable. Figure 306 shows a common 

x. faulty design for the stamping at the 

FIG. 306 
driving-wheel spindle, The force 
R, (fig. 306) is equivalent to an equal 

force acting at 7V plus a bending-moment I?, I, which is trans- 
mitted to the upper and lower forks. 

AEYn Nlydc’. --If the distance Z (fig. 306) t,e i inch, and R, 
be, as in the example of section 228, I I I lbs., the bending- 
moment transmitted to the forks is 55.5 inch-lbs. The direct 
compression along the seat-struts S II’ is 31 lbs. (fig. 2g7), that 
along the lower fork 7V C is 58 lbs. Taking ro,ooo lbs. per 
sq. in. as the working stress of the material, a section of -0041 
sq. in. for the top fork, and l 005S sq. in. for the bottom fork 
would be sufficient, if they were not subjected to bending. 
Suppose the bending to be taken up entirely by the lower fork, 
made of two tubes 4 in. diameter, and of total area A ; then, 
when subjected to bending as well as to direct compression or 

subjected is 
ing the above 

tension, the maximum stress to which they are 
given by the formula (3) of section IOI. Substitut 
numerical values of f; P> M, and d, we have 

5% 10,000 = - 4 x 55’5 -_-. 
A + A ⌧ l 75’ 
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orA=* 035 sq, in. Thus the maximum stress, when the force 
R, is applied + in. from the point of intersection of the forks, is 
nearly seven times as great as when it is applied in the best 
possible position. 

Swinging Back Fork. -The centre of the driving-wheel may 
be always at the intersection of the top and bottom forks if the 
top fork be attached to the frame at S by a bolt-the bolt used 
for tightening the saddle-pin may serve for this purpose-and 
its lower ends be provided with eye-holes for the reception of 
the spindle of the driving-wheel. This arrangement, now almost 
universal, was first designed by the author in 1889. The lower 
fork may then be provided with a plain straight slot (fig. 307), 
along which the wheel spindle can be pulled by an adjusting 
screw. During a small adjustment of this nature the angle 

‘\ 
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FIG. 307 FIG. 308. FIG. jog. 

S C W (fig. 296) will vary slightly, so that theoretically the lower 
forks should be attached by a pin-joint at C ; but practically the 
elasticity of the tubes is sufficiently great to allow of the use of 
a rigid joint. In the form of this adjustment used by Messrs. 
Humber &L Co. the slot is not in the direction of the axis of the 
lower fork, but curved (fig. 308) to a circular arc struck from S 
as centre. In this way there is no tendency to alter the angle 
S C W (fig. 296) ; but the fact that the centre of the wheel 
spindle does not always lie on the axis of the lower fork C W 
throws a combined tension and bending on it, the bending- 
moment being equal to IV’, where P is the direct force on the 
lower fork parallel to its axis, and I is the distance of the centre 
of the wheel from the axis of the lower fork. 

d 
I?xampk.-Let / = ;-, that is, the centre of the wheel is just 

on a line with the top of the tube of the lower fork. 
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Substituting in (3), section 101, 

CHAP, XXIII. 

f 
P 
A+ 

4(Jd 3p =- 
z/Id’= A. 

If the centre of the wheel lay on the axis of the tube the stress 
P 

would be uniformly distributed and equal to 2. Thus the stress 

on the lower fork is increased by the eccentricity of the force 
acting on it to three times its value with no eccentricity. 

A better arrangement for the slot would be that shown in 
figure 309, where the spindle is adjusted equally above and 
below the centre line of the lower fork tubes. 

237. Influence of Pedal Pressure.-In the foregoing dis- 
cussion we have considered the forces to be applied in the 

middle plane of the bicycle frame ; but 
the rider applies pressure on the pedals 
at a considerable distance from the 
middle plane, and thus additional 
transverse straining actions are intro- 
duced. We now proceed to investigate 
the corresponding stresses. 

Figure 310 is a transverse sectional 
elevation, showing the pedals, cranks, 
crank-bracket, saddle, and down-tube, 
to the foot of which the crank-bracket 
is fixed. A force, P, applied to the 
pedal will cause a bending of the crank- 
bracket, which will be transmitted to 
the down-tube. From the arrange- 
ment of the lower fork in relation to 
the crank-bracket it is seen that prac- 
tically none of this bending-moment 

-j 
can be transmitted to the lower fork. 

1 A small portion of the bending-moment 
may be transmitted to the bottom-tube 

H, C (fig. z#), but the greater part will be transmitted to the 
down-tube. 

The magnitude of the bending-moment is Pd, n being the 
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length of the perpendicular from the centre of the crank-bracket 
on to the line of action of the force P. The narrower the tread 
the smaller will be d, and therefore the smaller the transverse 
stresses on the frame. Hence the importance of obtaining a 
narrow tread. 

Ecanrp?e I. --T,et P be 150 lbs., the tread, i.e. the distance from 
centre to centre of the pedals measured parallel to the crank-axle, 
I I inches. The distance d may be taken equal to half the tread, 
2:e. 5s inches. The bending-moment on the faot of the down- 
tube will be 150 x 54 = 825 inch-lbs. Let the down-tube 
be pi in. diameter, 20 W.G. From Table IV., p. I 13, the Z 
for the section is '0325 in.3 ; substituting these values in the 
formula diM= Zf, we get 

825 = ‘O325f; 

;.e.f= 25,400 lbs. per sq. in. 
Compared with the result on page 310, got by considering the 

forces applied in the middle plane of the frame, it is seen that on 
the down-tube the stress due to transvcrsc bending is the most 
important. 

In the double diamond-frame the single down-tube of 
figure 310 is replaced by the two tubes which support the crank- 
bracket near its ends (fig. 31 I). This gives a 
much better construction to resist the trans- 
verse stresses, but unfortunately it is not so 
neat in appearance as the single tube, and P 
its use has been practically abandoned of 
recent years. The maxi mum stress produced 
in this case can be easily calculated and may ,’ 
be illustrated by an example. L-, ---- . 

i?ihnf~zpZe I..- Let the tubes be 3 in. diame- ‘u 

ter, 20 WG., with their ends 3 in. apart. Under 
b G 

the action of the force P the nearer tube will 
FIG. ;II. 

be subjected to tension, the further one to compression. Taking 
moments about cz (fig. 311), the point of attachment of the 
further tube to the crank-bracket, we get 

7 P- 3 F, i.e. F= 7 II = 350 lbs. 
3 



ional area of the tube, from Table IV., p. I 13, is 
‘0307 sq. in., therefore the stress on the tube is 

f 
- 350 - .- .-.- = 4,336 lbs. per sq. in. 

‘OS07 

238. Influence of Pull of Chain OB Chain-strut:.--In riding 
rnsily nlon g n level road, when very little effort is being exerted, 
the tension on the chain is small, nml the stresses on the lower back 
fork, or chain-struts, will be as discussed in section 228. But when 
considcmble effort is being exerted on the pedal, the tension on 
the chain is coasidernblc, and since the chain does not lie in the 
middle plnnc of the frame, additional straining actions are intro- 
duced. 

The tension F on the chain (fig. ,312) can bc easily found by 
considering the single rigid bocly formed by the pedal-pins, cranks, 

crauk-ask, 31~1 chain-wheel. 
This rigid body is free to turn 
about the gcomctric asis of 
the crank-bmckct, and it is 

by thrw forces : 
-Z 

jfp m:tccl on 
s-- I’ the pressure on the pedal- 

0 pin, the l~ull F of the chain, 
and the reaction of the balls 

.-.~tl---- 011 the crm1<-nslc. 
I’lfi. 212. 

Taking 
inomcnts nl)out the gconictric- 

axis of the axle, that of the lnttcr fm-cc vanishes, and WC get 
Ir’d = Fr ; I king the length of crnnk, and r the radius of the 
slxockct- ~+ccl. 

Flgurc ;r,? is 2 plan sho~in g the cmnk-lmckct and the lower 
1 x&fork. Consider the hori~~oiit~l coniponcnts of the forces 
acting on the crnnk-lmclxt. If 111~ prcssurc on the pedals bc 
vertical time will be no horizontal component clue to it, and WC 
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are left with the force F,, the horizontal component of the pull on 
the chain. This is equilibrated by the horizontal components 

Ll 
FIG. 31;. 

of the reactions at the bearings, therefore the crank-bracket 1 
acted on by the forces at the bearings and the forces I*; and F3 
cxcrtcd by the ends of the lower back a 
fork. 

fT.wqVe II.-- Let the chain-line be 2 i in. b 

(i.e. the distance from the centre of the 
chain to the centrc of the fork is 2:. in.), 
let the fork ends at the crank-bracket be C 
3 in. apart ; then the forces to be con- 
sidcrcd ,are shown in figure 314. 

To find the pull A, take moments about (,. 

-yy-+e 

--&--6 
1’ m I 

To find the compression IC2 on the near tube, take moments 
about C, and v-\-e get 3: E’= Q$, 

(Iomparing with the results of section 228, the compression on 
the near tube of the fork is much greater than the tension due to 
the weight of the riclcr nppliedccntrnlly. 
must be,dcsigncd to resist compression. 

The near tube, therefore, 

J&‘/2 ding of Chni~z-sirzLts.-' ’ 1 he sides of the lower back 



fork, the crank-bracket, and the back wheel spindle together 
fornl an open quadrilateral without bracing (fig. 3 IS), n b and 
rt G being the fork sides, b c the crank-bracket, and a d the 

a/ 
wheel spindle. If 

f 
e/ this structure be 

6 acted on by forces 
there will be in 

C d/ general a tendency 
to distorGon. The 
tension of the chain, 
ef; is such that the 

points e andf on the spindle and crank-bracket respectively, in 
the plane of the chain, tend to approach each other, and the 
structure is distorted into the position (~1 b c & The action 
can 1.1~ easily imngined by supposing the structure jointed at 
the: corners n, l’, r, and rE. In the actual structure this distortion 
is only resisted 1,~ the stiffness of the joints, and tile Ilending- 
monwnl; can l>e invcstipted thus : Consider the ctluilil~riun~ of 
the wlwcl spincllc I[ d (fig. j 16). It is acted on by the prcssurc 

a on the two bearings 

f -- resultant of 
b which is the pull of 
c the chain ef), and 

the forces csertcd by 
the fork sides at the 

1:1t;. 316. points n and d rc- 
spec t iv+. The spindle is acted on by three forces, which, being 
in equilitxium, must all pnss through the same poii:t 1, lying 
somewhere on the line efproduced indefinitely in both directions. 
Thus, the force acting on the fork side (I (, is in the direction n I. 
If 1~; bc the magnitude of this force, and l2 the pcrpendiculnr 
from (I on (z X, there will be a ‘t)cndinS-moment J& = Ji /?. With 
a similar notation for the fork side L- li, there will be a bending- 
m0111e11t fMy = & /:1 at the point c of the fork side. If 1 coin- 
cided with the point of intersection of a b and cY, M.. would bc 
zero, but M, would lx very great. 

E.rnnt@ II&--We might assume such a position for I that M2 
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and MJ would he approximately equal. In this position, taking 

the data of the above examples, Z2 would be about $ in., and 

iI& = I?, Z2 = 410 x 2 = 15-1 inch-lbs. 

If the lowr fork be of round tube $ in. diameter, 20 W.G., 
WC find, from Table IV., p I 13, 2 e= ‘0137 in.:’ Substituting in 
the formula M = Zj we get 

f 
- 154 - 

‘0137 
= I r,200 11,s. per sq. in. 

The scctioi~~l wt3 of the tube, from TnMe TV., p. f 13, is 

noSo sq. in. ; thercforc the stress due to the compression of 
410 lbs. is 

f 
= 410 = 5,080 11,s. per sq. in. 

-0807 

Thus, the nwhuni comprcssivc stress on the fork nt h is 

f = 11,200 + ‘5,080 = 16,280 11)s. l)cr sq. in. 

skfir)/Z oj Clr(zi,l-sfl’2lfS.- ‘l’hc tubas from which thy! Chii-i- 

struts are n~~~lc arc usually of round section. Occasionally 
tubes of oml swtion arc used, the lnrgcr climnctcr of the 
tube being placed vcrticnlly. Since the plant of bending of the 
fork tubs is horizontal, if the fullest advantage lw desired 
the oval tulxs should be placed with the larger diameter hori- 
zontal. But the horizontal diannetcr is limited 1)y t!w necessity of 
getting a nm-ow trcncl. For a givcii sectional arca (or 
acight) of tulw, and horizontal dinmctcr, tllc lwnding 
rcsistancc will bc greater, tlw grcntcr the wrtical din- 
mctcr and the less the thickness of the tube ; since a 
lnrgf2r pqortion of the niatcrial will be at the grc:tcst 
distance front the: neutral axis. 

D tulws ha~c also been used with the flat sick 
F-11; * 3x7. 

vcrticnl. The discussiolj in section gS has shown a difference 
of about one per cwt. in favour of the D tube consisting of a 
scniicirclc and its dianicter. Square or rectangular tubes have 
not been used to any great estent for the chain-struts, but the 
discussion in section go show that for cclual sectional area 
and dimmter they nrc nw.+ stronger than thv round tube. If the 
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bicycle (fig. 2 yg), the chain will run bctu.ccn 
the two lower fork sides (fig. 3 I 54, and there 

will bc no 1,cnding strcsscs on the fork tubes due to the ~~11 of the 
‘The objection to this arrangenwnt is that the tread must chain. 

&.f 
-. 

bc increased con- 
sirlcralAy in order 
to have a bearing 
outside thcf co;<- 
wheel on the crank- 
asle. 

’ ALlfi”~e: ’ fkevr 
bending on the fork 

horizontal diameter fi be constant, and the vertical unlimited, a. 
rectangular tube wilh great vertical diameter will he stronger, 
weight for weight, than a square tube ; Z approaching the value 

Ah 
9 

2 
corresponding to the whole sectional area being concen- 

trated at the two sides parallcl to the neutral axis, the other 
two sides being indefinitely thin. 

A still nlore ccon~mical section for the lower fork tubes \vould 
be a hollow rectangle, the wxtical sides being longer and thicker 
than the horimntal. This might be attained by drawing a thill 

rectangular tube of uniform thickness, and 
brazing two flat strips on its wider faces 

uk 317). 
Figure 3 18 shows the sections of round, 

D, and square tubes of equal perinwtcr. 
Losew- For/: ~eCfjz l3Gz’g-e h’mr,4ef.-- If the 

cog-wheel on the crank-axle be placed bc- 
twcen the two bearings, as in the ‘ Ormondc ’ 

.Z+&---In the ‘ Iiefcrec ’ bicycle the 

sides is elilninntcd by an ingenious arrangment shown in figure 
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320. The fork tubes are parallel to the plane of the chain, and 
instead of running forward to the crank-bracket, they end at an 
intermediate bridge piece connected to the crank-bracket by two 
parallel tubes lyin g closer together than the fork sides. If the 
end lugs to which the ends of the driving-wheel spindle are 
fastened were central with the tubes, the bending stresses might 
be entirely confined to the bridge piece. 

239. Tandem Bicycle Frames .--The design of tandem frames 
is much mow dificult than that of single bicycle frames, since 

1’1t:. 221. 

the weight to be cm-ied is double, and the span of the prc- 
sent popular type of tandem from centrc to centre of wheels is 
also greater thnn that of the single machine. The maximum 
bending-moment on a tandem frame is therefore much greater 
than that on the franw of a single bicycle. If, however, one 
of the riders overhangs the wheel centre, the maximum bcnding- 
moment on the frmc may actually be less than on that of the 
single machine. 
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In the ( Rucker ’ tandem bicycle (fig. 135) each rider was 
nearly vertically over the centre of his driving-wheel, and the 
maximum bending-moment on the backbone was not very great. 

ExnmqG.---With 120 lbs. appiied at the rear saddle, with an 
overhang of IO in., the maximum bending-moment was 

M = 120 x IO = 1,200 inch-lbs. 

If the maximum stress on the backbone had not to exceed 
20,000 lbs., 

2 = 1,200 = *oCo in.” ___-- 
20,000 

A tube it in, diameter, x 7 WC,., would have been sufficient. 
It may be noticed that with one rider overhanging the wheel- 

base the bending-moment changes sign about the middle of the 
frame-i.e. if the backbone were originally straight, while carrying 
the riders the rear portion would be slightly bent with its centre 
of curvature downwards, the front portion with its centre of 
curvature upwards. 

Figure 32 I shows the frame of a. rear-driving tandem Safety with 
both riders between the wheel centres, similar to that of figure 296. 
The top- and bottom-tubes of the forward portion of the frame 
should be arranged so that they intersect on the vertical through 
the front wheel centre, but in order to make the stress-diagram 
more general they are not so shown in figure 32 I. Figure 32 2 
fho~s the stress-diagram, regarding the frame as a plane structure, 
while figures 323 and 324 are the shearing-force and bending- 
moment diagrams respectively. 

The scale of the stress-diagram, 200 lbs. to an inch, has been 
chosen half that of the stress-diagram of the single machine 
(fig. 2g7), and a few comparisons may be made. The thrusts on 
the top-tubes, a d and b 5, of the tandem are respectively about 24 

and 3$ times that on the top-tube of the single machine. The 
pull on the front bottom-tube, e fi, of the tandem is about 2s times 
that for the single. The thrusts on the diagonal,fg, and the front 
down-tube, ef; are respectively 3& and 6’, times that on the down- 
tube of the single machine ; while the p&Z on the rear down-tube, 

,qh, of the tandem is about four times the thrust on the down-tube 
of the single machine. The pulls on the lower back fork, 1~ h, and 



on the middle chain-struts&, are respectively about 2 and 3h times 
that on the lower back fork or the single machine. 

In making the above comparisons it should be remembered 
that the single frame (fig. 296) is relatively higher than the tandem 
frame (fig. 32 I) illustrated. If the latter were higher, the strcsscs 
on its members would be less. 

The scale of the bending-moment diagram (fig. 324) is 
4,000 inch-lbs. to an inch, twice that for the single machine 
(fig. 299). The maximum bending-moment is more than three 
times that for the single machine. 

A glance at the shearing-force diagrams (figs. 298 and 323) 
shows that on a vertical section passing through the rear down- 
tube of the tandem the shear is negative, while a! the down-tube 
of the single machine the shear is positive. Hence the stress on 
the rear down-tube is tensile. This can also be shown by a 
glance at the force-polygon, Z 111 h ,qf(fig. 322), for the five forces 
acting at the rear crank-bracket (fig. 32 I) ; the force A <q-, being 
directed away from the bracket, indicates a pull on the down-tube. 

The thrust on the tube de is small, and vanishes when the front 
top- and bottom-tubes intersect vertically above the front wheel 
centre. The thxst on the diagonal tube, f ,q, of the middle 
parallelogram is 60 Ills., smaller than the thrust or pull on any other 
mem?)er of the frame. This explains why the frame with open 
parallelogram (fib 7. 267) and those: with no proper diagonal bracing 
are able to stand for any time under the loads to which they are 
subjected, 

The maximum stresses on the melnbcrs of the frarnc due to 
the vertical loads will be largely increased by the stresses due to 
the pull of the chain, the thrust of the pedals, and the scat 
adjustment, as already discussed. The magnitudes of these 
stresses will be proportionately greater in the tandem than in the 
single frame. 

Tandem frames may be also subjected toconsiderable twisting 
strains. If the front and rear riders sit on opposite sides of the 
central plane of the machine, the middle part will be subjected to 
torsion. This torsion can be best resisted by one tube of large 
diameter ; 910 nl*~~cl,l~““e,rt of b?-n~t’tr g itt a fhwe ~-an sf~e~gf~hvc (2 
fmr&wr fhwe qhhsf fwisfiq. 
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240. Btressm on Tricycle Frames.-Nearly all the frames of 
early tricycles were unbrczccd, and their strength depended entirely 
on the thickness and dinmetcr of the tubes used, one exception 
being that of the ’ Coventrv Rot:lry ’ (fig. I&, the side portion of e 
which formed practically n trixlgulnr truss ; another, that of the 
‘ Invincible,’ n central. portion of which wx fairly well braced. 

111 the enrly ‘ Cripper ’ tricycles the frame MS usually of T 
shape, and consisted of n fikQc supporting the axle, nnd n bnck- 
/,otz .supporting the saddle nnd crc’lnk-axle. With the usual 
arrnngcments of wheels xx1 saddle, about three-eighths of the: 
weight of the rider rested on each driving-wheel. The strength 

of the bridge can easily be c&ulatcd thus : 
EJXW@ X-If the weight transferred to the middle of the 

bridge b,e I 20 11x, the track of the wheels be 30 inches qrt, the 
middle of the bridge is subjected to a bending-moment 

;I[ If”t- T20 X 30 
.= . - . - --.__-_ - -_ = 900 inch-lbs. 

4 3 

If the Imsiimm stress lx 20,000 11)s. per srl, in,, 

%= J(= 000 
7 

____- 
20,000 

= ‘o-15 in.:’ 

A tube 12 in. dinmetcr, ~6 KG., will be sufiicicnt. 
With frnnws .nladc on the same general design =LS that of the 

Safety bicycle the stresses will be cnlculated as nlrendy discussed 
[or the bicycle, the only importnnt additionnl part being the bridge 
supporting Lhe ask. Its strength may be calculated CIS in the 
above cxmplc. The strews on the asle-bridge nrc dinCshcd 
by taking the scat-struts to the outer end of the bridge, as in 
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‘ Starley’s ’ frame (fig. 153), and in the ‘ Singer ’ frame (fig. 273). 
Figure 325 is plan and elevation of the rear portion of ( Starley’s ’ 
frame. At the outer end of the bridge, which in this case is a 
tube concentric with the axle, there are three forces acting, which, 
however, do not all lie in the same plane. These are the rc 
action of the wheel R, the thrust I’ along the sent-strut, and 
the pull A along the bridge. These forces in the plan are 
denoted by the correspondin g small letters, and in the elevation 

------- I 
A 

A 
A 

with the correspondin g small letter with a d&. (I) attached. If 
a force, 14 parallcl to the chain-struts be applied at the end of 
the axle, the four forces H, A, R, and Twill be in equilibrium, 
and may be represented by four successive edges of a tetrahedron 
respectively parnllcl to the direction of the forces. The plan and 
elevation of this tetrahedron, k Z uz YZ, is drawn in figure 326, the 
length of the side corresponding to the force R being drawn to 
any convenient scale. ‘l’hc magnitudes of the forces H, A, and 



Tcan lx measured off from the true lengths of the corresponding 
edges of the tetrahedron. These are show in the plan. 

ExnrtlpZe II.--Suppose R = 60 Ibs., and the direction of the 
tubes is such that H= 30 lbs., the resultant of the three forces 
K A, and T is equal and opposite to H; thus the bridge is 
subjected to a bending in the plane of the chain-strut. If 
the distance from the end to the centre of the bridge be 14 in., 

AT= 30 X 14 = 420 inch-lbs. 

If the bridge be I in. diameter and 2~ W.G., 

and the reactions L& and Hz of the 
ball-head on the steering-tube. 
Since the front-frame is in equili- 
brium under the action of these 
forces, they must all pass through 
a point A, situated somewhere on 
the vertical line passing through 
the wheel centre. If we assume 
that the direction of the force Zfz 
at the upper bearing of the ball- 
head is at right angles to the head? 
the point /z will be determined ; 
the magnitudes of HI and H’ can 
then easily be determined by an 
application of the triangle of forces. 

Let yI, A+, A, be the components of the forces R,, N,, Hj at 
right angles to the ball-head, then the front-frame is subjected 
to a bending-moment dtie to these three forces, and the bending- 

2-n 0253 in.3, andf= .J!.?!= 
l 0253 

16,600 lb~. per sq. in. 

The axle will also be subjected to a bending-moment in a vertical 
plane, due to the fact that the centre of the wheel is overhung 
some distance from the end of the bridge. If the overhang be 
3 in., the bending-moment = 60 x 3 = 180 inch-lbs., a smaller 
value than that found above. 

241. The Front-frame.---The front-frame (fig. 327) is acted on 
by three forces-the reaction X, of the front wheel on its spindle, 
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moment diagram may be represented by the shaded triangle 
(fig. 327j. 

EmallrpZe L-If Xl = 40 lbs., the slope of the ball head be such 

that Y = 20 lbs., and the distance between the lines of action of 
rl and A, be 17 in., the greatest bending-moment will be 

M = 20 x 17 = 340 inch-lbs. 

If the steering-tube be I in. diameter, 20 W.G., we get from 
Table IV., p. I 13, % = ‘0253, and the maximum stress on the 
tube will be 

f 
Jf = 
z= 

39=. _ 
‘0253 

13,440 lbs. per sq. in. 

It is now becoming usual to strengthen the steering-tube by a 
liner at its lower end. For the nearest approximation to uniform 
strength throughout its length it is evident, from the shape of the 
bending-moment diagram, that its section should vary uniformly 
from top to bottom. If the liner extend half the length of the 
ball-head the tube will be of equal strength at the bottom and 
the middle, and will have an excess of strength at other points. 

In a tandem bicycle the nature of the forces on the front- 
frame are exactly the same as above discussed, but are greater in 
magnitude. If in a tandem RI = IOO lbs., with the same dimen- 
sions as given above, Al will be 850 inch-lbs. 

E.rnw@ H.-If the steering-tube be I in. diameter, 18 W.G., 

and be reinforced by a liner, 18 KG., the combined thickness of 
tube and liner is *or)6 inches, a little greater than that of a tube 

13 W.G. The % of a r-in. tube T 3 WC;. is ,055, therefore the 
maximum stress on the tube is 

f w = =. 
‘055 

I 5,460 11~s. per sq. in. 

T/2e fi& S&s, at their junction to the crown, have to resist 
nearly the maximum bending-moment (fig. 32 7). They are usually 
made of tubes of oval section, tapering towards the wheel centre. 
‘I’he discussion of tubes of oval and rectangular sections (sets. g7 
and 99) has shown the latter form to be the superior ; and, as 
there is no limitation of space to be considered in designing the 
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front fork, the sides may with advantage be made of rectmgular 
tube. If the rectangular tube be of uniform thickness, it has 
been stated (sec. gg) that for the greatest strength its depth should 
be three times its width. ii still greater economy can be E;ot by 

thickening the sides of the tube parallel to the neutral 
axis, either by brazing strips to a tube of uniform thickness 
(fig. 328), or during the process of drawing. 

hw~~e utt C;I-~ulrr-Azores.-‘I‘hc forces acting on the 
fork (fig. 329) are A?,, F,, and A, the reactions of the 
crowqW.es. 

EM Nip? III. -IA the crown-plates bc $ in. apart. 
‘l’akin~ the components of these forces at right angles to 
the stwring-head, and taking nlonwnts &out the ccntre 

Il’IG. 3’8. of the uplxr plate, we get 

$ 
16’5 

1 = -,, :. x 20 = 340 lbs., 22. 2 20 HIS. on cxh side. 
/3 

II1 the snme Kly n-c get 

J2 = “120 hs., i.e. 2 10 lbs. on each side 
The great advantage of the plate crow’17 over the old solid 

crown is that the forces fi and J2 arc nlndc to act as far apart as 
possible with a F;ivcn dqth of crown, whcrons 
with the older solid crow1 the lmssurc was dis- 
tributed over quite an appreciable distance, so 
that the distance between the rcsultnnt pressures 
;/I and JL was mall ; the forws f, and fi 
wtx therefore correspondin& lqcr, since the 
nionic~i! to lx resisted was the same. 

In sonw rcccnt dlcsi~ns of crows the two 

Frc;. 323. 
plates are united hy short tubes o~AYL!L~ cf the 
.fork sides. As regards the attaclxxnt of the 

fork sides, this arrnn~enm~t is therefore prm~tically equivalent to 
the old solicl crown. If any strcn@cnin, (r is desired, it should be 
done hy an inside liner. Triple cram-plates have bwn used for 
tabdems ; but, as f;u* as we can see, the niiddlc plate contributes 
nothing to the strcn@ of the joiut, and ma; with advnnta~c lx 
onlittcd 

.Ih/IdzL~ h71’. --The handle-bar, when pulled upwrds by the 
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rider with a force P at each handle, is subjected to a bending- 
moment P/, / being the distance from the handle to the centre of 
the handlepillar. 

,Z.vL71~~~/L~ II,?.-If / = I 2 in., then M = I 2 .P inch-lbs. Let 
the handle-bar be 3 in. diameter, IS W.G., Z = *oz++ in.“, and let 
the masimunl stress on the handle-bar, f, be 20,000 1‘0s. per sq. in.; 
substituting in the formula M = Zf, we get 

12 P- ‘0243 x 20,000. 

:. 1’ == &II l\S. 

‘l’hat is, a total upward pull of 82 11~s. will proclucc a niasinlum 
stress of 20,000 11)s. per sq. in. 

If the l~n~~cllcs be knt backwards, the handle-bar is also sub- 
jcctcxl to a twistin gmoment, which, however, usualiy produces 
sniallcr stresses tlim the l~cndin,n-inoiiicnt. For csnn~plc, if the 
hnndle 1~ bunt -1 iii. lmkm.1 S, the t\vistin~-moment: 2 = 4 P. 
‘I’hc modulus of rc‘sistancc to torsion of a i in. tutw, rS KG., is, 
from ‘I’nl~lc IV., 11. 1 I 3, *o-$3 il0 ; and tlicreforc, with the smw 
vnliic for 1’ as in the nhovc csninl~lc‘, w get -1 x 4 I L= l o.QX~ 

or f = 3,360 II 1s. per sq. in. 

2-p. General Considerations Relating to Design uf Frame.- 
‘I’hc imlmrt;Inw of liming tlic f.);ct’S acting on a tie or strait 
csnctly cciW31 ramot 1~2 owr-cstiniatcd ; the f&v csnii~plt~s 
already giwn a1 mw show how the mnsiimiin stress is ciiorinously 
iiicrcawd t )y a wry slight rlwiatio~~ of the appliccl force from the 
alis. 111 iron britlgc or roof lmilding, this point is thoroughly 
apprecintc~d 11~ cii~iiiccrs ; but iii bic!& building the forces nc*ting 
on each tulw of a frnnie arc? as a rule, so small that tubes of tlic 
sllmllcst scctim tlicorcticnll~* lmssible cxiliiot be conveniently 
made ‘I‘l.~e tubes oil the niarkct are so iiiuch gcntcr in sectional 
area than those of nnininwn thcowtical section that they are 
strong enough to wsist the incrcnsccl stresses due to uccentricit~ 
of al~plicatioii of tlic fm-ces ; and thus liltlo or 110 attention has 
1kx~1~ paid to tih important pint of d~sip. 

‘1’11~ consirlw~ticm of tllc shearin:,-force ailrl I)endin~-molnetlt 
dingxms ~~ini~~ltaI~~ous1~ with the outline of flit frame is iiistruc- 
tipy iqrl , &.. _. :-Cveals at n glance sonic weal; points iii wrious types of 
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frames. The vertical section at any point of a properly braced 
frame will cut three members ; the moment of the horizontal com- 
ponents of the forces acting on these members will be equal to 
the bending-moment at the section, while the sum of the vertical 
components will be equal to the shearing-force. Therefore, in 
general, any part of a frame in which the vertical depth is small 
will be a place of weakness. The Ladies’ Safety frames (figs. 264 
and 265) have already been discussed. That shown in figure 266 
is weakest at the point of crossing of the two tubes to the steering- 
head, the depth of the frame being zero at this point, so that only 
the bendh.. resistance of these tubes can be relied on. The cross- 
frame (fig. 239) is very weak in the backbone, just behind the point 
where the down-tube crosses it. The Sparkbrook frame (fig. 253) 
is weakest at a point on the top-tube, just in front of the point of 
attachment of the tube from the crank-bracket. The frames 
(figs. 244 and 245) are practically equivalent to a single tube un- 
braced. The frames shown in figures 247-251 are weakest just 
behind the steering-head. 

The consideration of the shearing-force curve shows the 
necessity for the provision of the diagonal of the central paral- 
lelogram in a tandem frame. The top- and bottom-tubes are 
nearly horizontal, so that if they were acted on by forces parallel 
to their axes they could not resist the shearing-force. The 
shearing-force must therefore be resisted by an inclined member 
of the frame, or, failing this, the forces on the top- and bottom- 
tubes cannot be parallel to their axes, and they must be subjected 
to bending. The same remarks apply to a frame formed by the 
duplication of either the top- or bottom-tubes without the provision 
of a diagonal, as in figure 268. 



CHAPTER XXIV 

~VHII:EI,S 

243. Introductory.- Wheels may be divided into two classes- 
rolling wheels and non-rolling wheels. In rolling wheels the in- 
stantaneous axis of rotation is at the circumference ; examples 

are, bicycle wheels, vehicle jvheels, railway carriage wheels, SX. 

Such rolling wheels have, in general, a &~d axis of rotation 
relative to the frame, which has a motion of translation when the 

xheel rolls. Non-rolling wheels are those not included in the 

above class ; they may be mounted on fixed axes, their circum- 
ferences being free, or in contact with other wheels. Such are 
fly-wheels, gear-wheels, rope- or belt-pulieys, kc. 

Wheels may again be subdivided, from a structural point of 
view, into solid wheels, wheels with arms, nave, and rim, cast, or 
stamped in one piece, and built-up wheels. In a solid rolling 
wheel! the load applied at the centre of the wheel is transmitted 
by compression of the material of the wheel to its point of contact 
with the ground. 

243. Compression-spake Wheels.--4 built-up wheel usually 
consists of three portions -the AWI, (nave, or boss), at the centre 
of the wheel ; the ?*il/~ or $wz~hc7y of the wheel ; and the q&es 
or n7*7ns, connecting the rim to the hub. Built-up wheels may be 
divided again into two classes, according to the method of action 
of the spokes. A wheel may be conceived to be made without a 
rim, consisting only of nave and spokes (fig. 330). In this case 
the load applied at the centre of the wheel is evidently transmitted 
by compression of the spoke, which is at the instant in contact 
with the ground. If the spokes are numerous, the rolling motion 
over a hard surface may be made fairly regular, In the ordinary 
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wooden cart or carriage wheel (fig. 331), the ends of the 
spokes are ccnnected by wooden felloes, J; the fellocs being 
mortised to receive the spoke ends, and an iron tyre, r, encircles 
the whole. This iron tyre is usually shrunk on when hot, and in 
cooling it compresses the felloes and spokes. This construction 
is very simple, since only one piece-the iron tyrc-is rcquircd 

to bind the whole structure togcthcr. I‘hc compression whc~l 
compares favoumMy in this rcspcct with the tension whocl. 011 
the other hand, the sectional arca of the spokes must lx g-cat, in 
order to resist buckling under the c~n~i~-cssion ; rcry light wheels 
cannot, thcrcforc, be rnndc with compression spokes. ‘l’he nwthotl 
of transmitting the load from the wntrc of tlx wliccl to the ground 
is practically the smnc as in figure ,‘j,30. 

~45. Tension-spoke Wheels. ---’ ’ 1 hc initial strcsscs in a bicycle 
wheel of the usual construction arc csnctly the rc’vcrsc of thosu 

on the compression-spoke v.+Ccl (fig. 331). Tlic nwthod of action 
of the tension-spoke wlwcl Inay be shown as follows. suppose 
the hul, connected by n single wire, II, to a point on the top of the 
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rim, a load applied at the centre of the wheel would be transferred 
to the top of the rim and would tend to flatten it, the sides would 
tend to bulge outwards, and the rim to assume the shape shown 
by the dotted lines (tig. 332 ). This horizontal bulging might be 
prevented by connecting the hub to the rim by two additional 
spokes, fi and c, If, now, a load were applied at the centre of the 
wheel, the three spokes, n, 6, and c, would be subjected to tension, 
and if the rim were not very stiff it would tend to flatten at its 
lower part, as indicated in figure 333. Additional spokes, d and 
e, would restrain this bulging. Thus, by using a sufficient number 
of spokes capable of resisting tension, the load applied at the 
centre of the wheel can be transmitted to the ground without 
appreciable distortion of the rim. 

246 Initial Compression in Rim.-In building a bicycle- 
wheel the spokes are always screwed up until they are fairly tight. 

FIG. 334. 1=rc. 335 

The tcusion on all the spolxs should be, of course, the same. 
This tightening up of the spokes will throw an initial compression 
on the rim, which may lx detorrnined as follows. Suppose the 
rim cut by a plmc, A 0 I:, passing through the ccntrc of the 
wheel (fi g. 334). c onsider the equilibrium of the upper portion 
of the rim of the ~4~~1 : it is acted on by the pulls of the spokes 
(7, b, c, d . . . and the reactions E; and X2 of the lower part of 
the rim at A and B. If the tension t be the same in all the 
spolxs, the force-polygon (7, 6, C, d . . . (fig. 335) will be half of 
a regular polygon. The sun1 of the forces Fat A and B will be 
equal to the closing side, L J& of the force-polygon. 

If the nunLwr of spokes in the wheel be great, the force- 
p01ypn (fig. ~$5) inay be considered a circle. Then, if 11 be the 
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number of spokes in the wheel, the circumference L M (fig. 335) 
12 1’ 

is equal to -, the diameter L M to 
71 t 

-. 
2 7t 

thcrcfor c F=?lt . . I . . . , . (1) 
27i 

Esa~~@e-- The driving-wheel of a Safety has 40 spokes, 
No. 14 W.G., which are screwed up to a tension of I 0,000 llx. 
per sq. in, Find the compression cm the rim. 

From Table XII., page 346, the sectional a- :a of each spoke is 
l 00503 sq. in. ; the pull f is therefore l oo503 x IO,OGO = so.3 lbs. 
Substituting in (I), 

I;= “_... 40 x 50’3 
2 x 3”4lC, 

= 320 lbs. 

237, Direct-spoke Driving-wheel.-- The nIodc of transn~issiot1 
of the load from the ccntrc of a bicpclc wheel to the ground 
having been explained, it renlains to show how the driving effort 

is transnlitted from the huh to the rim. Ill 

a large Scar-wheci the arms arc rigidly fixed 
to t!w nave, and while a driving effort is 
being exerted, the arms press on the rim of 
the wlwcl in a tnn~cntinl direction. Thus 
each am may 1~2 considcrcd as a beam 

I /I rigidly fixed to the nave and loaded by a 

F1c;. 336. 
force at its end ncnr the rim. The spokes 4 
of a 1)icycle wliccP arc not stiff enough 

to transmit irl this manner forces t.rmsverse to their axis, being 
to a.11 intents and purposes perfectly flexibit2. Wlwn a driving 
force is cscrted the huh turns through a small mgle without 
moving the rim, so that the spokes whose axes initially all passed 
through the ccntre of the wheel now touch a circle, s (fig% 336). 
Let 1’ be the radius of this circle, and I, the pull of the driving 
chain which is esertcd at a radius A’. Considering the equilibrium 
of the hub, the n~onw~t of the force 1) about the ccntrc is PA’ : 
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the moment of the forces due to the pull of the spokes OP the 
hub is 

?2 fy. 
Thus, PR = ?2 tr, 

and 

ExaqG+-Let the driving-wheel have 40 spokes, each with 
an initial tension of 50 lbs. ; let the pull of the chain be 

300 lbs., and be exerted at a radius of ~g in. Find the size of the 

circle s, and the angle of displacement of the hub, 
Substituting in (2) 

Y = 300 x I$ 
40 x 50 

= '22f. 

Figure 337 is a drawing showing the displacement of the hub. 
Let cd be the radius of the circle touched by the spokes, b a the 
initial position of a spoke, b’ n1 the displaced position, 
and let the distance of the point of attachment of the 
spokes from the centre of the hub be z in. ; the angle 

b; bl 
I 
I 

of displacement of the hub, tz c (tr will bc approGllatcly I 
I 

‘33 WL s-. -- - 

‘575 

2 5 7 radians, 

‘Z57 x 18Q --. = 14-7 deg. 
n- 

9-K 

If the driving effort be reversed, as in !jack-pedalling, the hub 
will first return to its original position relative to the rim, and 
then be displaced in the opposite direction before the reversed 
driving effort can be transmitted. 

Thus, a direct-spoke bicycle wheel is not a rigid structure, but 
has quite a perceptible amount of tangential flexibility between 
the hub and the rim. 

Lever Z?IISI;)II Dni,rir‘~-~cl/lceZ~.--In the early clays of the 
‘ Ordinary,’ wheel s were often made with a pair of long levers 
projecting from the hub, from the ends of which wires went 
off to the rim. These tangential wires were adjustable, and 
by tightening them the rim was moved round relative to the 
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hub, and thus the tension on the spokes could be adjusted. The 

tangential driving effort was also supposed to be transferred from 
the hub to the rim by the lever and tangent wires, while the 

FIG. 338. 

radial spokes on1.y transmitted the weight from the hub to tlx 

rim. Figure 338 shows the ‘ Ariel ’ bicycle with a pair of lever 
tension wheels. 

248. Tangent-spoke Wheels.- In a tangent wheel the spokes 
are not arranged radially, but touch a circle concentric with the 

lines would tend to make the hub 
turn in the direction of the arrow. 
Another set of spokes, represented 
by the clotted lines, must be laid 

FIG. .;jg. 
inclined in the cpposite direction, 
so that the hub may be in equili- 

brium. The initial tension should be the same on all the 
spokes. 

Let a driving effort in the direction of the arrow be applied at 
the hub. This will have the effect of increasing the tension on 
one half‘ of the spokes and diminishing the tension on the other 
half. If r be the radius of the circle to which the spokes are 
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tangential, t, and f2 the tensions on the tight and slack spokes 
respectively, the total tangential pull of the spokes at the hub is 

12 .- 
2 

( 4 - t*)- 

‘Therefore 

from which 
22-v 

r,-t,=lI-Y. . . l . l l (3) 

EL~nll~~z~~.---Lct 1’ be j in., the spokes T=j W.G., the 1n0&l!us 

of elasticity of the spokes 10,000 tons per sq. in. ; then, 
taking the rest of the data as in section 247, find the angle of 
displnccmcnt of the hub rclativc to the rim under the driving 
effort. 

Substituting in (3), 

r, x 300 x I !i t, - f, = .- -_... -2 = 
30 x ; 

25’7 lb!% 

The wctiond area of cnch spoke (Table XII.) is *00407 scl. in, ; 
the increase or diminution of the tension due to the pull of the 
chain is thcrcfwc 

25.7 -.-_ ._-. - 
3 x 

= :‘,, 156 lbs. per sq. in. = I $41 tons per sq. in. 
‘00407 

The extension of one set of spokes and the contraction of the 

other set will thus lx --?.A!?: th part of their original length, whi~*h 
10,000 

length in n 2%in. driving-vkel is about I 2 in. ‘l’hc displacement 
of a point on tlic circle of radius 5 in. is thus 

I’&+1 x I2 
--- . ..- ---.. = 

10,000 
‘00 169 iii. 

The nnglc the hub is displaced relative to the rim wilt bc 

boor5g x IS0 -.. -- -- 
$ x n- 

= *I I deg. 
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Conquing this example with that of section 247, the 
superiority of the tangent wheel in tangential stiffness is apparent. 
1n this example it should be noted that the initial ~1111 on the 
spokes does not enter into the calculation. Consequently, the 
initial pull on tangent-spokes may with advantage be ~SS than 
that on direct-spokes. 

249. Direct-spokes. -The spokes of a direct-spoke wheel are 
usually of the form shown in figure 340, the conicni head at the 

end engaging in the rim, and the 
F J-a other end being screwed into the 

l”I(i. 340. hub. Vor the sake of preserving the 
spoke of equal strength through- 

out, its c!ld is often I,z/t/‘cJ before king screwed (fig. 341), 

the scctioll at the bottoln of the thread in this case being 

at least as great as at the middle 
1 4=l of the spoke. 

l’lti. 3rr. In figure 339 the spoke is 
shown making an acuic angle with 

the hub. As a matter of fact, unclcr the action of a dri&g effort 
the spokes. ticx tllc hub will bc bent, 3s shown (bsaggcratcrl in 

:I 

figure 342. The continual flmure under the driving 
effort wakens and ultimately causes breakage of 
direct spokes, unless xnadc of greater sectional awn 
than would be necessary if they cmld be connected 
to the hub by some form of pin-joint. The conical 
hcnd lies loosely in the rim, and Iwing quite frcc,fo 

I“lt;. 3+2, adjust itself to any altcrntioii of clirwtion, the spoke 
war the rim is not subjcctcd to such scwrc strain- 

ing actions as at the hub. 
250. Tangent-spokes. -- Tnngcnt-::pokcs cannot bc con- 

wnicntly screwed into the hul), but arc threaded through holes 
in a flange of the hub, the end of the 
spoke being mntle as indicated in figure 

.“4.“* ‘l’his shnrp hid of the spolx 

1:it;. 343, seriously affects its strength. Let 1 be 
the pull on the spoke, and d its diameter. 

011 the section of the sp~kc at II there wit1 be a bending- 
lllomnt 1’ -v’, .y being the distaiiw bctwocn the niiddlc of the 
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section n and the hub flange ; this distance may be taken 
approximately equal t0 d. The bending-moment is then 

7rd” P d, 2 = -..32-, and the maximum stress, J due to bending will 

be found by substitution in the formula A?= Zf: Therefore 

p+f 

and d 

f 
_32PdC33P 

7rd” &pm 

The tensile stress on the middle of the spoke is 

Thus the stress due to bending 011 the section at the corner is 
eight times that 011 the body of the spoke due to a straight 
pll. 

l~igurc 343 shows a tangent-spoke strengt.hcned at the end 1)~ 
butting. 

‘l’htt ends of tangent-spokes must be fastened to the rim by 
nwnns of nuts or nipples. The nipple has its inner surface 
scrcwd to fit the screw on the end of the 
spolw, has a conical head which lies in a car-. T-J-- 
responcling counter-sunk hole in the rim, and g- 
a square or hesagonnl body threaded through I:lG. 344. 

the hole in the rim for screwing up by means of a small 
spanner. 

A piece of wire threaded through the hub flange (fig. 3q5), and 
its ends fastened to the rim by nipples in the usual wy, is often 
used to form a pair of tangent spokes. 
The objection to the spoke shown 
iu figure 343 still holds with regard 
to this form ; but the fact that no FIG. 345. 
head hns to 1~ fornwd at the hub 
piuklb!J ::zi:cz it siightly stronger than a single spoke of the 
same diamctcr hcaclcd at the end. 
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Figure 346 show the form of tangent-spoke Ilsed by the 
St. George’s Engineering Co. in the ‘ Rapid ’ c)-clc wheels. The 

spoke is quite straight from end to end, and is 
- fastened to the rim in the usual way by a 

FIG. 346. 
nipple. It is fastened to the hub by means of 
a short stud projecting from the hub flange, 

a small hole being drilled in the projecting head of the stud, and 
the spoke threaded through it. The headed end of the spoke is 
pulled up against the stud. Spokes of this form arc not sub- 
jected to bendin g, and are therefore much stronger than tnngent- 

spokes of the usual form of the same gauge. 

t- -. 
Imperial 
standard 

wire gauge 

-- 

Diameter Sect ional area Weight of ma ft. 

- 

6 

7 
8 
9 

IO 

Jn. Sq. in. 
-192 
-176 

l 02S95 
‘02433 

l 160 ‘0201 I 

‘I44 001629 

-12s -01287 

II *I 16 ‘01057 
12 ‘104 l cQs49 
13 -092 l 00665 
14 -080 •~503 
I5 ‘072 ‘(JQ407 

16 l o64 ~0322 
I7 -056 l 0024E 
IS l 04s l 001s1 

19 ‘040 ~0126 
20 -036 l 00102 

-____- 

I.hS. 
10Yx.i~ 

s ‘409 
6’950 
5 -629 
4 ‘447 

3’652 
2 ‘936 
2 -298 

1’738 
1’407 

1 
I ‘I 12 

‘850 I 

‘625 I 

‘434 j 
‘352 j 

q I. Sharp’s Tangent Wheel.-The distinctive fcaturcs of 
this wheel, invc~+ 1 ,,,cd by the author, arc illustrated in figure 347. 
The hub is suslwndcd from the rim by a series of wire loops, OIW 

loop forming a pair of spokes. 117 figure 34-7, for the sake of 
clearness of illustration, one loop or pair of spokes is shown 
thickened. The ends are fastened to the rim by nuts or nipples 
in the usual way. There is no fastening of the spokes to the hub, 
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beyond that due to friction. Figure 34.8 represents the appear- 
ance of the spokes in contact with the hub. The arc of contact 

of the spoke and hub is a spiral, so that all the ends of the 

spokes on one side of the middle plane of the wheel begin contact 
with the hub at the same distance from the middle, the other ends 
all leaving the hub nearer the middle plane. A wheel could be 

made with loops of wire having circular contact with the hub, but 
it would not be symmetrical, and the spokes would not all be of 

the sm~c length. I3y making the spol;cs have a spiral arc of con- 
tact with the hub,‘thc positions of all the spokes rclativc to the 
hub are exactly similar? the wheel is symmetrical, and the spokes 
are all of the same length. It will lx noticed that thcrc are no 

sudden bends in the spokes, so that they arc much stronger than 
in the ordinary tnngcnt wheel, no additional bending stresses hcing 
i’ntroduccd, For non-driving cycle wheels thcrc can be no rlucs- 
tion as to the sulilc-litxicy of the hub fast2niI:g, but it may at 
first sight seem startling that the mew friction of the spokes 
on thc:t huh sl~nl~ld \I(? sufficient to transmit the driving effort to 
the rim, though it is well known that by coiling a rope round a 
smooth drun; almost any amount of friction can be obtained. 
This system of construction is applicable to all types of built-up 
metal wheeis, and has been applied with success to fly-wheels and 
belt-pullcps, and to the ‘ Biggest Wheel on Earth ‘-the gigantic 
pleasure-whtlei at i5ari’s Court. 

Let t be the initial tension on the spokes ; then, IvhiTe the 
driving el‘fort is being txrted, the tension on one half of each loop 
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rises to t,, and on the other half falls to J$. If t, be very much 
greater than t, there will not be sufficient friction between the hub 

f 
0 ** ‘---$ ‘a--- 

A-iii 

and the wire, 2nd slipping tvi!! occur. Let 
fl be the angle of contact (fig. 349) and 
p the coefficient of friction between the 

-Bee- spoke and hub. Then, when slipping 
takes place, 

c, fo 6 -- = EP e 
ta 

. . . . 
I’rti. 349. (4) *es*’ 

4 ’ If t IS less than determined by (4), slipping will not occur. 
‘2 
Equation (4j may be written in the form, 

the symbol ZOO 4 c f- denoting the logarithm, to the t Nnpcrian ’ or 
a 

natural base, of the number 4 r -. Using a table of t common ’ loga- 
2 

rithm;, 3 more convcnicnt form is- 

E.rd??yve 1. - ,4 driving-wheel 2s in. diameter, on this system, 
has 40 spokes wrapped round a cylindrical 4 wtion of the hui: 
I i” in. diameter, the initial tension on ea -11 >:i>‘jkt\ is 60 ll~s., the 
pull on the chain is 300 lbs., and is csc; & ,;: J radius of I i in. 
Find whether slippin g will take place or not. 

Let the arc of contact be ha% a turn, as shown approximately 
in figure 347, then 8 = q the coefficient of friction /L for metal 
on metal dry surface will be about from -2 to -35, but assuming 
that oil from the bearing may get between the surfaces, we may 

take a low value, say 0x5 ; substituting in (5) 

- 4 [(I(‘. h _ = 
t2 

‘4343 x -15 x 39416 = *20&i, 

from which, consulting a table of logarithms, 

f! = 1’602 
ta 
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when slipping takes place. But from (3) 

2PR 
t, - f, = - = 

2 x 300 x Ii- 

n Y 
-- 30 Ibs. 

40 x .g - 

Therefore 4 = 60 -+ 15 = 75 
t,=60- 15 -445 

Thus, with the above conditions, slipping will not occur. 
As a matter of experiment, the author finds that with such a 

smooth hub and an arc of contact of half a turn slipping takes 
place in riding up steep hills on1 .y when the spokes are initially 
slacker than is usual in ordinary tnl’igcni wheels. 

Arc of Contctct be&even S’$.&s trnd Hz&--The pair of spokes 
(iig. 345) is shown having an arc of contact with the hub of nearly 
two right angles. The arc of contact may 
be varied. For example, keeping the end 
a, fixed, the other end of the spoke may 
be moved from (I$ to lz$, or even further, 
so that the arc of contact may be as 
shown in figure 350. In this case there 
are five spoke ends left between the ends FIG. -j;;o. 
of one pair. In general, 4 n + I spokes must be left between 
the ends of the same pair, n being an integer. 

In this wheel, should one of the spokes break, a whole loop 
of wire must he removed. Of course the tendency to break is, as 
already shown, far less than in direct or tangent spokes of the 
usunl type. If the arc of contact, however, is as shown in 
figure 347, and a pair of spokes are rcmovcd from the M-heel, a 
great additional tension will be thrown on the spoke between the 
two vacant spaces. If the angle of contact shown in figure 350 

be adopted, there fill still remain five spokes between the two 
vacant spaces, so that the additional tension thrown on any single 
spoke will not be abnormally great. 

CT-ooved 1f%!h-. --The hub surface in contact with the spokes 
may be left quite smooth, with merely a small flange to preserve 
the spread of the spokes. The parts of the spokes wrapped round 
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the hub will lie in contact side by side (fig. 3qS) Should one 
break and be removed from the wheel, the remaining spokes in 
contact with the hub will close LIP the space vacated by the 
broken one. In putting in a new spoke they will have to be 

again separated. Spiral grooves may be cut round the hub, so 
that each spoke may lie in its own special groove, and if we breda, 
the spncc will be left quite clear for the new spoke to replace it. 

The grooves may be made so as to considerably increase the 
frictional grip on the nave. Figure 551 shows the section of a 

A ep a:~~~o~~~~~~~~~~ 

R, p&g R, groove. > 

1:IG. 331. I’lCi. :j j2. 

the hub by a radial force, 
P, and the reactions A$ 

and .Z& are at right angles to the side of the grooves. Figure 35 2 
shows the corresponding force-trimxjc. The sum of the forces 
IiT1 and R,, between the spolx and the hub, may lx iucrcased 
to any desired nlultiplcl of I-’ by mnking the angle l)ctween 
the sides of the groove sufficiently small, and the frictional 
.@l) will be corwspondingly increased. If the angle of the sides 
of the grooves is such that R, + R, = PC P, PI ,U must be used 

iyt ,,md of /L in equations (4) and (5). 
Excrn,fiZe Il.---If tilt s1)oke.s in the wheel iii the above esainple 

lie in sroovcs, the sic& of which are inclined Go0 ; fiild the 
driving effort that ~YUI lx trnllslllittcd without slipl)iug. 

Iii this csniiil)le the force-trinnglc (fig. 352) becohlcs an 
cquilntcral trim& niicl Al -+- .A!, = 2 1’. ~I’idCillg ii Z: ‘15 nl>d 

0 = 7i as lxforc, 71 !l = ‘3, and 

zdg; =-, q3.J; x ‘3 x 3*x-/ 1 = ‘AO()$ 
2 

from which, consulting a table of lo~nritliiiis, 

f, -= 

f, 
2'jGG. 

IZut t, + f, = 120 II!!% Solving thcx tM,u ;;in~ultnncous simple 
equations, we get 
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t; = 863 

t, = 33’7, 
the driving effort is t, - t, = 5 2% lb. 

Thus, the effect of’ the grooves inclined 60” is to nearly double 
the driving effort that can be transmitted. 

252. Spread of Spokes.-If the spokes of a tension wheel all 
lay in the same plane, then, considering the rim fixed, any couple 
tending to move the spindle wouuld distort 
the wheel, as shown in figure 353. The 

distortion would go on until the moment of 
the pull of the spokes on the hub was equal 
to the moment applied to the shaft. If 
the spindle remains fixed in position, any 
lateral force applied to the rim causes a dc- 

-,I 

viation of its plane, the relative motion of the 
rim and spindle being the same as before ; the 
wheei, in fact, wobbles. If the spokes are 
spread out at the hub (fig. 35~)~ the rim being 
fised and the same bending-moment being 
applied at the spindle, the tension on the 

%-I(;. 353. 

spokes A at the bottom right-hand side, and on the spokes B at 
the top left-hancl t;ide, is decreased, and that on the spokes 
C at the left-hand bottom side, and on the spokes D at the right- 
hand top side is increased. This increase and 
diminution of tension takes place with a prac- i 

. . . . 
,-j 

tically inappreciable alteration of length of the ii 

spokes, and therefore the wheel is practically rigid. 4 

The lateral spreading of the s@;es of a cycle B 02’ 
wheel sh~~uld be looked upon as n II~~OBS c~~co~,nlzectil~~~~ , 
the JI!!, ;~-.(..id(~~ !‘(I the /-ia, rather than of givi:lg the 

id 
, 

rin; !ateral stability relative to the hub. The rim 
A; 

c 1 A 

must be of a form possessing initially sufficient lateral St 
stability, otherwise it rannot be built up into a good 
wheel. The latc~:al components of the pulis of the 
spokes on the rim, instead of preserving the lateral 
stability of the rim? rather tend to destroy it. FIG. 354, 

‘Ihey form a system of ecludl and parallel forces, but alternately 

in opposite directions (fi g- 355): ki thUS CI1L.N bending of tii?: 
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rim at right angles to its plane. If the rim be very narrow in the 
direction of the axis of the wheel, it may be distorted by the pull 
of the spokes into the shape shown exaggerated in figure 355. 

The ‘ Westwood ’ rim (fig. 373), on 
account of its tubular edges, is very 

: strong laterally. 

FIG q 355. 
2 53. Disc Wheels,Anstead of wire 

spokes to connect the rim and hub, 
two conical discs of very thin steel plate have been used, the discs 
being subjected to an initial tension. It was claimed--and there 
seems nothing improbable in the claim --that the air resistance of 

these wheels was less than that of wheels with wire spokes. Later, 
the 1)isc N’hecl Company (Limited) made thu front wheel of a 
Safety with four arms, as shown in figure 356. 

h7jyvtes.---” ’ 1 he nipples used for fastening t!le ends of the 
spokes to the rim arc usually of steel or gun-metal. Perhaps, on 
the whole, gun-metal nipples are to be preferred to steel, since 
they do not corrode, and being of softer metal than the spokes, 
they cannot cut into and destroy the screw threads on the spoke 
ends. Figure 357 is a section of an ordinary form of nipple 
which can be used for both solid a.nd hollow rims, and figure 358 
is an estcrnal view of the same nipple, showing its hcsagonnl 
e.utcrnal surface for screwing up. The hole in the nipple is not 
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tapped throughnut its whnle length, but the ends toivards the 
centre of the wheel are drilled the full diameter of the spoke, SC) 
that the few extra screw threads left on 
the spoke to provide for the necessary 
adjustment are protected by the nipple. 
Figure 3 5 9 shows a square-bodied nipple, 
otherwise the same as that in figure 35s. 

LVheI, solid rinls are used, the nipple I”(‘. 357. 1’1(‘* 359. I’l(;* ::jg- 

heads must be flush with the rim surface, so as not to tlnrna~~ 
the t)‘rc ; but when hollow rims arc used, the nipple usually I)uars 
on the inner surface of the rim, and is therefore 
quite clear of the tyre. Figures 360 and 361 she\\ 
forms of nipgjlcs for USC’ with hQllow rims, the 
screw thrc:ld of the sl~oke being protcctcd bjr the 
latter nipple. 

In rims of light section, such as the hollow 
b-if;. :ho. 1’11;. .;(#I 

rims in general USC, the grextest stress is the /1)x/ 
stress due to the screwing up of the spolws. With a wry th1 

rim, which otherwise might be strong enough to resist the forces 
on it, the bearing surfaces of the nipples shown above arc so small 
that the nipple would be actually pulled through tlz 
rim by the pull due to tightcl?ing the spoke. To dis- 
tribute the pressure ovt‘r it larger surt;u~e of the rim, 
small washers (fig. 362) ma!* be usr~l with nchxntagc. t:I(,. +. 
With wood rims, w~shcrs should 1~ used Mo\v the nipplus, 
otlxrwisc the wood may lx c:rusliccl ;1s the LcGon coint‘s 011 Ihcb 
spoke!;. 

Vigurc 363 showt;. the iorm of steel niljI)lc to be used with 
Westwood‘s rim whc~~ the spokes are attac4lcf.1, not at t!~ rniddlc, 
but at the sides of the rim. Figures 357 -363 art’ taken 
from the catnlogue of the Abingdon Works Compq 
(Limited), I~irmingham. 

254. Rims,-We have already SWH that the run is 
subjected to a force of compression due to the initinl pull t’l”. &. 
011 the spokes. Let us consider more minutely tlic strcsxs 011 
the rim when tlx wheel is not supporting any estc:rnal lo;ld. I ,et 
figure 363 bc the elevation of a xhccl with ccntrc C, A 1; 
being the chord lxtwccn the ends of two adjacent spokes. ‘1‘1~11 



354 Detuz'ds CIIAF. XXIV. 

the stress-diagram (see figs. 334 and 335) of the structure will be 
a similar regular polygon, the pull on each spoke being repre- 

l:rc;. .;64. 1’11;. 365. 

sented by the side and the cotnprtxsiotl WI ihr= rittl by the radius 
of the polygon. 

If the rim were polygonal, the rises of the rim and the compres- 
sive force on it would coincide, and the cotnl)re~si\-c stress would 
be cqunlly distributed over the section. Hut since the rim is 
circular, its axis will differ from the asis of the compression, and 
there will 1x2 n ~,onclin~-moment introduced. Since at any point S 
this benditlg-mometlt is cclunl to the product of the con~~~~- 
sion 1’ into the distnncc .\* lxtwccn the axis of the rim and the 
line of action of P, the hending-tzloment on the rim will bc propor- 
tional to the intercept bet\\c’en the rim and the chord A B, formed 
by joining the ends of two adjacent spokes, provided that the 
bending-mc- ;lent on the rim at the points where the spokes are 
fastened is zero. The shaded area (fig. 364) would thus form a 
l)~t~ding-motncnt diagram. Hut if the rim initially had no bend- 
ing stress on it, it is likely that at the points A and R the pull ot 
the spokes will tend to straighten the rim, and therefore a btlnd- 
ing-tiioti~ctit, UZ, of sotnc magnitude will osist at these points. 
l’hc bending-motnent at sly point S will be ditninished by the 
anlount III, and the diagram will bc as shown in figure 365, the 
~,~~nding-tllometlts being of opposite signs at the ends of, and 
midwny between, the spokes. 1;rotn an inspection of figure 365, 
it is clear that in a wheel with 32 to 40 spokes, the bcnding- 
moment on the rim due to the compression xi11 bc ncgligit~ly 
stiinll in comparison with the latter. 

When the wheel supports a 10ad the distribution of stress on 
the rim is tnuch more co~nples, and a satisfactory treatment of 
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the subject is beyond the scope of the present work. ‘l’hc 
simplest treatment- which, however, the author does not think 
will give even rough approximations to the truth-will be to 
assume that the segments of the rim are jo~?zz?d together at the 
points of attachment of the spokes. With this assumption, if the 
wheel supports a weight W, when the lowest spoke is vertical, the 
force-triangle at A, the point of contact with the ground, lvill 
be made up of the two compressions along the adjacent segments 
of the rim, and the pull on the veyticnl spoke plus the upward 
reaction of the ground, WI The rest of the stress-diagram will be 
as in the former case ; consequently, if the pull on the vertical 
spoke is zero, that on the other spokes will be W ; if the pull OH 

the vertical spol;e is t9 that on the other spokes will be ( W + t). 
I\‘hcn the two bottom spokes are equally inclinccl to the 

vertical, the lower rim segment is in the condition of a beam 
supported at the ends and carrying in the middle a load, TV ; 

ll? 
therefore the l>cndill~-momelIt is - ..- 9 

4 
/ boiiig the Icngth of the 

rim segment. 
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known forces t,, t,, . . . the pulls on the spokes directed 
towards the centre, C, of the wheel ; by forces of compression, P’, 
on the rim, unknown both in direction and magnitude ; and by 
unknown bending-moments, 111, at the section X. The portion of 
the rim considered is, therefore, somewhat in the condition of an 
inverted arch. If the forces P, t,, t,, . . . and the bending- 
moments., 712, were known, the straining action at any point on the 
rim could be determined as follows : Figure 367 shows the 
force-polygon, on the assumption that the forces considered are 
symmetrically situated with regard to the vertical centre line. 
The horizontal thrust on the rim at its point of contact with the 
ground is H, the resultant of the forces P, t,, t,, . . . on one side 
of the vertical. This, however, acts at a point S, at a vertical 
distance 3’ below the rim, determined as follows : Produce the 
lines of action of P and t2 to meet at A ; their resultant, which is 
parallel to 0 tz (fig. 367), passes through the point A. Draw, 
therefore, A B parallel to 0 u, cutting the line of action of tl at A’. 
Through B draw a line parallel to O(I, giving the resultant of 
P, t,, and t!, and cutting the vertical through the point of contact 
at 5: The rim at its point of contact wit.h the ground is thus 
subjected to a compression H, and a bending-moment 112 + Hy. 
TO make the solution complete, the unknown forces P, t, and t, 
should be determined ; this can be done by aid of the theory of 
elasticity. 

Steel Rims. -Figure 368 shows a section of a rim for a solid 
tyre, figure 369 for a cushion tyre. The edges of the latter are 

FIG. 368. FIG. 369. 

slightly hen t mu-, SO that the tyre when it bulges out on touching 
the.ground will not be cut by the rim edge. Figure 370 sholvs a 
section of Warwick’s h0110w rim, which is rolled from one strip of 
steel bcnf: to the required section, its edges scarfed, and brazed 
together. The part of the rim of smallest radius is thickened, so 
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that the local strc:;ws Jut to the ccrewing-up of the spokes may be 
better resisted. Figure 37 I shows the ‘ Invincible ’ rim which was 

k-It.. .;i, b, 1,‘1t;. 1;7 1. 

made by the Surrq IUnchinists C:ompa~~y, rolled from two distinct 
strips, the inner bcting usually much thicker than the outer. The strips 

\ycl(: {Irazed togcthcr right round the circul~lfc‘rct~c,c\. Figure 3 7 2 
shows the Nottingham Rlachinists hollow rim. In this the local 
strength for the ~~ttac~hi~~el~t Of the 

nipl)Ie is providc(1 1)~ folding over the 
plate from whicll tllc rim is mndq so 
tll:lt four ~liiclmcsscs arc ol)tnincrl. 
l’igurc 373 shows I he ‘ \\‘c3twood ’ rim, l,‘l(.. ;7.;. 

whicll is formle(l from UIIC plate lxnt round nt uacl~ crlgc 10 [‘orlll 
3 complctc circle. The spokes cm be nttxlwd at the edgus of the 
rim 3s indicated, or at the middle of the rim ill the usual \\‘;I\‘. 

All the nlxxe rims arc rolled to cliffclrcnt sections to fit 
the different forms of pneunlntic tyres. They are all made 
from straight strips of steel, and have, thcreforu, one joint in the 
circunlfcrc’ncc, the ends being bmd together. This joint, how- 
ever cnrcfully nmlc, is nlwnys wcnkcr than the rest of the rim, 
and adds to the difficulty of building the wheel true. The 
Jointlcss Rim Company roll each rim front a weldless steel 
ring, in somewhat the snow way as railway tyrcs are rolled. 
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This rim, though perhaps more qstly, is therefore much stronger 
weight for weight than a ri1.n with a brazed joint. 

I;Z/o& .Rz%s.---The fact that the principal stress on the rim of 
a bicycle wheel is compression, and that, therefore, the material 
must be so distributed as to resist buckling or collapse, and not 
concentrated as in a steel wire, suggests the use of wood as a 
suitable material, Hickory, elm, ash, and maple are used. Two 
types are in use : in one the rim is made from a single piece of 
wood, the two ends being united by a convenient joint. Figure 

3 74 shows the ‘ Plymouth ’ joint. The other type is a built-up 

riln coin~~-xxd of several layt3S of wood. Figures 375 and 376 
ShOW thL! ‘ I~T,lirl)nlll\: ’ l:~minntcd rim, for a iolutioncd tyre and for 
tllc 1 )unlr,l~ tyrc rcspcctivel~V, the q-ain of each layer of wood 

running in an opposite di- 

I“It;. {7 j. FIG. 376. t.arious ring: xc fastened 

uliclcr hydraulic [)rcssure. 
together with ninrinc glue 

‘.l’hc built-up rim is then covq-cd with 
a waterproof linen fabric, and varnishtfd. 

255 Hubs. --- Figure 404 shows a section of the ordinaq 
form of hub for a direct spoke-jvheel, and figure 377 an external 
\-iew of a driving hub. ‘l’hc hul) proper in this is made as chart 
as ~~ossilde, ct11d the spindle, with its adjusting cones, project:, 
consideraMy lqond the huh, so as to allow the wheel to clear the 
frame of the machine. 

T’igurc 37s shops a driving huh, in which the hub proper is 
extended considerably beyond the sl~oke flanges, and the ball-races 
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kept as far apart as possible. This hub is intended for tangent- 
spokes, the flanges being thinner than in figure 377. 

1:rc;. 377. 

H&s for dirat-sl)okes are made either of fun-metal or steel ; 
tangent-spoke hubs should bc invariably of stwl, as the local 
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Jn recent years ‘barrel ’ hubs of large diameter have been 
used, whereas the earlier hubs were made just large enough to 
clear the spindle inside. ‘I’he ‘ Centaur’ is an example of a 

barrel hub. 
The best hubs are turned out of solid steel bar, the diameter 

of which must be as great as that of the flanges for the attachment 
of the spokes. To avoid this excessive amount of turning, the 
‘ Yost’ hub is nmcle of two end pieces and a middle tube. 

The hubs of Sharp’s tangent wheel may, with advantage, be 
nml~ of nluminium, since the pull of tllc spokes has not to be 
transinittecl by fnnges. 

The ‘ Ge’ni ’ hub, nmle by t!lc Warwick and Stockton Corn- 
pnny, has the hail stwl cup screwed to the end of the hub. The 
halls lit hctu.eun the cup and an inner projecting iill of the hull, 
so that they remain in plxe wlicn tlx spiwllc is rcnimwl. 

~56. Fixing Chain-wheel to Hub.-- ‘L‘hc cli,Gri-wheel should 
not bc fiscd by a key or pin? as this will usually throw it slightly 
ccccntric to the hub. 117 testing the rcsistancc of the ch;:in gearing 
01’ ;I Safety it is oft~m tioticcd that tlic chailn runs rluitc slac:lc 
i 11 s01w plaws mtl tight III otlwrs. This call only iiicnn that 
the wt-Wx of tlw pitch~polygons 0I’ the chain-wheels do not 
r:oin~~i~Ic with tllc nxcs of rotation. The t:hain-wheel and the 
(.c,rl-csl)(,ncliI~:-: surf30.~ on the: hub, \wing tiimxl to nn xcur;W 
tit, NC oftm fastcwtl by simply soldering. The tcmpcratuw at 
whic*h the solder nwlts is sufficimtiy low to prcwnt injury to the 
tmp~r 0f tlv Ml-t-m.5 0f tlw huh. Anotliur iiicthod is to scrc’w 
tlw ~~hail~-whcc’l, A’, WI tlw MI : the scww should then bc nrrangcd 
tht tlw driving c4hmt in lwhllitig thxl ttmls to screw the 
chniwwlwcl up apinst tlw lwjwting hub flnngc. This is dotw 
in t’i:: ‘ IClswic~k ’ hIl1) (fig. ,;So). If the chain is at the right-hand 
side tf th machine loolhg forwards, the w-c\\ on the chain- 
whwl sl~oulcl I)c right iinndccl. 1 Iuriiig back-pedalling the 
driving effort will tend to unscrew the chain-whct.4. This is 
countcractcd by hwinB (J a IJut, K, with left-handed screw, screwed 
up hard against tlw chain-\&ccl. If the chain-wheel, IV, tends to 
uns~rcw during l);lc~l~-~,cdnlling, it will take with it the nut A’; 
whic~h will then 1~ screwed more tightly against tlw wheel, :md 
its furtlicr unscrcwin~ prtwMx1. 
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A method adopted by the Abingdon Company a few years 
ago was to have the chain-wheel and hub machimd out to a 
polygonal surface of ten sides, and the wheel then soldered on. 

2 5 7. Spindler. -The spindle, strictly speaking, is a part ot 
the frame, and serves to transfer the weight of the machine and 
rider to the wheel. Let the spindle he connected to the frame at 
LS! and B (fig. 382), C and D be the p&~ts at which it rests on the 
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Extzm@e L--- In a bearing the distance A e (fig. 382) is -g in., 
and the total weight on the wheel is 120 lbs., what is the neces- 
sary size of spindle, the maximum stress allowed being IO tons 
per sq. in. ? 

The bending-moment on the spindle will be 

120 
-- x 7 

2 
- 5 2.5 inch-lbs. 

r- 

Sukituting in the formula M = 
&l 

IO 
f (sec. c/q, we get 

52’5 = 
(f’ 

IO 
x IO x 2240, 

that is 
(.p = ‘0234, and d = 4G in. 

‘I’his gives till: Xcast pcrtnissible diameter of the spindle, that is, 
the diameter at the bottom of the screw threads. 

5;1L’ll.----The 1llOSt convenient step for mounting a Safety bicycle 
is formed cithcr by prolongin g thd spindle itself, or by forming a 
long tube on the wkr ml tht. wvcs to fktcn ihe spindle to the 
frame and 1~1~ the adjusting cone in position. If the lengtl~ of 

this step bc 1 A in., IV the weight of the rider, and if the rider iti 
mounting the machine press on its outer edge, the bending- 
moment produced on the spindle will 1~ I a Winch-lbs. 

E\:tr//ljl/t. U.-If 11~~’ = 150 lhs., A/ = 22 5 inch-lbs. ; substitut- _ 
ing in the forinuln M = ZJ; 
WC get 

(y?’ ‘7 ? Iti 5 = 
10 

x IO x 2240, 

froiii which 
(p = *I oo and d = ‘~64 in. 

A coln~~~o~ diameter for the spindle is 2 in. ; if the z it). 
spindle resist the whole of the above bcllding-lllomc~nt, the maxi- 
inurn stress on it will be much greater than 10 tons per sq. in. ; 
it will be 

‘.$5&q 

‘375” 
x lO= IS’~) tons per sq. in. 



The tube from saddle-pin to driving-wheel spindle may take up 
some of the bending due to tht: weight on the step, in which case 
the maximum stress on the spindle may be lower than given above. 

2 58. Spring Wheels. --Different attempts have been made to 

make the wheels elastic, so that vibration and bumping due to 
the unevenness of the road nlay not 1~ communicated to the 
frame. One of the earliest successful attempts in this direction 
was the corrugated spokes used in the ‘ Otto ’ dicyclc. ‘I’ll~Se 

spokes, instead of being straight, were made wavy or corrugated, 
and of a harder quality of steel than used in the ordinary straight 
spokes. Their elastic extension was great enough to render the 
machine provided with them much more comfortable than one 
with the ordinary straight spokes. 

A spring wheel has the advantage over a spring frame, that it 
intercepts vibration sooner, so that 1)ractii:ally only the wliecl rim 
partakes of the jolting due to the roughness of the road. On the 
other hand, the springs of a wheel extend ancl contract once every 
revolution, and as this cannot be done without the cspcnditurc of 
c’ncrgy, a spring wliccl must require more powr than 3 rigid 
wheel to propel it over a good road. The springs of a frame rcniain 
quiescent unclcr a stcndy load v.-hiic running over a smooth road, 
only cstcnding or shortening when the wheel passes over a hollow 
ur lump in the road. 

1n the ‘ Everett ’ spring wheel the spokes, instead of being 
~~onn~~~~tcd clircctly to tiic hub, arc” connected to short spiral 
springs, thus giving an elastic connt’ction betwtzcn the hub and 
the rim, so that tiic rim may run over an obstacle on the road 
without colnliiuliic~ttiI3g much shock to the frame. One objcctiou 
to a \\liccl with spring spokes is the want of iatcrnl stiffnC.Cis of 
the rim, it being quite easy to deflect tlic rim sideways 1)~ a lateral 
pressure. ‘I’he author is iwlkd tr.1 thi!lk th;lt this olijtic~iol~ 111ay 
i)e over-rntcrl, si1ic.c in a biqclc the pressure on the rim uf a 
wheel must tjc in, or nearly il:, the plane of the wh~l. ‘I’he ‘ Everett’ 
wheel is satisfactory in this respect. In the ‘ i’crsil ’ spring wii~l 
two rims arc used, the springs being introciuccd between them. 
The introduction of such a mass of matcrinl near the periphery of 
the W~U.XA will lnnl;e the bicycle provided with ‘ l’crsil ’ wheels 
slower in starting than one with ordinary wheels (WC sec. 6s). 
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In the ‘ Deburgo ’ spring wheel the springs are introduced at 
the hub, which is much larger than that of an ordinary wheel. 
Figure 383 shows a section of the ‘ T~el~urgo ’ hub, and figure 38-1 
an end elevation with the outer dust cover removed, so as to 
show the springs. ‘Z‘he outer hub or frame 7, to which the 
spokes are attached, is suspended from the inner hub or axlc- 
box, 5, by spiral springs, 11 and 12. Francs .? and -/I, forming 
rectangular guides at right angles to each other, arr fixed 
respectively to the outer and inner hui~s : an intermediate slide, 
r), ’ is formed with corresponding r plides, the conihination c‘oi~- 



CHAPTER XXV 

BEARINGS 

:! 59, Definition.- A &vw~~~,~ is the surface of contact of two 
pieces of mechanism having relative motion. In a machine 
the frame is the structure which supports the moving pieces, 
which are divided into p~illtn~-- and sect~ztEnry, the former being 
those carried direct by the frame, the latter those carried by 
other moving pieces. In a more popular sense the bearing is 
generally spoken of as the portions of the frame and of the 
moving piece in t!le immediate neighbourhood of the surface 
of contact. In this sense the word ‘ bearing’ will lx! used in 
this chapter. The bearings of a piece which has a motion of 
translation in a straight line must hlrve cylindrical or prismatic 
surfaces, the straight lines of the cyli:tder or prism being parallel 
to the direction of motion. The bearings of pieces having rotary 
motion about a fixed axis must l>c surfaces of revolution. A 
part of a mechanism may have a helical motion-that is, a 
motion of rotation together with a motion of translation in the 
direction of the axis of rotation ; in this case the bearings must 
lx formed to an exact screw. 

‘l’he three forms of bearing above mentioned correspond to 
the three lower pairs in kinematics of machinery, viz. the sliding 
pair, the turning pair, and the screw pair. In eat!] of these 
three cases the two parts having relative motion nray have con- 
tact with each other over a surface. 

260. Journal, Pivot, and Collar ?3earings.-- Figure 3~:; 
shows the simlkst form of jdtrr-/cnZ bearing for a rotating shnfrv 
the section of the shaft and journal being circular. In thi’t, 
bearing no Ix-oGon is made to ljrevcnt motion of the shaft in 
the direction of its :\sis. A hcnl-ing in which lx-ovision is made 
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to prevent the longitudinal motion of the shaft is called a pk~t 
or coZdnr bearing. Figure 386 shows the simplest form of pivot 
bearing, figure 38 7 a combined journal 
and pivot bearing, the end of the shaft 

being pressed ag ainst its bearing by a force 
in the direction of the axis. Figure 358 
shows a simple form of collar bearing in 

FIG. 385 

which the same object is attained. A rotating shaft provided 
with journal bearings may be constrained longitudinally, either 
by fixing a pivot bearing at each 
end, or by having a double collar 
bearing at some point along the 
shaft. This double collar bearing 
is usually combined with one of 
the journals, as at A (fig. 389), a 
collar being formed at each end of 
the cylindrical bearing. In a long 
shaft supported by a number of 
journals it is only necessary to have 
one double ~ollnr bearing ; the other 

‘T 
lilt: 

bearings should bc quite free lon- 
-CG - ..,. JO . I:I(;. 387. 

gitudinally. Thus, in a tricycle axle will1 four bearings, the best 
rCSlilt will be got by hnvin, (r the longitudinal motion of the axle 

II‘IG. $23. I’I(;. 380. 

controlled at on1.y one of the bearings ; if more’ collars, or their 
equivalents, are placed OL the axle, the only effect is to increase 
the pressure of the collars on their bearings, and so increase the 
frictional resistance. 

From the point of Jiew of the constraint of the motion it 
would be quite sufficient for a journal bearing to have contact 
with the shaft at ~hrc!e points (fig. 390), but as there is usually a 
cvnsiclornt~ltt pressure on the bearings they would soon be \yorn. 
The area of the surfaces of contact should be such that the 



pressure per square inch does not exceed a certain limit, de- 
pending on the material used and the speed of rubbing. 

The bearings of the wheel of an ‘ Ordinary bicycle were 
originally made as at A (fig. 389), the bearing at each side of 

the wheel being provided with collars, since 
the lateral flexibility of the forks was so great 
that otherwise the bearings would have 
sprung apart. It was impossible to keep 
the lubrication of the bearings constantly per- 
fect, and with no film of oil between the sur- 

FIG. 390. faces the coefficient of friction rose rapid11 
and the resistance became serious. 

>urllaG F.l;‘~l’nPI.----In a well-designed journal the diameter of 
the surface of the fixed benring should be a little greater than 
that of the rotating shaft (fig. 391). The direction of the motion 

being then as indicated by the arrow, if the 
pressuru is not too great, the lubricant at (z: 
is carried by the rotating shaft, and held by 
capillary attraction between the metal sur- 
faces, so that the shaft is not in actual contact 

k‘I( ;. ;‘) I. with its bearing, but is separated from it by 
a thin fihn of oil. From the evperimcnts 

carried out by the Institution of hlc:chnl~ical Engineers it appears 
that the friction of a pcrfcctly lubricated shaft is WI-Y small, thu 
coefficient being in some cast’s as low as ‘00~. This compares 
favourably with the friction of a ball-bearing, 

Pivni FGYiotl. - With a ljivot or collar bearing the case is 
quite different. The rubbing surface of the shaft is continunll) 
in contact with the bearing, and cannot periodically gc,:t a fresh 
supply of oil (as in fig. 391) to keep bct\veen the two surfaces. 
The consequence is that, with the best form of r,ollar bearing, 
the coefficient of friction is much higher. From the espcriments 
of the Institution of h~lcchanicnl Engineers it appears th;lt ‘03 to 
-06 may be taken as an zverngc value of p for a well lubricated 
collar bearing. 

26 T. Conical Bearings.--In machinery subiccted to mush 
friction and wear, after running somt‘ time a shafi will run loose in 
its bearing. When the sl;tclm~ cscccds a certain nmour~t the 
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bearing must be readjusted. One of the simplest means for 
providing for this adjustment is shown in the cotzica/ Bearlizg 
often used for the back wheel of an ’ Ordinary’ (fig. 392). The 
hub, H, ran loose on the spindle, S, which was fastened to the 
fork ends, P, and El. The surfaces of contact of the hub and 
spindle were conical, a Zoase cone, C, being screwed on near one 

.- 

end of the spindle. If the bearing had worn loose, the cone C 
was screwed one or two turns further on the spindle until the 
shake was taken up. The cone was then locked in position by 
the nut ?zzl, which also fast::ned the end of the spindle to the fork. 
Huring this adjustment the other end of the spindle was held 
rigidly to the fork end I$, by the nut II.,. 

262. Roller-bearings.-The first improvenxnt on the plain 
cylindrical hcari llg was th c i’c?Lzel’-lIcI7l-il~~~~.. Figure 393 is 3 

I’IG. 393. L-It;. 39). 

longitudi:lal, and figure 39-h an tii;d section of a roller-bearin;. 
In this a numbor of cylindrical r~li~:rs, _ I, CULL’ in~qoscd bct\~~~~ 
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the cylindrical shaft and the bearing-case, the ases of the rollers, 
A, being parallel to that of the shaft. These rollers were some- 
times quite loose in the bearing-case, in which cast as many 
rollers as could be placed in position round the shaft were 
used. More often, however, the ends of :..he rollers were turned 
down, forming slmll cylindrical journals, supported in cages C, one 

at each end of the roller. This cage served the purpose of 
keeping the distance between the rollers always the same, so that 
each roller rcvolvcd free of the others ; whereas, without the 
cage, two adjacent rollers would often touch, and a rul)hing action 
~-ould occur at the point of contact. 

The chief advantage of a roller-bearing over a plain cylindrical 
bearing is that the lubrication need not be so perfect. While a 
I)lain bearing, if allowed to run dry, will very soon gttt hot ; a 
roller-lx,xring will run dry with little more friction than when 
lubricated. 

A plain c0llnr bcnring must lx usccl in cx~njunction with a 
roller-bcnring, to prcvcnt the motion of the shaft cnd~ays. 

2 6;;. Ball-bearings. Jnstcad of cylindrical rol krs, a nunibcr 
of IxlllS, 1,’ (lig. ;;TJ~), might bc used. ‘l’hc principal difftxcncu in 

this cast would he t!lat cnch Ml wouid lx~c contact with thu 
shaf‘t and the l,cnringcase at a /&tf, while each cylindrical roller 
had contact alonl?; n hk. AS a matter of fact, the surface of coii- 

tact in the wx of the ball-bearing would Ix a circle of vtxy small 
diamctcr (poitlt c‘olWW), while in the c,‘Isc of the roll4 )cariiig 
it wc)uld lx ;I WI-~ snx~ll, narrow rcctnnglc of length ccpd to that 
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of the roller (line contact). Other things being equal, the roller- 
bearing should carry safely a IIIUC~ greater load than the ball- 
bearing before crushing took place. 

The motion of the balls in the bearing shown in figure 395 
loaded at right angles to the axis, is one of pure rolling, the axis 
of rotation of the ball being always parallel to that of the axes of 
the rolling surfaces of the shaft and bearing-case. 

264. Thrust Bearings with Rollers.----If a’ ball- or roller- 
bearing be required to resist pressure along the shaft, as rn 
figures 386 and $37, the F 
arrangement must be 

:.A 
1 ‘.‘ 

quite different. ‘lb3 FIG. y$3. 

conical surfaces, n v IL 
and /, v r”, fGi iiled OII the 
frame and the rotating 
spindle rcspcctivcly (fig. 
397), having a coiiiino1i 
vertex at v, and a conl- 
nlon axis coincident with z, __ 
the axis of the spindle, a 
with conical rollers, n v b, 
having the saiiic vertcs, %J, 
will sntisfy the condition 
of pure: rolling. If the 
axis, v r, of the conical 
rolkr IX supposed fixed, 
md the spindle IX 
drivon, thy cone /I ‘ij /I 

I;lt;. $97. 

will drive the roller by friction contact, and it in turll will drive 
the COIW (z 7,’ (r. If the cone II! z.1 lt be fixed, and the spindle bc 
driven, the relative motion of the three conical surfaces \yjll 

reniain the sanic ; but in this cast the axis of the roller? 7’ C, will 
also rotate nboul; the axis AX. With perfectly smooth surfaces, 
the djrcction of the pressure is at right n11g1cs to tllc surface of 

contact, and very nearly so with well lubricated surfaces. On the 

conical roller, (z ~6, thcrc will thercforc be two forces, ,4 ar$d U, 
:Icting at right angles to its sides, v(t and ?I/‘, respectively. ?‘hese 
llCl\‘C n h!SUltnllt along the asis 71 C* , and u111ess a third force, C, be 
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spindle, the angular speeds w2 and w1 of the roller and spindle 
are respectively 

Therefore 

Coinparin g figures 397, 399, and 398, the triangles Pub1 and 
I m fi are sinlilnr ; the triangles PZJ n, and C m ~1 l arc similar ; so 
also are the four-sided figures d k m ti 1 and 1’ J I zj n , . Therefore, 

l (3) 

or, 2&f), -= n (@Jz . . . . . . . . . . (-i) 

That, is, if only one roller he used, the nnguku- speeds of the roller 
and spindle are inversely proportional to the pressures along their 
instantaneous axes of rotation. 

If ZJ 7)~ (fig. 397) 1~ set offalong the axis of the spindle equal to 
.I’ q, and 2’ n along $1 TV qua1 to Pb,, the vectors ‘~1 NI at16 zr II will 
represent the rotations of the spic’dlc and roller reslm:tively, b,oth 
in magtlitudu and direction. v II, the rotation of the roller, can lx 
resolved into the rotations v q , and 7’ ~1~ about the axes of the 
shaft and roller rcspcctivcly. It cm easily he shown, from the 
geometry of the figure, that ‘z! q = i z’ NI ; therefore the axis 
of the roller turns ahout the axis of the shaft at half the speed of 
the shaft. 

The rotation 7’12, = !j ml, is equivalent to an equal rotation 
about a pm-Alcl asis throu& c (fi g. 397), togc>tlier with :I translation 

& 0 x 7’~. This translation 2nd rotatiotl mxtitute a rubbing of the 
roller on the bearing at I-. Thus, finally, the relative qiotion at c 

consists of a rubbing with speed 71 1‘ x !, w and a spinning with . . 
speed w3 = ZJ 11~. 
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Therefore, Fw, =: C6&{, , . . . . . . . (5) 

and if 12 rollers be used, with the total thrust IF’ along the shaft, 

w 01 =nCw, . . . . . . l 
(6) 

If a number of conical rollers are interposed between the 
two conical surfaces on the shaft and bearing respectively, as in 
figure 397, the radial thrust, C, or, the rollers may be provided for 
by a steel live-ring against which the ends of the rollers bear. 
This live-ring will rotate at hAf the speed of the shaft, and there 
will be no rubbing of the roller ends relative to it. Hut it should 
be noted that the speed of rotation (ti3 of each roller relative to the 
live-ring will be as a rule greater than the speed of rotation of the 
shaft, and therefore with a heavy end thrust on the shaft, the risk 
of abrasion of the outer ends of the rollers will be great. In a 
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friction discs , g, are carried in a nut, f; which is screwed into and 
can be locked in position on the live-ring, 6. This design 

(figs. 400 and 401) is arranged so that if one ball breaks it can 
be removed and replaced without disturbing any other part of the 
bearing. In this thrust-block a plain cylindrical bearing is used 
to support the shaft. 

This bearing may be simplified by the omission of the anti- 
friction discs, and allowing the balls to run freely in the space 

enclosed by the two steel rings, E, and the live-ring, /,. Figure 40 2 
is a part; longitudinul section of such a simpliliecl thrust lxnrin~, 
and figure 403 a part cross section. 

In a journal bearing the work lost in friction is proportional 
to the product of the pressure and the speed of rubbing, pro- 
vided the coefficient of friction remains constant for all loads. In 
the same way, in a pivot boaring, the work lost in friction-other 
things being equal.---- is proportional to the product of the pressure 
and the nn~u~lnr spcccl. IGluntions (1) and (6), thorcforc, nsscrt 
that it is iml)ossil)lc by any arrangcmcnt of balls or rollers to 
climinish the fric‘tion of n pivot bcxing lxAow a c~rtnifl :nnount. 
If a shaft suhjccted to a loqitudinnl force can bc supportetl 1)~ ;I 
plain pivot bearing (fig. 3~9, the work lost iI1 friction will IW n 
minimum. If; however, the circumstr~nccs of the cast’ ncc*essi tn t ‘1 
n collar bearing (lig. $S), an arrangement of balls or conical 
rollers may serve to ; (Ict rid of the friction due to the rubbing of 
the c*ollar on its bearings. In other words, the effective arm at 
which the frictional rcsistancc‘ acts niny 1x2 rcducucl by a propcrl~ 
dcsignecl bnll- or roller-bcarin g to n minimum, so that it may 1)~ 
cquivalcnt to that illustrated in ligures qoo- I. The pressure OII 

the pivot mny sometifncs 1)~ so great as to make it unclcsirablc to 
support it by n bearing of the type sho~ii in figure 3S6 ; tht2 use 
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of a Ixnring of either of the types shotvll in figures 400-1 and 
402-3 with n number of balls or conical rollers, is equivalent to 
the subdivision of the total pressure into as many parts as there 
are rollers in the bearing. 

265. Adjustable Ball-bearing for Cycles.---F’T;ig~re 404 SOWS 
diagmnmatically one of the forms of Ml-hearing used almost 

universally for cycles. The external load on the bearings of a 
hicycle or a tricycle is always, with the esception of the ball 
steering-hcnd, at right-angles to its asis ; any force parallel to the 
asis king simply due to the reaction of the bearing necessary to 
lxep the s~idlc in its place. Figure 40.4 represents the section 
of the hull of a bicycle K-heel ; the spindle, S S, is fiwd to the 

I,‘14 I. .I” I. 

Ii H-Ii ; 11;1l’&11cd Stc’vl b lIOIlCS,’ C C, arc smwcd on its tmds, am\ 

IKlKlclUl Steel r11ps, /I, arc wised into the ends of the hull, J% 
\vhi(.ll is ul‘ scjft~br IncWl. ‘1‘11,b Mls, /<, run freely bct\wc11 the 

cone C,’ a:Kl tlw c11p L? Ow of the’ cones C is screwA up tight 
apillst 3 ~hml&~ of the q)dndk~ S, the other is smwctl up until 
the U+~:CI rtlns fwl!~ on tlw spindle without undue shake, it is 
tllcll l~~:i;c~l ill Imsition 1))~ a lock-nut A\ which usually 31~0 st’rws 
to f;wtcn UK spin~llc to the fork c\mI, I+: 

z(i(i. Motion of Bill in Bearing.-4Tonsidcr now the ecpi- 

libriuul r)t tllc lx111 11. It is xwd on by two forces, fi and j2 
(lig. .Aoj), tl~c 1)r~~ssurc of the wheel :llld the reaction of the 
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spindle respectively. Since the ball is in equilibrium, these two 
forces must be equal and opposite ; therefore the points of COII- 

tact, (I and (I, of the ball with the cup and cone must be at the 
extremities of a diameter. During the actual motion in the 
bicycle the cone C is at rest, the ball 1 rolls round it, and the 
cup D rolls on the balls; ‘i’hc relative motion will be the same, 
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relative motion of the ball and cone at (7 be one of pure rolling, 
the portions of the ball and cone surfaces in contact lnay be con- 
sidered portions of cones having a common vertex ::‘a? ; the axis 
of rotation of the ball will thus be t+ But the ball cannot be 

rotating ttt the same instant about two separate axes V, c and zf2 c, 
so that &iotions of pure rollin, u cannot exist at tl and /, simul- 
taneously. If the surfaces of the cone and the cup be not equally 
smooth, it is possible that pure rolling may exist at the point of 
contact of the ball with the rougher surface. Suppose the rougher 
surface is that of tile cup, the axis of rotation of the ball would 

then be 71, l-j and the motion at ct would be rolling combined 
wit11 a spinning about the axis :t l- at right angles to the surface of 

contact. Draw 71~ I- i parallel to (1 c, cutting V, t at d. Then, if 
I.(i represent the actual angular velocity of the ball about its axis 
of rotation $1, i, 5f2 n will represent the angular velocity of the ball 
about the axis (2 l ; since the rotation L-X! is the resultant of a 
rotation c 7’- , about the axis c z12, and a rotation ~1, (,? about the axis 
Ctl : &-zl, is, in fact, the triangle of rotations about the three 
ases intersecting at i. 

If the sulfates of the cone and cup be equally smooth the 
axis of rotation of the ball will be t V, v being somewhere between 
;ll and T’,. If the angular speeds of the spinning motions at 
tl and /, be eclual, c 7’ will bisect dell. If c be this point of inter- 
section, e c it, and c rtd will be the triangles of rotation at the 
points lt and /, respectively. 

The above investigation clearly shows that a grinding action 
is continually going on in all ball-bearings at present used in cycle 
construction. The grooves formed in the cone and cup after 

running some time are thus ac- 
counted for, while the popular 
notion that all but rolling fric- 

” ‘g be erroneoui The effect of this 

tion IS elunmated m a well-de- 
signed ball-bearing is shown to 

FIG. 406. FI(i. 407. 
grinding action will depend on the 

closeness with which the balls fit the cone and cup. If the radii 
of curvature of the ball, cone, and cup be nearly the same 
(fig. 406), friction due to the spinning will be great ; while, if they 
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arc perceptibly difftmnt (fik;. 40;)~ the: frict.) I!. of the bearing will 

lie mucll le5;s. Ou the other hmd, a Ml in the karing (fig. 406) 
ii-ill be able to withstand e vreater pressure thm a hli in the 
bearing (iig. qq), the surface of contact with a given ioad being 
so very much less in figure 407 than in figure 406. 

267. Magnitudes of the Rolling and Spinning of the Balls 
on their Paths.--From (7, C; and /, (fig. 305) draw perpendiculars 
to the axis SSY and let f#J be the actual angular speed of the 
wheel on its spindle, T the sum of the angular speeds of the 
sI~innin~ motions of the ball un its two bearing surfaces, 10 the 
radius I- tz of the ball, and K the radius cc1 of the circle in which 
the ball centrm ruu. From 1~ draw (z LZ 1 perpendicular to t 8. 
Considering the motion relative to a plane passing through the 
spindle V S and the line ‘ZJ c- that is, considering the point G to be 
at rest, as described in section 266.-let W, be the angular speed 
of rotation of the ball about the axis PC, which may be assumed 
at right angles to (I b. The linear speeds of the points (T and /, of 
the ball will be (I), 10. The angular speeds of the spindle and the 
wheel will bo respectively 

(11 1 Y - _ -.~ and E&. 
a a1 

But the spindle is actually at rest ; so, if the angular speed 

“I I’ about the axis .SS be uow added to the whole system, tho 
n tz’ 
actual angular speed of the wheel will be 

IrJ , 1’ . . , 

Denoting the length L- (I, by I/, 

(7 a’ =K--q~and(/lII=R+q; 

equation (7) may thcreforc be written 

ffJ, = 
p - 4’ 
-----w . . . . 

2 R ?- 

But by section 266 

T= 
VQ d 

--f&1 . . . . . 
ec 

. . . (7) 

. . . (8) 

. . . (9) 
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�i�., d R� - p 

T= ---- l 3 A, -- (tl . . . . . , (TO) 

t� (� h 1� 

An inspection of the diagram (fig. 405) will show that the 

fractions 
7’2 rJ 

and 
R2 - q” 

are smahcr the nearer the diamctcr 
e L’ 2 Itc 3 

n h of contaJ of the ball with its IK+~ Str 1t~gs is to a perpendicular 
to the spindle S S. Also, the distanct.. Y clcpends on the position 
of the actual ask of rotation, c V, of ‘hc !)a11 ; but it does not 
vary greatly, its maximum value bciq when it coincide? with 
c s-t L 1’3 its minimum when it is perpendicc:; rr to a /,. 

The nbovc considerations show th ,.t a ball-bearing arranged 
as in the full lines (fig. 305) will bc :;~:h better than the one 

,4--- J \ 
arranged 3.:’ .h.nw by the dotted lines,, 

1 

‘\ r 
’ ‘\ / 

/’ A 
a 

The end tL! !<?. ir? !-Gcyc!c bearings is 

/I 
alway smalS, L,rl ikIt the lint of c&tc:t 

\ \ / n h ntwl not be inclined 45” to the axis, 
\ . / / 

F- ’ 
but ho placed nearer a perpcnG.x.rlar to 
the axis. 

F-II;. 40s. The rolling of the balls on the 
bearings will be much less prejudicial 

than the spinning ; it may be c.3,lculatcd 2s follows : 
The linex speed of the point b of the ball (fig, 405) is 

0 xiw = (K + q) (3. The angkr speed of rolling of th& ball 

(I? + $9 about the axis (I Y., is therefore - 
2Y 

O. Consider now the 

outer path 13 to be fixed, and the inner path C to revolve with 
the angular speed - w ; the relative motion will be, of course, 
the same as hefore The linear speed of the point rz of the ball --- 
is0 x ml = (K - y) W, and the angular speed of rolling of the 

ball about the axis ,5 V, is therefore (X - 9) w. 
2’y 

The sum of the 

rolling spc~ds of tkie ball at a and b is therefore 

R 
--pl, . . . . . . . . . (If) 

a result independent of the angle that the diamstcr of contact n b 
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makes with the asis of thu lwaring. The prcssurc 011 the ball, 
lio~vcvcr, :Illd tha-cforc ;\I50 the rolling friction dqends on this 
angle. 

-E.\W+b- In the bearing of the driving-wheels of a Safctjv 
bicycle the hall s arc 4 in. di:!m&er, the ball ci~lc--that is, tl;c 
circle in wliic*h thcb centres of 
the l~nlls li+--is *S in. diameter, 
and the line of r’ontact of the 
1~~11 is irlr-lincll q.;” ; find the 
:111gulnr s1)~~t.r.l of the spinniilg 
uf Sllz 1~1115 on their bearing. 
E’ign-c q.0~) is the: dixpm for 
this c::: ‘3 drawn t0 scale, irOil 

n*hich zf2 (i = ‘2 I in., CT c Z= -4-1 % v 
in., and q = 31). Substituting FIG. .+oc). 
thcsc vnlucs in ( IO) 

;I’ = 
‘21 (‘16 - 3oSr) 

‘4.J x 2 x ‘4 x -1aj 
w = ‘72 (I). 

‘l‘ht is, for ~-cry r;volution of tlw hub, the total spinning 
Of CX~~ Ml rulativc to the bearings is nearly three-fourths of a 
l-cvo!Lltiori. 

The I,ress;urc on each ball in this case is x/ 2 times the 
rw-fi;-(!/ land on it Hence the resistance due to spinning fric- 
tion of the balls will 1~ ‘72 J 2, = I SOI 8 times that of a simple 
l’ivot-bcnrin;: formed l;)~t placin, fr a single ball between the end of 
the pivot and its scat, the totill load being the samt: in each 
WSC. 

‘IX SLIP of the spcds or: rolling ot’ tlrc ball is, by (I I ): 

23 
3’2 w. (3 = 3 ‘25 

24y. Ideal Ball-bearing. - The cxterilai ioad 011 the ball- 
bearing of a q~le is usually at right angjes LO the axis, but fr>m 
the arrangemwt of the bearing (fig, 403) the pressure on thti 

balls has a compontnt parallel to the axis. This component ‘,las 
to ht- resisted 1)~ the bearing acting practically as a collar bearing, 



spindlt: run lxtw2en 
coasial cylindrical sur- 
facts on the spindle and 
hull respcctiwly ; the 
motion of the balls, /,‘, 
r&itiw to 110th surfaces, 
is tlxi5 one of pure roll- 
ing. ‘i’lic spnw in which 
the Mls rwi is a little 

k’I(j. .$li. lwgcr, parallel to the 
AS of the spindle, 

tl~n their dinwetq 50 that they clo nut bear sideways. ‘I’llC 
wheel is kept in ljosition along the spindle by a set of balls, 
h, rulinin~ hctn.ccn txo cwical surfaces on the sljindlc and 
hub rcspxtivdy, havin, (r a wnmon wrtts, and kept radially in 
place 1)~ a live-ring, I’. c>ne of these COIWS is fixed to the spindle, 
the other fwx part of the main ball cup. ‘This bearing is 
thcrcfare a combination of the hall-bearing (fig. 395) and the 
thrust lxxring (fig. 402-3). ‘The motion of the main halls, 8, 
lxing purt‘ roiling, t!le nxessity of providing means of adjuc;tment 
Gil not ix so great as with the u.;ual form ; in fxt, the bearing 
lying l)roperly made by thy nIa:lufacturer may he sent out lvithout 
adj 1 Istment. A play of a hundredth part uf an inch migCi lje 
allolved in the two main IOWS of halls, 23, and a longitudinal 
play @f 011&t wentieth of an inch for the secondary rows, 6. If the 
main ro\v of balls ultimately run loose, a new hard steel ring, I;‘, 

can be easily slil’ped on the spindle. 
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If adjustments for wear arra required in this type of bearing, 

they can be provided by making the hard steel Ml ring, X, slightly 
tapered (fig. 41 I ), and screwing it on the spindle. It would be 

I the frIctiona resistnnw Fit;. .$I I. 
under an end thrust will 

I bc theoretically ixrcnsed, by omittin, cr the live-ring confining the 

secondary bnlls, and met-p, q It in either the cup or the comcal 

disc (fig. ..+I 2). If this be done 
a single ball will l,robably lw 
sumcient ror cncn row or se- 
condnry bnlls, A If n double 
collar bc formed near one end - 
of the spindle, orw row of 
secondary balls, (I, would be 
sufficient for thu lonCitudina1 
constraint. ‘l’hq coulud lx put 

1: 

in nlacc through a hole in the 
I‘ I(,. -( 12. 

1,c111 cup (fig. 4 I I)! or by screwing an inner ring on the cup 

i 

(fig- ,v3)* The other end of the bearing will have only the main 
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zr)!.;, ‘Mutual Rubbing of Balls in the Bearing.- Icigurc 4 14 
1’,1ay 1)~ taken to rq)rcwnt a section of a Ml-bcnring 1)~ n plnnc 

at rigtlt nnglr~s to the asisi? tlrc contra! q)indlc being fixed and 
the OmcI- case rcvdvin~ T il: the dkction of the arrow CC. The 
l,:ills wilt tlic’rtlt‘cw roli 011 :hc fizecl sl)indlc in tht: dircctioll 

i ndicatecl. If t~vc) adjacent b;~ll~, N, and I&, touch each other 
tl:cre will bc :ul~bing at thC point of contact, and of c0ur.w the 
frirkti()ll I.cs::;t;;llc.c of the bearing will bc inw.xwd. Now, in 

;I Ml-karing ppdy adjusted the ad- 
justing cone it; not screwd up quite tight, 
but is izft in such a lxxition that the 
balls are not all held at the snnle 

moment bctwet‘n the cows and cults ; 
in other words, there is a little play left 
in the bearing. Figure 3 14 shows such 
;I bearing sustaining a vertical load, as in 

1.’ I !._I . 
the case of the steering-wheel of a bicycle, 

4 I .+ . 
with the play greatly esnggcratcd for 

the snk of clcnrness of iilustration. The cone on the wheel 
spindle will r c5t on the balls near the lowest part of the bearing, 
and the halls at the top part of the bearing will rest on the cone, 
but be clear of the cup of the wheel. Thus, a ball in its course 
round the hwarin g will only be /wxzd between the two surfaces 
while ill contact at any point of an arc, dl L-.,, and will run loose 
the rest of the rtxolution. The balls should never be jammed 
tightiv round the bearing, 
abnormally g-cat. 

or the mutual rubbing friction will bc 
‘I’hc ascending balls will all be in contact, the 

mutual prewari’ being due merely to their own \\*eight. A ball, 
I,‘:,, having roached the top of the bearing will roll slightly forward 
and do\~:n~vard. until stopped by the ball in front of it, R,. The 
descending balk wili all be in contact, the mutual pressure being 

again due to their own weight. On coming into action at the arc 
C, cP, the l)ressur’: on the balls tends to flatten them slightly in the 
direction of the pressure, and to extend them slightly in all direc- 

tions at right angles. The mutual pressure between the balls may 
thus be slightly incxeased, but it is probable that it cannot be 
much greater than that due to the weight of the descending balls. 
;~s this only amounts to a wry small fraction of an mncc, in com- 



parison with the spinning friction above described unclcr a total 
load of perhaps IOO lbs., the friction due to the bails rubl~ing on 
each other is probably ncgli~ibly sm:~ll. 

Figure 4 14 relxesents the actions in the lxarings of non-driving 
wheels of bicycles and tricy&s, and in the driving-wheels of chain- 
driven Safety bicycles ; also, supposing the outer case fixed and 
the inner spindle to revolt, it rcprescnts the action in the crank- 
bracket of a rear-driving Safety. 

In the bearings of the front wheel of an ’ Ordinary,‘or the front- 
driving Safety, the action is different, and is represented in 
figure 415. In these cases the balls neal 
the upper part of the bearing transmit 
the pressure, the lower Mls being idle. 
‘The motion being it: the direction shown 
by the arrow tl, the ball B, is just about 
to roll out of the arc of action, and will 
ctrop 011 the top of the Ml 3,. The ball 
Jci,, ascending upwards, will move’ into the 
arc of action c, c.,, an3 will be carried 
round, while the b;ill behind it, r;14, Gil FI(i. 413. 
lag slightly behind. In this way, it is 
possib!e that there may be no actual contact between the !xdls 
transmitting the pressure. 

It Kould 1x2 intcresting to c:sporiincnt on the coefficient of !’ 
friction of the same ball-bearing under the two cliffc*rent conditions 
illustrated in figures 413 and 415. In some of the earlier ball- 
bearings the balls were placed in cages, so as to prevent their mutual 
rubbing. Figures 4 I 6 and 317 show the ‘ Premier ’ btlaring with 
ball-cage. It does not appear that the rubbing of the balls on the 
sides of the cage is less prejudicial than their mutual rubbing ; 
and as, with a cage, a less number of balls could be put into a 
bearing, cages were soon abandoned. 

i?fict of Vc;7Sztio72 irt Szie of Bnlls.-If one ball be slightl) 
larger than the others used in the bearing, it will, of course, be 
subjected to a greater pressure than the others ; in fact, the whole 
load of the bearings may at times be transmitted by it, and there 
will be a probability of it breaking and consequent damage to the 
surface of the cone- and, cup. Let Y bc the linear speed of the 
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point of the c-up ill contact with the ball (fig. 41q), _I;: the radius 
of the ball centw, and I’ the radius of the ball ; the linear speed 

of the ball centre is 1,’ 
2 

, and its angular speed round the asis of 

FIG, 416. 

FK;. 417. 

the spindle: is 
1,’ 

2 R’ 
The radius R is the sum of the radii .sf a 

ball alld of the circle of contact with thl- ‘,c~HL” ; xwquentiy the 
angular speed round the centre of the s~‘%k r-8 a ball slightly 
larger than the others will be less than that of the others, the 
large ball will tend to lag behind and press against the following 
ball. 

If I-’ tw the bearing pressure on the large ball, the mutual 
pressure, F, between it and the following ball may amount to 11 P, 
and the frictional resistance of the bearing will be lariely increased. 

The mutual rubbing of the balls may be entirely eliminated 
by having the balls which transmit the pressure alternating with 
others slightly smaller in diameter. The latter wiil be subjected 
only to the mutual pressure between them and the main balls, and 
\vj]l rotate in the opposite direction. They may rub on the 



bearing-case or spindle, but, since the pressure at these points 
zpproaches Lero, there will be very littIe resistance. This devicu 
1~1ay be used satisfactorily in a ball-thrust benri-q, but in a bic)*~l~ 
lx&hearing the number of balls in wtion at any nlonwnt may 
be too small to permit of this. 

270. The Meneely Tubular Bearing.--In the Meneely 
tubular bearing, mado by Messrs. Sienwns Brothers (fig. @), the 
nlutual rubbing of the rollers is elltiwly eliminated by an in- 
g~:~lious arrangment. “ ‘1’1~~ bearing is composed of steel tubes, 
uniform in section, which are grouped closely, although not in 
CfJntact with exh other, around and in alignment with the 

rrc;. 4x8. 

journal : these rollers arc‘ enclosed withill a steel-lined cylindrical 

housing. ‘I’hey arc arrnngcd in three se&s, the ccntre scrip:; 
being double the Icngth of tlw w?ltcr scrims. I~~ach short tube is 
in axial :~lignnwnt with the (*orwsponding tube of the opposite 
cncl scriq, whilt: exactly intcrmediatc to these end lines arc 
arranged ,the ases of the ccntre series, thus making the lines of 
bearing equal. lb+ end tube overlaps two centrc tubes, as 

Aioiwn in figurt’ 4 1 S. ‘1‘0 keep the long and short tubes in proper 
relative position, there nre threaded through their insides round 

steel rods. These rods both lock the rollers together and hold 
then1 apart in their proper relative position, collars on the rods 
also serving to aid in maintaining the endwisc positions. These 
connecting-rods share in the general motion, rolling without fric*- 
tion in contact with the tubes. They intermesh the long and 
short tubes, and keep them rigidly in line with the axis.” For a 
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journal 3 in. &mete., r the external and internal diameters of the 

rollers are a in, and 14 in. respectively. 
2 7 I _ Ball-bearing for Tricycle Axle.--FFigurc 4 I 9 represents 

a form of Inll-lwnring often wed for supporting a rotating axk, 
as the fwnt asle of an ‘ Or- 
dinary,.’ tricycle axles, Src. 
This bearing supports the 
load at right angles to 
the axle, and at the same 
time reSi!;t:i end-way mo- 
tion. A ball has contact 
with T\X ball-races at four 
points,, (1, l’, C, ct, which for 
the 1-w t arrangement 

--- 

1.’ II 
should bc in pairs parallel 

I. 4I’.‘* 
to the axis ; the motion of 

th:: lx111 Gil tllvn lx one of rotation, the instantaneous asis 
trC1l;g (* ~1, its lille of contwt with the bearing cast. The motion 
of the l);dl rci.:hx to any poht of the surface it touches will, 
l~(wcver, lie one’ of rolling coml~ined with spinning about an axis 
pp~~dicular tu the surface of contact. 

t;ignre 320 shows this form as made adjustable 1))~ Rlr. \I’. 

t :0\t-11. ‘[‘hi ouw.r ball-cup is screwed into the bearing case, and 
dwn prq’erl!* adjwtcd i$ fiwd in position by a plate 
;wd set screw If this bcnring be attached to the 
frnmc or fork by a bolt haying its asis at right angles 
to the rotating spindle, it will nutomaticalIy adjust 
itself to an!’ deflection of the frame or spindle ; the 
;lws of the spindle and bearing case always remaining 
crh2ident. 

1 ,ct (JJ he the angular speed of the axle, r the radius 
of the bnll, K, R, and A’, the distances of the points cz, 

I: 
J:, and LI from the asis S S. ‘The linear speed of the 

Fllr. 4'0. 
pi;lt LZ common to the ball and the axle will be o A’,. 
The angular speed of the ball about its instantaneous 

asis of rotation d l- will he 



‘l’hc relative angular speed of the ball and ask about their 
instantaneous axis 0 (, will be 

T)raw c L-1 at right angles to the tangent to the ball at d ; then at 
the point n the actual rotation of the ball about the asis c 8 can 
be resolved into a rollin g about the asis ri 8 anI: a spinning 
about m axis ct A at right angles ; d r 8 will be the triangle of 
rotations at the point ft. If the angular speed of !spinnIhg of the 
ball at tl is r;, WC haw 

II - -- = 
6) fi, i fi ’ _- i.tp., xi = - (I-0 

Tkw /; /,I perpendicular to the tangent at (7 ; then, in the same 
XL)‘, it may be shown that the angular slxed of’ the relative 
spinning at tht’ point 0 is 

1+0nl ( I 4) nud ( I ,;, ) the qk~.As of spinning at :I mid (L are 
invcrsel~~ proportimnl to the radii J the circumferences of the 
bcarin~s nt II and /, are also proportional to the radii. If the 
\vear of tlw lkaring be proportimal to the relative spinning speed 
of the Ml. awl iwersuly proportional to the circunlference- both 
of whit-h aSSLll~qJti~Jl1~ seen] rcasonablc -.-the wear of the inner and 
ou tcr c;~~cs ;lt (7 :md ri will be inversely proportional to the 
squnt~s of tlleir radii. If the bearing surfaces at (7, i-~, c, and d 

* .I 
are all equally incliwd to the ask, L ’ = 

iw 
Cd 

- ; 
ih 

then xlding ( 14) 

t i’ fi = 4 ---- -6) 
c2 - LE d 

. , . . . . . (16) 



written, 

. ‘I 

If the dinuletc~r of the hall is ’ , 1’ = A, and if A’ is !” ; 

substituting in ( 1 S), 

T = SM. 

‘This gives the startling 
result that for ever) 
turn of the axle each 
ball has a total spin- 
ning motion of eight 
turns relative to the 
surfaces it touches. 
‘I’his form of bearing, 
therefore, is much in- 
ferior to this &zrbZ~~ ball- 
1 leari ng, which xls 
much used for the 
front wheels of ‘ Ordi- 
naries.’ Figure 421 is 
a sectional view of a 

dodbt;: kll-bearing as used by Messr~. Singer 8: Co. The motion 
of the bails in this bearing is the same as that analysed in 
section 2 66. 
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27 2. Ordinary Ball Thrust Bearing. --Figure 422 is a section 
of a form of ball thrust bearing which is sometimes used in light 
drilling and milling nmchines. The lower row in the ball-head 
of a cycle also forms such a bearing. 

The arrangement of the ball and its grooves, shown in 
figure 422, is almost as had ;ts it could possibly be. Let (I, 6, c, 

and d (fi!g. ,+q) be the points of contact of the ball with the sides 
of the groove, and o the centre of the ball. If no rubbing takes 
place at the points rr and b, the instantaneous axis of rotation of 
the ball relative to the g-oove 11’ must be the line (I !I ; that is, 
the mcJtion of the ball is the same as that of a cone, with vertex 
7.1~ and semi-nnglc o zfI tl, rolling on the disc of which the line tz q 
is a section. Suppow now that there is no rubbing at the point 
J, and let w Ix the angular speed of the spindle A. Drop a 
lwpmdimlar tz’ sf, on to the n\;is. Then J(,, the linear sl~cd of 
the point D, will be 

and Y,, the linear speed of the point c of the spindle, will be 

The angular speed of the ball is 

Y;, v, d ..--- d 1I -- . =O x dll 
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The linear speed of the point c on the hall must be equal to 
the speed of the point d on the ball, since these two points are at 
the sa.me distance from the instantaneous axis of rotation n v,. 
Therefort: the speed of rubbing at the point t is 

-.-- 
w x (2’2 d - vup c) 

If the grooves are equally smooth it seems probable that the 
actual vertt’s, 71, of the rolling cone will be about midway between 
$1, and ?I.,, and the rolling cone, equivalent to the ball, will be 
e 2.1 f; the points a and ct will lie inside this cone, the points b 
and c outside, and the rubbing will be equally distributed between 
the points n, l’, c, and (z’. 

In comparison with. the rubbing, the rolling and spinning fric- 
tions will be small. A much better arrangement would be to 
have only one groove, the other ball-race being a flat disc, 

2 7 3. Dust-proof Bearings. -If the ball-bearing (fig. 404) be 
csamincd it will be noticed that there is a small space left be- 
tween the fixed cone C, and the cup D, fastened to the rotating 
hub. This is an essential condition to be attended to in the de- 
sign of ball-hearings. If actual contact took place between the 
cone and the cup, the rubbin, (r friction introduced would require 
a greater espcnditure of power on the part of the rider. Now, for 
a Ml-bearing to work satisfactorily, the adjusting cone should not 
be screwed up quite tight, but a perceptible play should be left 
between the hub and the spindle ; the clearance between the cup 
C and cone I. should therefore be a little greater than this. 

In running along dusty roads it is possible that some may 
enter through this space, and get ground up amongst the balls. 
In so-called dust-proof bearings, efforts are made to keep this 
opening down to a minimum, but no ball-bearing can be abso- 
lute!y dust-proof unless there is actual rubbing contact between 
the rotating hub and a washer, or its equivalent, fastened to 
the spindle. Approximately dust-proof bearings can be made by 
arranging that there shall be no corners in which dust may easily 
find a lodgment. Again, it will be noticed that the diameter of 
the annular opening for the ingress of dust is smaller in the bear- 



CHAP. xx\‘. I;I)t’t? ?hy.i- 393 

ing fign-e 4.1 3 than in the bearing ligure 404 : the former hearing 
shoulct, therefore, be mm mxrlp dust-proof than the latter. 

The small back wheels of i Ordinnritx ’ often gave trouble from 
dust getting into tlw bearings, such dust coming, not only from 
the road direct, l)\it also being thrown off from the driving-wheel. 
When a bearin, (r !las to run in a \-cry dusty position a thin washer 
of leather nlay be tised to the spindle and press lightly on the 
rotnting hul), (II’ ;-lii~- w~=c(i. ‘T’hc frictional resistance thus intro- 
Juccd is \-et-y small, and does not incrzw with an increase of 
10x1 on the bearing. 

;I 74. O&retaining Bearings.-Any oil supplied through a 
llole at the middle of the hub in the l>earin~ shown in figure 404 
\vill swner or later get to the balls, and then ooze out between 
the cup and cow. In the bearing shown in figure 413, on the 
other hand? the diameter of the opening between the spindle and 
hub being much kss than the diamc~cr of the outer ball-race, oil 
will be rctnincd? and each ball at the lowest part of its course Ix 
iinmcrsed in the lubricant. 

l‘igurc 380 is a driving hub and spindle, with oil-retaining 
ljearings, made 1,). llesst-s. IV. Nexton & Co., Newcnstlc-on-‘l’ync. 
Figure 3X1 is a hul,, also with oil-bath ‘,ubricat,ion, by the Centwr 
qde (:olllpay. 

2 75. Crushing Pressure on Balls.-In a row of eight or nine 
balls, all exactly of the same diameter and pcrfcctly spherical, 
running between properly formed races, it seems probable that 
the load will be distributed over t\;‘o or three balls. If one ball 
is a trifle larger than the others in the bearing, it will have, at 
intervals, to sustain all the weight. In a ball thrust bearing with 

balls of uniform size, the total load is distributed amongst all the 
balls. The following table of crushing loads on steel balls is 
given by the Auto-Machinery Company (Limited), Coventry, 
from which it would appear that if P be the crushing load in lbs., 
and IZ the diameter of the ball in inches, 

p = 82goo d2 , . . . . , . . (19) 



Diameter of bail Weight per gross Cruslling load ’ Working load 

Ibs. 

‘OLq 15 
‘1401 
‘3322 

-64% 
I -1213 
2.6576 

11,s. lb% I 

1,288 160 , I 
2,900 : 360 ! 

53~50 640 
8,050 I,- 

I 1,600 1,450 
20,600 2,570 

276. Wear of Ball-bearings.- It is found that the races ill 
Ml-hcariiigs ari: groovecl after being sonic time in use. This 
grooving may bc due partly to nn actual re~~hml of nlatcrial o\\itlg 
to tlw grinding motion of the halls? and partly to the balls gradu- 
ally I)rt.xin, (r into the surfaces, the hlls possibly being slightly 
lx-trdcr tlxm tlw cups and COII~S, 

I’rofc’ssor lh~!~s hs founfl that tlw war of \)alls in a beariiig is 
prn~tic311~~ rqligiblc (‘ Procn. Inst. Mcch. Eng., r8Sj, p. 5 lo). 

27 7. Spherical Ball-races.-If by any accident the central 
mtllc in a Ml-bcaritl g qcts bent, the aws of tlic tw Ml-mces c 
11 not coincide, and the bearing mny work l,adly. hl cssrs. 
c:htcl & %chs, Schwcinfurt, (;emnny, set over this dificulty 

by making the imcr ball-race spheric:A (tig. 324, so that however 
the spindle bc: bent the: ball-race surface will remain ullaltered. 
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279. Transmission of Power by Flexible Bands.--A flexible ~ 
steel lxuld passing over two pulleys was used in the ‘ Otto ’ dicyclc I 
to trnnsnlit power from the crank-auic to the driving-whet:ls. The 
effort twnslnittt‘d is the diffcwwe of the tensions of the tight and 
slack sides of the: band ; the nlaGmunl effort that C:VI be trans- 
mitted is therefore dependtmt on the initial tightness. Like 1~Jts 
or smooth lxmds, chains are flmiblc transmitters. If the speed 
of the flesible transmitter be low, the tension necessary to trmsmit 
a certain amount of power is relatively high. In such wses the 
available friction of a ilelt on a smooth pulley is too low, and 
gearing chains must be used. Projecting teeth are formed on the 
drunls or whct’ls, and tit illto corresponding recesses in the links 
of the hill. 

-A chain has the advantage over a band, that there is, or should 
he, no tension on its slack side, so that the total pressure on the 
bearing due to the power transmitted is just equal to the tension 
OH the driving side. 

1-w chain gearing to work satisfactorily, the pitch of the chain 
should 1~ equal to that of the teeth of the chain-wheels over which 
it runs. Unfortunately, b (rearing chains subjected to hard work 
gradually stretch, and when the stretching has exceeded a certain 
amount they work very badly. 

&n/-.-The total effect of the gearing of a cycle is usually 
expressed by giving the diameter of the driving-wheel of an 
‘ Ordinary ’ which would be propelled the same distance per turn of 
the pedals. Thus, if a chain-driven Safety has a &-in. driving- 
wheel which makes two revolutions to one of the crank-axle, the 
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machine is said to be geared to 56 in. Let IV, and i’K2 be the 
numbers of teeth on the chain-wheels on driving-wheel hub and 
crank-axle respectively, and d the diameter of the driving-wheel 
in inches, then the machine is geared to 

lv 
2 d inches . . . . , . 

N, 

l (1) 

The distance travelled by the machine and rider per turn of the 
crank-asle is of course 

;“2 ;; a inches _-. 
AT, 

. . . . . . . , ( ) 2 

The following table of gearing may be found useful for 
reference : 

‘I‘ABLE XI\-. -CHAIN GEARING. 

Gear to which CycZe is Spetded. 
-- 

/ 
! Number 
1 of teeth 
/ on 

Diameter of driving wheel 

16 
16 
16 
16 

17 
17 
=7 
17 

18 
18 
18 
18 

- 

b 

9 
IO 

;: 

9 
IO 

8 

9 
IO 

8 

9 

- ____-- --_-- 

22 i 24 

---!---- 

5* 
44 

! 54! 

39h 
i 48 

42; 
35a 38% 

I 
53+ j 58; 

462 i 51 
41: 
37E 

j 45+ 
I 408 
I 

56; ! 61; 
496 44 1 

39% / 

:g 

435 

522 : 57 
465 5+ 
412 : 45% 

55 60 
48: 53s 
44 48 

32 34 

-- 

i 
26 I 28 30 

I 
40 42 

92 

II+ 
64 

96 too+ 

84 88 

74% 78; 
67-i 703 

102 

891 
799 
71% 

t0 

“It 
ii;+ 

741 

IOZ$ 

go 
80 

72 

108 

i:” 

75Q 

rI3+ 
99 
88 

796 

95 992 1044 
843 883 

76 
92% 

s’ r9.5 832 

95 loo 105 
848 88E 93; 
76 80 84 

!- 

68f 
60 

536 
48 

63; : 68 72; 
55t 598 638 
493 1 52: 1 561 
44k 472 51 ; 

77; 
21 

54 

7If 
633 
57 

85 90 
756 80 
68 72 

I 
i- 
20 IO 

I 

280. Early Tricycle Chain. -Figure 426 illustrates the 
‘ Morgan ’ chain, used in some of the early tricycles, which was 



composed of links made front round steel wire alternating with 
tubular steel rollers. There being only line contact between 

adjacent links and rollers, the wear was great, and this form of 
chain KC?S goon abando!red. 

281. Humber Chain. -Figure 327 shows the ‘ FIumber ’ chain, 
formed by a number of hard steel blocks (fig. 428) alternating 

Frc;. 427. 

with side-plates (fig. 429). The side-plates are riveted together 
by a pin {fig. ASO), which passes through the hole in the ldock. 
The rivet-pin is provided with shoulders at each end, so that the 
distance bctwccn the side-plates is preserved a trifle greater than 

ITIC. 430. 

the width of the block. In the ‘ Abingdon-Humber ’ chain the 
holes in one of the side-pl:ltes are hexagonal, so that the pair of 
rivet-pins, together with the pair of side-plates they unite, form 
one rigid structure, and the pins are prevcntcd from turning in the 
side-plate:::. 



I‘ll I. ‘q t-1. 
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on the rivet-pin as a lx.nrinS. If the inner plates were left as 
narrow as the outc’r plntf%, the lwnring surface on* the ri\vet would 

lw I.crjr sn1;111, 2nd \~tbnr would take place rapidl>T. IGgure q.34 
sllo\~s the inner l)l:lte provided with I~osses, so that the baring 

surface is enlarged ; and figure ~35 
shows the plates riveted together. 
The rivet, shown separately (fig. 
.4.36), thus lxars along the whole 

width of the inmr chnirl-link. Loose rollers surround the bosses ; 
these m-t’ not I;;hown in fi;‘ure J,;,;, but nre sho\vn in figure q.33. 

.%~C$~4X C’Lwtr~.-The chnill illustrated iI1 figure 433 is a 
tw j-link chain ; that is, its length must be increnscd or diminished 

l,- two links nt a time Thus, if the chain stretches and 
l~~~~mw too long for the cycle, it cm only lx shortewd 
by two inches at a time. Figure 337 show a sl’q-Z&,Gvk 
Jldiil ; that is, one which can be shortened by removing 
mc link at n time. ‘I’he side-plates in this (‘ase are not 
strnight, b\lt one pair of ends are brought closer together- 

I.‘Il;. 4;‘:. than the other ; the details of boss, rivets, and rollers are 
the same 35 in the tloulAAnk vhnin. 

‘I‘htA width of the space betwell the side-plates of figure 333 
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sho\~s the inner l)l:lte provided with I~osses, so that the bearing 

surface is enlarged ; and figure ~35 
shows the plates riveted together. 
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.4.36), thus lxars along the whole 
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tw jmlink chain ; that is, its length must be increnscd or diminished 

l,- two links at a time Thus, if the chain stretches and 
l~c*onl~s too long for the cycle, it cm only. lx shorteilcd 
by two inches at a time. Figure 337 show a sl’q-Z&,G-7k 
Jldiil ; that is, one which can be shortened by removing 
mc link at a time. ‘I’he side-plates in this (‘ase are not 
strnight, but one pair of ends are b-ought closer together 

I.‘Il;. 4;‘:. than the other ; the details of boss, rivets, and rollers are 
the same 35 in the tloulk-link vhnin. 

‘I‘htA width of the spxe hetwecll the side-plates of figure 333 
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there arc teeth in the wheel. Let CT, I’+ c . . . (fig. 440) lx con- 
secutive angles of the polygon. When the chain is wrappd 
round the wheel the centres of the chain rivets will o~xxl~y the 
posilions 17, b, f’ . S . The: relative motion of the chain and wh~l 
will be the smw, if the wheel lx considered fixed and the chain 
to be wound on and off. If the wheel be turning in the direction 
of the arrow, as the rivet (2 lewes contact with the wheel, it 
will I~VC rclativc to tho wheel in the circular arc n q, having (I 
as cmw, n, Iyin, (r in the line c /I produced. Assuini ng that the 
cxhnin is tight, the links n lr and /, c will now lx in the smnc straight 
lint, md the riot n will mow, rclntivc to the chain-wheel, in the 
circular arc n, (7.,, with ccntre c ; n, lying in the straight lint (I L- 

produwd. ‘l’hus, the wlativc path of the cmtrc of the rivet A as 
it lc;lavus the: wheel is a serius of circular arcs? having ccntres 
1 (I, i ,d.. . rqw t ivcly. It may be not&d that this path is 
:lI)l)roxinintcly fw involute of a circle, the npprosimati3n being 
closer the larger the number of teeth ill the wheel. In 
the 5mne way, the relative path of the centre of rivet b as it 
11~0~‘~s into cxmt:ic:t with the wheel is an csactly similar curve /, /‘, 

l’2 * . ., which i~ltursects the curve cI. n, n, . . . at tlic point x. If 
the ri\*ets and rollers cf the chain could he made indcfinitel) 
SIIMH, 1lw largest possihlc tooth woulcl have the outline n n, .Y /), (,. 
‘l’nking account of the rollers actually used, the outline of the 
l;lrgcst pussiblc trmth will Ix ;I pair of pa~llel curves A A’ and 
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B X intersecting at S, and lying inside n q . . . and (I h, . . ., 
a distance equa.1 to the radius of the rollers, 

Kinematically there is no necessity for the teeth of a chain- 
wheel projecting beyond the pitch-line, as is absolutely essential 
in spur-wheel gearing. If the 
pitches of the chain and wheel 
could be made csnctly equal, 
and the distance between the 
two chain-wheels so accurately 
adjusted that the slack of the 
chain could be reduced to zero, 
and the motion take place with- 
out side-swaying of the chain, 

k’1r;. 441. 

the chain-wheel might be made as in figure 441. With this ideal 
wheel there would be no rubbing of the chain-links on it as they 
moved into and out of gear. 

ijut, owing to gradual stretching, the pitch of the chain is 
seldom exactly identical with that of the wheel ; this, combined 
with slackness and swayin, * of the chain, makes it desirable, and 
in fact necessary, to make the cogs project from the pitch-line. 
If the cogs be made to the outline A XB(fig. 440), each link of 
the chain will rub on the corresponding cog along its whole length 
as it moves into and out of gear ; or rather, the roller may r&Z on 
the cog, and rub with its inner surface on the bosses of the inner 
plates of the link. To eliminate this rubbing the outline of the 
cog should therefore be drawn as follows : Let n and (, (fig, 
~42) be two adjacent corners of -m L* @\ 
the pitch-polygon, and let the 
rollers, with n and (I as centres, cut 
a b at f and g respectively. The ‘. 
centres 111 and II of the arcs of out- 
line through f and R respectively ” 
should lie on n /,, but closer to- FIG. 442. 
gether than a and b ; in fact, fmay 
conveniently he taken for the centre of the arc through s; and 
ZiL-c i?emi . The addendum-circle may be conveniently drawn 
touching the straight line which touches, and lies entirely outside 
of, two adjacent rollers. 
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The i Szhyk?i& ’ Levev-cG?z has triangular links, the inner 
corners, A, -6, C . . . (fig. 443), are pin-jointed and gear in the 
ordinary day with the chain-wheel on the crank-axle. Rollers 
project, from the outer corners, 0, 6, . . . and engage with the 
chain-wheel on the driving-huh. As the chain winds off the 
chain-wheel the relative path, p PI p, . . . of one of the inner 
corners is, as in figure 440, a smooth curve made up of circular 
arcs, while that of an outer corner has cusps, LZ,, a,, . . . corre- 

I’IG. 443. 

spending to the sudden changes of the relative centre of rotation 
from ,g to 8, from B to C, . . . . As the chain is wound on 
to the wheel, the r&t path of an adjacent corner, B, is a 
curve, b b, b, . . . Of tLAd same general character, but not of 
csactly e.htt sent’ shape, since the triangular links are not equal- 
sided. These two curves intersect at J:, and the largest possible 
tooth outline is a curve parallel to IZ al x b. If the actual tooth 
outline lie a little inside this curve, as described in figure 442, 
the rubbing of the rollers on their pins will be reduced to a 
mirljnlurn, and the frictional resistance will not be greater than 
that of an ordinary roller chain. WIUS there is no necessity for 
the cusp on the chain-wheel ; the latter may therefore be made 
\vith a smaller addendum-circle. 
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pitch-polygon of n long-link chain-wheel, one-inch pitch. The cir- 
cumscribing circle of the pitch-polygon may, for convenience of 
reference, be called the p2A-cz3-cZe. Let R be the radius of the 
pitch-circle, and N the number of teeth on the lvheel. From 0, the 
centre, draw 0 k perpendicular to p (I. The angle f 0 q is evidently 

.IGO 180 -,rv degrees, and the angle p 0 15 therefore -N degrees. And 

R=O1fi= 
PR O’S 

si?q?rOR = ;;; r80” 
inches . . . k3) 

Iv 

TABLE XV.-CHAIN-WHEELS, I-IN. PITCH. 
-. 

iv 
Number of teeth 
in chain-wheel 

6 

H 
9 

IO 

inches Inches Inches 
I ‘ooo ‘967 ‘955 
1’153 I.125 1-114 

1’307 I -283 I’274 
I -462 I ‘++I 
I *618 

1 l 433 
1’599 I.592 

II 1’775 1’758 1’751 
12 I.932 I -916 I.910 

I3 2 +osg 2’074 2 .o6g 

14 2 ‘247 2.233 2 ‘228 

‘5 2 ‘405 2.392 2*387 

16 2’563 2’551 2546 
I7 2.721 2.710 2.705 
I8 2 a880 2-870 2’865 
I9 3’039 3 ‘029 3 l 024 
20 3’197 3.188 3.183 

21 
22 

23 
24 
25 

3 l 356 

;-i;: 
3:83 I 
3 ‘990 

3’347 3 ‘342 
3 ‘SOS 3 ‘PI 
3 -664 3 l 660 
3 ‘824 3-820 
3 ‘983 3 ‘979 

a6 4’148 4’142 
2 7 4’307 
28 

4’301 
4 -466 4 l 460 

29 4’626 4.620 
30 4’785 4’779 

4.138 
4’297 
4’456 
4-616 
4’775 

-- -. - 

Radius of circuzncribing circle of 
pitch-polygon 

-__- . _.... 
Long-link chain Humber chain 

_ -. 

Radius of circle 
whose circumference 

is Ninches 
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The values of R for wheels of various numbers of teeth are 
given in Table XV. 

285. Humber Chain-wheel.-The method of designing the 
form of the teeth of a ‘ Humber ’ chain-wheel is, in general, the 
same as for a long-link chain, the radius of the end of the hardened 
block being substituted for the radius of the roller ; but the 
distance between the pair of holes in the bli-j;.. 1,. j3 different from 
that between the 11’. I tjf holes in the sidqlates, these distances 

being approxinMcly ‘4 in. and -6 in. respectively. The pitch- 
]inc of a ( Hunlber ’ chain-wheel will therefore be a polygon with 
its cornc’rs all lying on the circumscribing circle, but with its sides 
-4 in. and *ci in. long alternat+. Figure ~44 shows the method 
of drawing the tooth, the reference letters corresponding to those 
in figures 4qo and 442, so that the instructions need not be 
repcatcd. 

Let 0, b, c, d (fig. 444) be four consecutive corners of the 
pitch-polygon of a ‘ I-lumber ’ chain-wheel. Produce the sides CI L 
and ctc to lneet at t’. ‘I’hcn, since II, 6, c, atld d lie on a circle, 
it is evident, from symmetrv, that the angles e b c and e cb are 
tq~ral. If 11’ be the number of teeth in the wheel, there are 2 N 



sides of th.e pitch-polygon, and the external angle e b c will be 

360 180 
- = - degrees. 
2 Iv fV 

Let (Z I- = B, then K = -&--. 
180” 

2 sin --‘I - 
N 

But jy = - (I b2 + 72 + 2 al . b-c cos 
rso” 

Ai 

= -36 + l 16 + l $3 cos 
180’ 
iv 

182 __-.._ �52 + l 48 cos Iv 

. . l . (4) 

The radii of the pitch-circles of wheels having different 
numbers of teeth are given in Table XV. 

zS6. Side-clearance and Stretching of Chain.-With chain- 
wheels designed as in sections 284-5, with the pitch of the teeth 
exactly the same as the pitch of the chain, there is no rubbing of 
the chain links on the wheel-teeth, the driving arc of action is the 
same as the arc of contact of the chain with the wheel, and all 
the links in contact with the wheel have a share in transmitting 
the effort. Hut \vhen the pitch of the chain is slightly different 
from that of the wheel-teeth the action is quite different, and 
the chain-wheels should be designed so as to allow for a 
slight variation in the pitch of the chain by stretching, with- 
out injurious rubbing action taking place. The thickness of the 
teeth of the long-link chain-wheel (,fig. 140) is so great that it 
can be considerably reduced without impairing the strength. 
Figure 435 shows a wheel in which the thickness of the teeth has 
been reduced. If the pitch of the chain be the same as that of 
the wheel, each tooth in the arc of contact will be in contact 
with a roller of the chain, and there will be a clearance space x 
between each roller and tooth. Let N be the number of teeth 
in the wheel ; then the number of teeth in action will be in 
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Iv general not more than --- + I. 
2 

The original pitch of the chain 

* may be made 
NJ 

Z~SS than the pitch of the wheel-teeth, the 

T” 

wheel and chain will gear perfectly together. Figure 445 ,illus- 
trates the wheel and chain in this case. After a certain amount 
of wear and stretching, the pitch of the chain will become exactly 
the same as that of the teeth, and each tooth will have a roller in 
contact with it, The stretching may still continue until the pitch 

1 
of the chain is -- 

.i!T‘l 1 
grenfm than that of the wheel-teeth, with- 

2 

out any injurious action taking place. 
The mutual action of the chain and wheel having different 

pitches must now be considered. First, let the pitch of the chain 
be a little Zess than that of the teeth (fig. 445), and suppose the 

wheel ~I%WZ in the direction of the arrow. One roller, A, just 
passing the lowest point of the wheel will be driving the tooth in 
front of it, and the following roller, A’, will sooner or later come 
in contact with a tooth. Figure 445 shows the roller .B just 
coming into contact with its tooth, though it has not yet reached 
the pitch-line of the wheel. The t-notion of the chain and wheel 
continuing, the roller B rolls or rubs on the tooth, and the 
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roller A gradually recedes from the to?th it had been driving. 
Thus the total effort is transmitted to the wheel by one tooth, or 
at most two, during the short period one roller is receding from, 
and another coming into, contact. 

’ If the pitch of the chain be a little too great, and the wheel be 
~~&~l: in the same direction, the position of the acting teeth is at 
the top of the wheel (fig. 446). The roller, C, is shown driving 
the tooth in front of it, 
but as it moves outwards 
along the tooth surface 
the following roller, D? 
will gradually move up 
to, and drive, the tooth 

in front of it. 
The action between 

the chain and the d~i7,hg-- 

wheel is also esp1ainc-l. 
on the same general prin- 
ciples ; if the direction _ 
of the arrow be reversed, 
figures 445 arid 446 will 
illustrate the action. 

In a chain-wheel made with side-clearance, assuming the 
pitches of chain and teeth equal, there will be two pitch-polygons 
for the two directions of driving. Let n and b (fig. 447) be two 
consecmiw corners of one of the pitch-polygons, and let the roller 

FIG. 447. 

with centre cz cut lr Ir at f: The centre oc of the arc of tooth out- 
line through f lies on n b. Let 11 lz’ = b 6’ be the side-clearance 
measured along the circumscribing circle J a’ and c’,’ will therefore 
be consecutive corners of the other pitch-polygon. Let the roller 
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with centre b’ cut tit K ing ; the centre /t of the arc of tooth outline 
through f lies on n’ tZ’. The bottom of the tooth space should be a 
circular arc, which may be called the root-circle, concentric with 
the pitch-polygons, and touchin, m the circles of the rollers (I and n’. 

287. Rubbing and Wear of Chain and Teeth.--- If the outline 
of the teeth be made exactly to the curve jX (fig. 440), the roller 
A will knock on the top of the tooth, and will then roll or rub 
along its whole length. If the tooth be made to a curve lying 
inside f X, the roller will come in contact with the tooth at a 
point p (fig. 44S), such that the distance of $ from the curve jX 
is equal to the difference of the pitches of the teeth. and chain ; 
p j will be the arc of the tooth over which contact takes place. 
The length of this arc will evidently be smaller (and therefore 
also the less will be the work lost in friction), the smaller the 
radius of the tooth outline. 

In the ‘ Humher’ chain the block comes in contact with the 
teeth, and there is relative rubbing over the arc pj (fig. 448). 

The same point of the block always 
comes in contact with the teeth, so 
that after a time the wear of the 
blocks of the chain and the teeth of 

~ (lzJj?b full. 
the wheel becomes serious, especially 
if the wheel-teeth be made rather 

B A The chief advantage of a roller- 
F1c;. @. chain lies in the fact that the roller 

being free to turn on the rivet, different points of the roller 
come successively in contact with the wheel-teeth. If the chain 
be perfectly lubricated the roller will actually roll over its arc of 
contact, jp, with the tooth, and will rub on its rivet-pin. The 
rubbing is thus transferred from a higher pair to a lower pair, and 
the friction and wear of the parts, other things being equal, will 
be much less than in the ‘ Humber ’ chain. Even with imperfect 
lubrication, so that the roller may be rather stiff on its rivet-pin, 
and with rubbing taking place over the arc jp, the roller will at 
least be slightly di,,turbed in its position relative to its rivet-pin, 
and a fresh portion of it will next come in contact with the wheel- 
teeth. Thus, even under the most unfavourable conditions, the 



CHAP. XXVI. Clznim nl2i-z Ch#i?Z Gecz?-zizg 411 

wear of the chain is distributed over the cylindrical surface of the 
roller, consequently the alteration of form will be much less than 
in a ‘ Humber ’ chain under the same conditions. 

It must be clearly understood that the function performed by 
rollers in a chain is quite different from that in a roller-bearing. In 
the latter case rubbing friction is eliminated, but not in the former. 

238. Common Faults in Design of Chain-wheels.--The yor- 
tions of the teeth lying outside the pitch-polygon are often made far 
too full, so that a part of the tooth lies beyond the circular arc 
f X (fig. 430) ; the roller strikes the corner of the tooth as 
‘it comes into gear, and the 
rubbing on the tooth is X 

excessive. This faulty 
3 \ \ 

tooth is illustrated in figure 

In long-link chain-wheels 

/&-- 
--e-e \ --1 

the only convex portion is 
Y \ 5 \L:l -au) \ 

very often merely a small ’ 
\ 

circular arc rounding off ihe 
FIG. 449, 

side of the tooth into the addendum-circle of the wheel. This 
rounding off of the corner is very frequently associated with the 
faulty design above mentioned. If the tooth outline be made to 
fin, a curve lying well within the circular arc j X (fig. 449 this 
rounding off of the corners of the teeth is quite unnecessary. 

Another COI~~~OI~ fault in long-link chain-wheels is that the 
bottom of the tooth space is made one circular arc of a little 
larger radius than the roller. There is in this case no clearly 
defined circle in which the 
centres of the rollers are com- 
pelled to lie, unless the ends 
of the link lie on the cylin- 
drical rim from which the ’ 
teeth project. In back-hub t 
chain-wheels this cylindrical FIG. 450. 

rim is often omitted. Care 
should then be taken that the tooth space has a small portion 
made to a circle concentric with the pitch-circle of the wheel. 
Again, in this case, the direction of the mutual force between 



the roller and wheel is not alon g the circumference of the pitch- 
polygon ; there is therefore a radial component tending to force 
the rollers out of the tooth spaces, that is, there is a tendenc) 
of the chain to mount the wheel (fig. 450). 

In ‘ Hurnber’ pattern chain-wheels the teet?l are often quite 
straight (fig. Aj I). Thiq tooth-form is radically wrong. If the 

\;k 
teeth are so narrow at the top as 

M/ 

to lie inside the curve f X, the 
force acting on the block of the 
chain will have qn outward corn- 

N ponent, and the chain will tend 

i’rc;. 431. 
to mount the wheel This fiulty 
&esign is sometimes carried to an 

extreme by ha+, (r the teeth cozcuzle right to the addendum-circle. 
Either cf tht- two faults above discussed gives the chain a 

tendency to mount the wheel, and this tendency will be greater 
the more perfect the lubrication of the chain and wheel. 

289. Summary of conditions determining the proper form 
of Chain-wheels.-1 . Provision should be made for the gradual 
stretching of the chain. This necessitates the gap between two 
adjacent teeth being larger than the roller or block of the chain. 

2. ‘l’he centres of the rollers in a long-link chain, or the blocks 
in a ‘ Humber ’ chain, must lie on a perfectly defined circle con- 
centric with the chain-wheel. When the wheel has no distinct 
cylindrical rim, the bottem of the tooth space must therefore be a 
circular arc concentric with the pitch-polygon. 

q. In. order that there should be no tendency of the chain to 
be f&ced away from the wheel, the point of contact of a tooth 
and the roller or block of the chain should lie on the side of the 
pitch-polygon, and the surface of the tooth at this point should be, 
at right angles to the side of the pitch-polygon. The centre of 
the circular arc of the tooth outline must therefore lie on the side 
of ,the pitch-polygon. 

4. The blocks or rollers when coming into gear must not strike 
the corners of the teeth. The rubbing of the roller or block on 
the tooth should be reduced to a minimum. Both these condi- 
tions determine th;lt the radius of the tooth outline should be less 
than ; length of side-plate of chain, minus radius of roller or block.’ 
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The folloGng method of drawing the teeth is a rLsz& of 
the results of sections zS#$ and gives a tooth form which satisfies 
the above conditions : Having given the type of chain, pitch, and 
number of teeth in wheel, find R, the radius of the pitch-circle c c, 
by calculation or from Table XV. On the pitch-circle L- L- (fig. 452), 
mark off ndj;tcent corners n and b of the pitch-polygon. With 
ccntres n anr.i h, and radius equal to the radius of the roller (or the 
radius of the end of the block in a ‘ Hurnber ’ chain), draw circles, 
that from n as ccntre cutting n I/ atJ Through f draw a circular 
arc, f/t, with centre NI on n (/, NI f being less than ~5 J Mark off, 

E‘lL. 452. 

along tlli: circle L- L-, n CZI = (I 6’ = side clearance required, and 
with centres L-G and LJ, and the same radius as the rollers, draw 
circles, that from centre b1 cut,ting the straight line 0’ J’ at ,q. 
With centre ~1’ lyin g on czl P, and radius equal to MA draw a 
circular arc or h’! I )ra\\r the root-circle r IF touchin;, and lying 
inside, the roller circles. ‘l’he sides .f /r and <q fi’ of the tooth 
should be joined to the root-circle I- T by Mets of slightly smaller 
radius than the rollers. I.)raw a common tangent t t to the roller 
circles n and ii, and lying outside them ; the addendum-circle may 
be drawn touching f t. 

It should be noticed that this tooth form is the same whatever 
be the number of teeth in the wheel, provided the side-clearance 
be the same for all. The form of the spaces will, however, vaq 
with the number of teeth in the wheel. A single milling-cutter 
to cut the two sides of the same tooth might herefore serve for all 
sizes of wheels ; whereas when the milling-cutter cuts out the 



t&h size of wheel. 
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space between two adjacent teeth, a separntc cutter is required for 
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Figure 453 shows the outlines of wheels for inch-pitch long- 

links made consistent with these conditions, the diameter of the 
ro&x being taken $J in. The radius of the side of the tooth is in *---. *---. ----. *’ - .-.-- . I -. ,’ I I -._e ---. n. , : A : : ‘. J-l J 

\ ------- I 

each case 2 in. (it may with advantage be taken less), and the 
radius of the fillet at root of tooth i in. The width of the roller 
space measured on the pitch-polygon is (375 -+ ‘005 N) in. ; Iv 
being the number of teeth in the wheel. 
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Figure 454 shows the outlines of wheels for use with the 
(Humber chain, the pitch of the rivet-pins in the side-plates being 
l 6 in. and in the blocks ‘4 in., and the ends of the blocks being 
circular, ‘35 in, diameter. 

290. Section of Wheel Blanks.-If the chain sways sideways, 
the side-plates may strike the tops of the teeth as they come 
into gear, and cause t!re chain to mount the wheel, unless each 

link is properly guided sideways 
on to the wheel. The cross sec- 
tion of the teeth is sonretimes 
made as in figure 454-1, ~11~ sides 
being parallel and the top corners 
rounded off. A much better 
form of section, which will allow 
of a considerable amount of 

FIG. 454A. FIG. 45’fIi. 
swaying without danger, is that 

shown in figure 4541:. The thickness of the tooth at the root is 
a trifle less than the width of the space between the side-plates of 
the link. The thickness at the point is very small-say, :$ in. 

to A in.-and the tooth section is a wedge with curved sides, 
If the side-plates of the chain lx bevelied, as in Brampton’s 

bevelled chain (fig. 432), an additional security against the chain 
coming off the wheel through side swaying will be obtained. 

291. Design of Side-plates of Chain,-The side-plates of a 
well-designed chain should be subjected to simple tension. If I’ 
be the total pull on the chain, and J the least sectional area of 

the two side-plates, the tensile stress is P 
A’ 

Such is the case 

with side-plates of the form shown in figure 429. 
EWHZ$~ I: ---The section of the side-plates (fig. 429) is ‘2 in 

deep and *og in. thick. The total sectional area is thus 

2 x ‘2 x *og =I -036 SQ. iii. 

‘l’he proof load is g cwt. = 1,008 11)s. The tensile stress is, 
therefore, 

f = 1,008 
- zS,ooo lbs. per sq. in. 

-0-3-6 -- 
= I 2.5 tons per sq. in. 
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A considerable number of chains are being made with the 
side-plates recessed on one side, and not on the other (fig, 455). 
These side-plates are subjected to 
combined tensile and bending 
stresses. Let. b be the width of 
the plate, t its thickness, b, be 

-~~~.- 

the depth of the recess, and let 
FIG. ‘(55. 

6,-b- b, ; that is, B, would be the width of the plate if re- 
cessed the same amount on both :<ides. The distance of the 

I 
4 centre of the section from the centre line joining the rivets is -. 
2 

Pb The bending-moment M on the link is ---A. The modulus of 
2 

2 t6’ 
the section, Z, is --. 

6 
The maximum tensile stress on the section 

is (sec. 101) 

f 
PM P 

=2+z=- 2bt 

+ 6J% 
2. 2 tb” 

The stress on the side-plate if recessed on both sides would be 

The stress f calculated from equation (6) is always, within prac- 
tical limits, less than the stress calculated from equation (5) ; and, 
therefore, the recessed side-plates can be actually strengthened by 
cutting away material. This can easily be proved by an elemen- 
tary application of the differential calculus to equation (5). 

ExamfZe III-Taking a side-plate in which t = ‘09 in., b = 
‘3 in., b, = *I in., and therefore 6, = -2 in., we get 

A = 
and 

2 x ‘09 x ‘3 = ‘054 sq. in., 

2 ⌧ l og ⌧ l 32 z= 6 
s-- 

= -0027 in.3 

I 
The distance of the centre of the section from the centre-line of 
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the side-plate is ‘05 in., and the bending-moment under a proof 
load of g cwt. is 

M = g x I I 2 x ‘05 = 50’4 inch-lbs. 

The maximum stress on the section is 

f 
1008 

= ..- + v??l 

‘OS4 l 0027 
= 37,320 lbs. per Sq. in. 

= 16’7 tons per sq. in. 

Thus this link, though having 50 per cent. more sectional area, is 
much weaker than a link of the form shown in figure 429. 

If the Illate be recessed on both sides, A = l 036 sq. in., and 

f 
1008 = -.-- - 
‘036 

= 28,000 lbs. per sq. in. 

= I 2.5 tons per sq. in. 

Thus tliz side-plate is strengthened, even though 33 per cent. of 
its section has been removed. 

From the above high stresses that come on the side-plates of 
a chain during its test, and from the fact that these stresses may 
occasionally be reached or even exceeded in actual work when 
grit 2;cts between the chain and wheel, it mi,ght seem advisable 
to make the side-plates of steel bar, which has had its elastic 
limit artificially raised considerably above the stresses that will 
come on the links under the proof load, 

T/e I~rcr SZS-~L~W &I XOZZW C/~&V, made as in figure 434, 
are also subjected to combined tension and bending in ordinary 
working. Assuming that the pressure between the rivet and inn.er 
link is uniformly distributed, the side-plate of the latter will be 

P 
subjected to a bending-moment M = -- x Z, Z being the dis- 

2 

tance measured parallel to the axis of the rivet, between the 
centres of the side-plate and its boss, respectively. 

Exanzp’e 11L--Taking Z = l 08 in, and the rest of the data 
as in the previous example, the maximum additional stress on the 
side-plate due to bending is 

nr= 504 ⌧ l 08 x 6 
z 

~ = qg,ooo lbs. per sq. in. 
‘2 ⌧ l 0081 

= 66.7 tons per sq. in., 
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which, added to the 12.5 tons per sq. in. due to the direct pull, 
gives a total stress of 79.2 tons per sq. in. Needless to say, 
the material cannot endure such a stress ; what actually happens 
during the test is, the side-plates slightly bend when the elastic 
limit is reached, the pressure on the inner edge of the boss is 

reduced, so that the resultant pressure between the rivet and 
side-plate acts nearly in line with the latter, Thus the extra 
bearing surface for the rivet, supposed to be provided by the 
bosses, is practically got rid of the first time a heavy pull comes 
on the chain. 

A much better method of providing sufficient bearing surface 
for the rivet-pins is to use 
a tubular rivet to unite 
the inner side-plates 
(fig. 456), inside which 
the rivet-pin uniting the 
outer side-plates bears, 
and on the outside of 
which the roller turns. 

FIG. 456. 

This is the method adopted by Mr. Hans Renold for large 
gearing chains. 

Side-p/&es of SivzgZe-dhk Chazk-In the same way, it will be 
readily seen that the maximum stress on the side-plates of the 
chain shown in figure 437 is much greater than on a straight 
plate with the same load. If the direction of the pull on the 
plate be parallel to the centre line of the chain, each plate will be 
subjected to a bending action. The transverse distance between 
the centres of the sections of the two ends is t, the bending- 
moment on the section will therefore be Pt. A more favourable 
assumption will be that the pull on each plate will be in a line 
joining the IJliddle points of its ends. The greatest distance 
between this line and the middie of section will be then nearly 
t Pt 

, and&f= --. 
2 2 

I’he bending in this case is in a plane at right 

angles to the direction of the bending in the recessed side-plate 

(fig. 455). The modulus of the section 2 is “6 

Exam&de I I?- Taking the same data as in the former examples, 
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9 cwt., li = ‘3 in., and t = ‘09 in., the the load on the chain is 

pull on each plate is 504 lbs., the bending-moment is ~%!??!--~~ 
2 

= 2 2’7 inch-lbs., A = l 027 sq. in., Z = :3---.56:9: = l 000405 in.3 

The maximum stress on the section is therefore 

a = 504 ‘027 + -.22x.. 
‘000405 

= 18,670 + 56,050 = 74,720 Ibs. per sq. in. 

= 33.3 tons per sq. in. 

292. Rivets.-The pins fastening together the side-plates 
must be of ductile material, so that their ends may be riveted 
over without injury. A soft ductile steel has comparatively low 
tensile and shearing resistances. The ends of these pins are sub- 
jected to shearing stress due to half the load on the chain. If d be 

the diameter of the rivet, its area is nd2 --. , and the shearing stress 
4 

on it will be 
2P &’ . . . . . . . . . (7) 

Em qve I. -. If the diameter of the holes in the side-plate 
(fig. 429) be ‘15 in., under a proof load of 9 cwt. the shearing stress 
will be 

100s 

2 x ‘01767 
= 28,500 lbs. per sq. in. 

= - 19’7s tons per sq. in. 

The end of the rivet is alsw subjected to a bending-moment 

‘x ! . The modu .1 
2 2 

us of the circular section is approximately 

d” 
- the stress due to 

IO’ 
bending will therefore be 

f 
- IOFY 
- -- 

4d”- l * � l � l l * 

(9 
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ExallzpZe I%---Taking the dimensions in Example I. of sec- 
tion 291, and substituting in (8), the stress due to bending is 

f 
=I0 x 1008 x '09 

4 x ‘Ip 
- = 67,200 lbs. per sq. in. 

= 30 tons-per sq. in. 

The rivet is thus subjected to very severe stresses, which 
cause its ends to bend over (fig. 457). 

The stretching of a chain is probably always due more to the 
yielding of the rivets than to actual stretching of the side-plates, 
if the latter are properly designed. A material 
that is soft enough to be riveted cold has not a 
very high tensile or shearing resistance. It would 

d-D 
FIG. 457. 

seem advisable, therefore, to make the pins of 
hard steel with a very high elastic limit, their ends being turned 
down with slight recesses (fig. 458), into which the side plates, 
made of a softer steel, could be forced by pressure. 
The Cleveland Cycle Company, and the Warwick 
and Stockton Company, manu.facture chains on this 
system. 

293. Width of Chain and Bearing Pressure on 
Rivets,-In the above investigations it will be noticed FIG . . 
that the width of the chain does not enter into con- 

458 

sideration at all. The only effect the width of the chain has is on 
the amount of bearing surface of the pins on the block. If I be 
the width of the block, and d the diameter of the pin, the pro- 

jected bearing area is ZLZ’, and the intensity of pressure is di p If 

the diameter of the pin (fig. 430) be '17 in,, and the width of 
the block be & in. = * 3125 in., the bearing pressure under the 
proof load will be 

1008 
---_I_ = 18,g80 lbs. per sq. in. 
‘17 x ‘3125 

This pressure is very much greater than occurs in any other 
example of engineering design. Professor Unwin, in a table of 
(Pressures on Bearings and Slides,’ gives 3,000 lbs. per sq. in. 
as the maximum value for bearings on which the load is inter- 
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mittent md the speed SLOW. Of course, in a cycle chain the 
period of relative motion of the pin on its bearing is small com- 

ap 
FIG. 439. 

pared to that during which it is 
at rest, so that the lubricant, if 
an oil-tight gear-case be used, 
oets time to find its way in be- a 
tween the surfaces. 

294. Speed-ratio of Two 
Shafts Connected By Chain Gear- 
ing-The cwerczge speeds of two 
shafts connected by chain gear- 
ing are inversely proportional to 
the numbers of teeth in the chain 
wheels ; but the speed-ratio is 
not cnzstn~zt, as in the case of two 
shafts connected together by a 
belt or by toothed-wheels. Let 0, 
and 0, (fig. 459) be the centres 
of the two shafts, let the wheel 
0, be the driver, the motion being 
as indicated by the arrow, and 
let A C be the straight portion 
of the chain between the wheels 
at any instant. The instantaneous 
angular speed-ratio of the wheels 
is the same as that of two cranks 
0, A and 0, C connected by 
the coupling-rod R C. Let B 
and D be the rivets consecutive 
to A and C respectively ; then, 
as the motion of the wheels 
continues, the rivet D will ulti- 
mately touch the chain-wheel at 
the point Lz, - a,, d, and cl 
being in the same straight line- 
and the angular speed-ratio of the 
wheels will be the same as that 

of the two cranks 0, A and O2 D connected by the straight coup- 



ling-rod A D, shorter by one link than the coupling-rod A C. 
The motion continuing, the rivet ,4 leaves contact with the chain- 
wheel at II.,, and the virtual coupling-rod becomes B D ; the 
points 6,, cl.,, and d, lying in one straight line. The angular 
speed-ratio of the wheels is now the same as that of the two 
cranks 0, B and 0, D connected by the coupling-rod R D, of 
the same length as A C. 

Thus, with a long-link chain, the wheels are connected by a 
virtual coupiing-rod whose length changes twice while the chain 
moves through a distance equal to the length of one of its links. 
The small chain-wheel, being rigidly connected to the driving- 
wheel of the bicycle, will rotate with practically uniform speed ; 
since t’ne whole mass of the machine and rider acts as an accumu- 
lator of energy (or fly-wheel), keeping the motion steady. The 
chain-wheel on the crank-axle will therefore rotate with variable 
speed. The speed-ratio in any position, say 0, A C 0,, can be 
found, after the method of section 32, by drawing 0, e parallel to 
0, C, meeting CA! (produced if necessary) at e ; the intercept 
0, e is proportional to the angular speed of the crank-axle. If 
this length be set off along 0, A, and the construction be 
repeated, a polar curve of angular speed of the crank-axle will 
be obtained. It will be noticed that in figure 459 the angular 
speed of the crank-axle decreases gradually shortly after passing 
the position 0, ct, until the position 0, d, is reached, and the 
rivet A attains the position ai. The length of the coupling-rod 
being now increased by one link, the angular speed of the crank- 
axle increases gradually until the rivet C attains the position c,. 
Here the length of the coupling-rod is decreased by one link, and 
the virtual crank of the wheel changing suddenly from O1 c1 to 
0, d,, the length of the intercept 0 c also changes suddenly, 
correspondin g to a sudden change in the angular speed of the 
crank-axle. 

With a ‘ Humber ’ chain the speed will have four maximum 
and minimum values wl$le the chain moves over a distance equal 
to one link. 

Th.e magnitude of the variation of the angular speed of the 
crank-axle depends principally, as an inspection of figure 459 will 
show, on the number of teeth in the smaller wheel. If the crank- 



axle be a considerable distance from the centre of the driving- 
wheel, and if the number of teeth of the wheel on the crank-axle 
be great, the longest intercept, 0 e, will be approximately equal to 
the radius of the pitch-circle, and the smallest intercept to the 
radius of the inscribed circle of the pitch-polygon. The variation 

of the angular speed of the crank can then be calculated as 
follows : 

Let Nl and IV2 be the numbers of teeth in the chain-wheels 
on the driving-hub and crank-axle respectively, R, and R, the 
radii of the pitch-circles, rl and r2 the radii of the z%cP-LW circles 
of the pitch-polygon. Then for a long-link chain the average 

speed-ratio = 
iv 
$. Assuming the maximum intercept 0, e (fig. 459) 

2 

to be equal to RI, then from (3), the 

R sin zL 
maximum speed-ratio = - -1 = Nz 

R2 sin .z 
approx. . (9) 

Nl 

Assuming the minimum intercept 0 e (fig. 459) to be equal 
to rl, then from (3) 

sin - 
minimum speed-ratio = y1. = iF 

K2 
-----2 approx. . (10) 

tan JL 
4 

Then, for the crank-axle, 

maximum speed 
iKJ s&2 $- 

-_-.._ .-.-- -. ._ = 
mean speed 

2--approx. . . . . (11) 

Nl sin $ 
I 

minimum speed 
Iv-i, sin $- 

-- = 
mean speed 

2 approx. . . . . (12) 

IV, tan G 
1 

maximum speed ~ O$ o #fig. 440) = T 
minimum speed 

approx. I ( 3) 
cos $, 



425 

In the same way, we get for a ( Humber ’ chain, 

maximum speed -----..--. _ -..- -._ 
minimum speed 

Table XVI. is calculated from formuk (13) aid (14). 

TAKE XVI.-VARIATION OF SPEED OF CRANK-AXLE. 
Assuming that centres are far qart, and that the number of teeth on chain- 

wheel of crank-ask is great. 
___ - .._. -- -.-- . - -.-_--- - - -. 

12 

-.- 

1’012 

I ‘035 

Number of Teeth on Hub ’ 6 1 7 
----- --- .-- .___--- ____ 

Ratio of \ I 
maximum Humber . ’ I 0052 1-0~8 

to 

minimum 1. 

I 
Long-link. 

speed 
[ I -155 I -I IO 

I --~____--__ - ___ - 

8 ) 9 / 10 
-_-- 

1’028 1’022 I*018 

I l 082 I 'o64 I’OSI 

I ,- XI 
-_-._- 

1’015 

I-042 

Discarding the assumptions made above, when AC, is much 
greater than N,, the maximum intercept 0 e (fig. 459) may be 
appreciably greater than K,, while the minimum intercept nrny 
not lx. appreciably greater than r,. The variation of the speed- 
ratio may therefore be appreciably greater than the values given 
in Table XVI. 

An important case of chain-gearing is that in which the two 
chain-wheels are equal, as occurs in tandems, triplets, quadruplets, 
sic. lkawing figure 459 for this case, it will be noticed that if 
the distance between the wheel centres be an exact multiple of 
the pitch of the chain, the lines 0, A and Us C are always 
parallel, the intercept 0, e always coincides with 0, A, and there- 
fore the speed-ratio is constat. If, however, the distance between 

FIG. 460. 

the wheel centres be (k + 4) times the pitch, k being any whole 
number, the variation may be considerable. 

In thi-, case, the minimum intercept 0, e, (fig. 460), the 
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radius 0, A, and the chain line A, C, form a triangle 0, A, q, 
which is very nearly right-angled at e,. 
chain, 

Therefore for a long-link 

minimum speed 0, q ii --_ - --_.. _- 
mean speed = 0, A, 

- = LOS - approx. . . . I 
N ( 5) 

The corresponding triangle 0, A, e, formed by the maximum 
intercept is very nearly right-angled ;it A2. Therefore, 

maximum speed 0, e, I ---...--~= _~._ 
mean speed 0, A, = 

---- approx. . . . I 

cos -y 
( 6) 

N 

rnasimu tn speed 
minimunl~speed 

= -A-- approx. . . . . . . (17) 
[OS2 zt. 

Iv 
For a ‘ Humber ’ chain, 

maximum speed A? =. 
minimum speed X2 - o-j2 

approx. . . . . I ( fo 

Table XVII. is calculated from formulE (I 7) and (IS). 

T.~IxI' XVII.---GREATEST POSSIBLE VARIATION OF SPEED-KATIO 

OF Two SHAFTS GEARED LEVEL. 

Number of Teeth . , . , 8 
._..____ 

Ratio of maxi- 
mum to mini- 

IO 
I 

I2 I 16 20 30 
--- .__ -. -_ -~ 

I -036 I -025 .I -014 I *oog I l 004 

1*10g 1.072 1.039 1.025 1-01 I 

The figures in Table XVI. show that the variation of speed, 
when a small chain-wheel is used on the driving-hub, is not small 

enough to be entirely lost sight of. The ‘ Humber’ chain is 
better in this respect than the long-link chain. 

Again, in tandems the speed-ratio of the front crank-axle and 
the driving-wheel hub is the product of two ratios. The ratio 
of the maximum to the minimum speed of the front axle may be 
as great as given by the product of the two suitable numbers 
from Tables XVI. and XVII. 

Example.----With nine teeth on the driving-hub, and the two 
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axles geared by chain-wheels having twelve teeth each, the 
maximum speed of the front axle ~n-y be 

ro6q x 1’072 = 1.14 times its minimum speed, 

with long-link chains ; and 

1’022 x I.025 = 1.047 times 

with ‘ Humber ’ chains. 
With triplets and quadruplets the variation ?~tr(~~ be still 

greater ; and it is open to discussion whether the crank-axles 
should not be fixed, without chain-tightening gear, at a distance 
apart equal to some exact multiple of the pitch. 

If a hypothetical point be supposed to move with a uniform 
speed exactly equal to the average speed of a corresponding point 
actually on the pitch-line of the crank-axle chain-wheel, the distance 
at any instant between the two is never very great. Suppose the 
~~~~zil~rz speed of the actual point be maintained for a travel of 
half the pitch, and that it then travels the same distance with its 
minimum speed. For a speed variation of one per cent. the 
hypothetical point will be alternately -$-t, ,,th of an inch before and 
behind the actual point during each inch of travel. This small 
displacement, occurring so frequently, is of the nature of a 
vibratory motion, superimposed on the uniform circular motion. 

295. Size of Chain-wheels.-The preceding section shows 
that the motion of the crank-axle is more nearly uniform the 
oreater the number of teeth in the chain-wheels. a Also, if the 
ratio of the numbers of teeth in the two wheels be constant, 
the larger the chain-wheel the smaller will be the pull on the 
chain. Instead of having seven or eight teeth on the back-hub 
chain-wheel it would be much better, from all points of view, to 
have at least nine or ten, especially in tandem machines. 

296. Spring Chain-wheel.-Any sudden alteration of speed, 
that is, jerkiness of motion, is directly a waste of energy, since bodies 
of sensible masses cannot have their speeds increased by a finite 
amount in a very short interval of time without the application of 
a comparatively large force. The chain-wheel on the crank-axle 
revolving with variable speed, if the crank be rigidly connected the 
pedals will also rotate with variable speed. In the cycle spring 
chain-wheel (fig. 461) a spring is interposed between the wheel and 
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the cranks. If, as its inventors and several well-known bicycle 
manufacturers claim, the wheel gives better results than the 
ordinary construction, it may be possibly due to the fact that the 

spring absorbs as so011 as possible the variations of speed due to 
the chain-driving mechanism, and does not allow it to be trans- 
mitted to the pedals and the rider’s feet. 

If direct spokes are used for the driving-wheel they act as a 
flexible connection between the hub and rim, allowing the former 
to run with variable, the latter with uniform speed. 

2 9 7. Elliptical Chain-wheel.--An elliptical chain-wheel has 
been used on the crank-axle, the object aimed at being an in- 
creased speed to the pedals when passing their top and bottom 
positions, and a diminution of the speed when the cranks are 
passing their horizontal positions. The pitch-polygon of the 
chain-wheel in this case is inscribed in an ellipse, the minor axis 
of which is in line with the cranks (fig. 462). 

FIG. 462. 

The angular speed of the driving-wheel of the cycle being 
constant and equal to O, that of the crank-axle is approximately 
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where q and y2 are the radii from the wheel centres to the ends 
of the straight portion of the chain. rl and o being constant, the 
angular speed of the crank is therefore inversely proportional to 
the radius from the centre of the crank-axle to the point at which 
the driving side of the chain touches the chain-wheel. The speed 
of the pedals will therefore be least when the cranks are horizontal, 
and greatest when the cranks are vertical, as indicated by the 
dotted lines (fig. 462). 

If both sides of the chain connecting the two wheels be 
straight, the total length of the chain as indicated by the full lines 
(fig. 462) is greater than that indicated by the dotted lines, the 
difference being due to the difference of ,the obliquities of the 
straight portions when the cranks are vertical and horizontal 
respectively. This difference is very small, and may be practically 
left out of acc.ount. If the wheel centres are very far apart, so 
that the top and bottom sides of the chain may be considered 
parallel, the length in contact with the elliptical chain-wheel in 
any position is evidently equal to half the circumference of the 
ellipse ; similarly, the length in contact jvith the chain-wheel on 

the hub is half its circumference, and the length of the straight 
portions is approximately equal to twice the distance between the 
wheel centres. Thus the total length is approximately the same, 
whatever be the position of the chain-wheel. 

A pair of elliptical toothed-wheels are sometimes used to COII- 

nect two parallel shafts. The teeth of these wheels are all of 
different shapes ; there can be at most four teeth in each wheel 
of exactly the same outline. It has therefore been rather hastily 
assumed that the teeth of an el.liptical chain-wheel must all be of 
different shapes ; but a consideration of the method of designing 
the chain-wheel (sec. 289) will show that this is not necessarily 
the case. The investigation there given is applicable to elliptical 
chain-wheels, and therefore all the teeth may be made from a 
single milling-cutter, though the form of the spaces will vary from 
tooth to tooth. 

298. Friction of Chain Gearing.-There is loss by friction 
due to the rubbing of the links on the teeth, as they move into, 
and out of, contact with the chain-wheel. We have seen (sec. 
286) that the extent of this rubbing depends on the difference of 
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the pitches of the chain and wheel ; if these pitches be exactly 
equal, and the tooth form be properly designed, theoretically there 
is no rubbing. If, however, the tooth outline fall at or near the 
curvefLY (fig. dqo), the rubbing on the teeth may be the largest 
item in the frictional resistance of the gearing. 

As a link moves into, and out of, contact with the chain-wheel, 
it turns through a small angle relative to the adjacent link, there 
is therefore rubbing of the rivet-pin on its bush. While the pin 
A (hg. 459) moves from the point b, to the point n2 the link 

360” 
A B turns through an angle of - 

nT, 
, and the link AA1 moves prac- 

tically parallel to itself. The relative angular motion of the 
adjacent links, 64 and AA’, and therefore also the angle 
of rubbing of the pin A on its bush, is the same as that 
turned through by the wheel 0,. In the same way, while the 
pin D ll~ovcs fro111 d, to c-1 the relative angular motion of the 
adjacent links D C and 17’ C’ is the same as the angle turned 

360” 
through by the wheel Oz., viz. -- . The pressure on the pins ,4 

2 

and C during the motion is equal to P, the pull of the chain. On 
the slack side of the chain the motion is exactly similar, but takes 
place with no pressure between the pins and their bushes. Th-re- 
fore, the frictional resistance due to the rubbing of the pin 3n 
their bushes is tht: sum of that of two shafts each of the ve 
diameter as the rlvet-pins, turning at the same speeds ‘-he 
crank-aslc and tit-iving-hub respectively, when subjected r:o 
load and to a loud equal to the pull of the chain. 

~99. Gear-Case.- From the above discussion it will be seen 
that the chain of a cycle is subjected to very severe stresses, and 
in order that it may work satisfactorily and wear fairly well it must 
be kept in good condition. The tremendous bearing pressure 
on the rivets necessitates, for the efficient working of the chain, 
constant lubrication. Again, the bending and shearing stresses 
on the rivets, sufficiently great during the normal working of the 
chain, will be greatly increased should anv grit get between 
the chain and the teeth of the chain-wheel, and stretching of the 
chain will be produced. Any method of keeping the chain con- 
stantly lubricated and preserving it from dust and grit should add 
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to the general efficiency of the machine. The gear-case intro- 
duced by Mr. Harrison. Carter fulfils these requirements. The 
Carter gear-case is oil-tight, and the chain at its lowest point dips 
into a small pool of oil, so that the lubrication of the chain is 
always perfect. The stretching of the chain is not so great with, 

as without a gear-case ; in fact, some makers go the length of 
saying that with a Carter gear-case, and the chain properly adjusted 
initially, there is no necessity for a chain-tightening gear. A great 
variety of gear-cases have recently been put on the market ; they 
may be subdivided into two classes : (I) Oil-tight gear-cases, in 
which the chain works in a bath of oil ; and (2) Gear-cases which 
are not oil-tight, and which therefore serve merely as a protection 
against grit and mud. A gear-case of the second type is probably 
much better than none at all, as the chain, being kept compara- 
tively free from grit, will probably not be stretched so much as 
would be the case if no gear-case were used. 

300. Comparison of Different Forms of Chain. -The ‘ Roller 7 
has the advantage over the ‘ Humber,’ or block chain, that its 
rubbing surface is very much larger, and that the shape of the 
rubbing surface-the roller-is maintained even after excessive 
wear. The ’ Roller,’ or long-pitched chain, on the other hand, gives 
a larger variation of speed-ratio than the ‘ Hunlber,’ or short- 
pitched chain, the number of teeth in the chain-wheels being the 
same in both cases ; but a more serious defect of the ’ Roller ’ chain 
is the imperfect design of the side-plates (sec. 2y). If, however, 
the side-plates of a ‘Roller ’ chain be properly designed, there should 
be no difficulty in making them sufficiently strong to maintain 
their shape under the ordinary working stresses. Undoubtedly 
the weakest part of a cycle chain, as hitherto made, is the rivet, 
the bending of the rivets probably accounting for most of the 
stretch of an otherwise well-designed chain. A slight increase in 
the diameter of the rivets would enormously increase their strength, 
and slightly increase their bearing surface. 

In the ‘ Humber ’ there are twice as many rivets as in a ‘ Roller ’ 
chain of the same length. It would probably be improved by 
increasing the length of the block, until the distance between the 
centres of the holes was the same as between the holes in the 
side-plates. This would increase the pitch to 1.2 inches, without 
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in any way increasing the variation of the speed-ratio. In order 

to still further reduce the number of rivets, the pitch might be 

FIG. 463. 

increased to one inch, giving a total pitch of two inches for the 
chain. If the side-plates be made to the same outline as the 
middle block (fig. 463), they may also be used to come in contact 
with the teeth of the chain-wheel. The chain-wheel would then 

have the form shown in 
figure 464, in which the 
alternate teeth are in 
duplicate at the edges of 
the rim. For tandems, 
triplets, kc., a stillgreater 
pitch, say I+ inches, may 
be used with advantage ; 
the back-hub chain- 
wheel, with six teeth of 
this pitch, would have 
the same average radius 
of pitch-polygon as a 
chain-wheel \Gth nine 
teeth of 1 inch pitch ; 
the chain would have 

Frc. 46~. only one-third the num- 

ber of rivets in an ordinary ‘ Humber’ chain of the same 
length, and if the rivets were made slightly larger than usual, 
stret&ing of the chain might be reduced to zero. 

30 I. Chain-tightening Gear. -The usual method of providing 

for the chain adjustment; is to have the back-hub spindle fastened 
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to a slot in the frame, the length of slot being at least equal to 
half the pitch of the chain. In the swinging seat-strut adjustment, 
the slot is made in the lower back rbrk, and the lower ends of the 
seat-struts are provided with circular holes through which the 
spindle passes. These have been described in the chapter on 
Frames. 

The ‘eccentric ’ adjustment is almost invariably used for the 
front chain of a tandem bicycle. The front crank-axle is carried 
on a block, the outer surface of which is cylindrical and eccentric 
to the centre of the axle. The adjustment is effected by turning 

the block in the bottom-bracket, and clamping it in the desired 

position. 
A lo~sc pulley carried at the end of a rod controlled by a 

spring (fig. 465) is used in conjunction with Linley & Riggs 
expanding chain-wheel. 

I+‘IG. 466. 

Figure 466 illustrates a method used at one time by Messrs. 

Hobart, Bird & CO. When the chain required to be tightened, 
the loose chain-wheel was placed nearer the hub chain-wheel. 



CHAPTER XXVII 

TOOTHED-WHEEL GEARING 

302, Transmission by Smooth Rollers.-Before beginning the 
study of the motion of toothed-wheels, it will be convenient to 
take that of wheels rolling together with frictional contact ; since 
a properly designed toothed-wheel is kinematically equivalent to 
3 smooth roller. 

PM&+/ ,S%$~.--TAet two cylindrical rollers be keyed to the 
shafts A and I3 (fig. 467) ; if one 
shaft revolves it will drive the 
other, provic’ed the frictional resist- 
ance at the point of contact of the 
rollers is great enough to prevent 
slipping. When there is no slipping, 
the linear speeds of two points, one 

FIG. 467. 
on the circumference of each roller, 
must be the same. Let ml and 

w., be the angular speeds of the shg.fts, rl and 1-? the radii of the 
rollers ; then the above condition gives 

or 
01 P-1 = - ‘d”, r’,, 

01 Y2 -=---. . . . . . . . . 
02 Yl 

!I) 

the negative sign indicating that the shafts turn in opposite direc- 
tions. Thus the angular speeds are inversely prop-ortional to the 
radii (or diameters) of the rollers. 

If the smaller roller lie inside the larger, they are said to haye 
internal contact, and the shafts revolve in the same direction. 

liz~e~~m’zk,q ShfA-.-Two shafts, the axes of which intersect, 
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may be geared together by conical rollers, the vertices of the two 
cones coinciding with. the point of intersection of the shafts. 
Figure 468 shows diagrammatically two 
shafts at right angles, geared together 
by rollers forming short frusta of 
cones. If there be no slipping at the 
point of contact, the linear speeds of 
two points, situated one on each wheel, 
which touch each other during contact, 
must be equal. Equation (I) will hold 

FIG. 468. 

in this case, rl and r2 being the radii of the bases of the cones. 
Two shafts whose axes are not parallel and do not intersect 

may be connected by rollers, the surfaces of which are hyper- 
boloids of revolution. The relative motion will, however, not be 
pure rolling, but there wili be a sliding motion along the line of 
contact of the rollers, which will be a generating straight line of 
each of the hyperboloids. This form of gear, or its equivalent 
hyperboloid skew-bevel gear, has not been used to any great 
extent in cycle construction, and will therefore not be discussed in 
the present work. 

303. Friction Qearing.- If two smooth rollers of the form 
above described be pressed together there will be a certain fric- 
tional resistance to the slippin, 0 of one on the other, and hence if 
one shaft is a driver the other may be driven, provided its resist- 
ance to motion is less than the frictional resistance at the surface 
of the roller. Friction rollers are used in cases where small 
driving efforts have to be transmitted, but when the driving effort 
is large, the necessary pressure between the rollers would be so 
great as to be very inconvenient. In ‘ wedge gearing,’ the surfaces 
are made so that a projection of wedge section on one roller fits 
into a corresponding groove on the other ; the frictional resistance, 
for a given pressure, being thereby greatly increased. 

304~ Toothed-wheels.- When the effort to be transmitted is 
too large for friction gearing to be used, projections are made on 
one ?Jheel and spaces on the other ; a pair of toothed-wheels are 
thus obtained. 

Toothed-wheels should have their teeth formed in such a 
manner that the relative motion is the same as that of a pair 
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of toothless rollers. The surfaces of the equivalent toothiess 
rollers are called thepi~c~ w-faces of the wheels. By the radius 

or diameter of a toothed-wheel is usually meant that of its pitch 
surface ; equation (I) will therefore be true for toothed-wheels. 
The distance between the middle points of two consecutive teeth 
measured round the pitch surface is called the pi&h or the cimdar 
pitd of the teeth. The pitch must evidently be the same for two 

wheels in gear. Let f be tne pitch, N, and AZ2 the numbers of 
teeth in the two wheels, and yzl and 1z2 the numbers of revolutions 
made per minute ; then the spaces described by two points, one 
on each pitch surface, in one minute are equal ; therefore 

2 7r 921 Yl = 2 7r I22 Y2. 

Since 
2 7rY1 = N, p, and 2 K r2=iV2 p, we get 

Iv, 72,p= At2 922p 

or, 
75 

-.- I!.2 , . , . , . , . (2) ,y ‘- 
./I 5’ _. 92, 

That is, the angular speeds of the toothed-wheels in contact are 
inversely proportional to the numbers of teeth. 

If the pitch diameter be a whole number, the circular pitch 
will be an incommensurable number. The diatlzetrad pitc/t is 

defined by Professor Unwin as “ A length which is the same 

I FIG. 469. 

I 
fraction of the diameter as the circular pitch is of the circum- 
ference.” The American gear-wheel makers define the diametral 
pitch as “The number of teeth in the gear divided by the pitch 
diameter of the gear.” The latter may be called the &&?&nzcmbe~ 
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It is much more convenient to use the pitch-number than the 
circular pitch to express the size of wheel-teeth. Figure 469 shows 
the actual sizes of a few teeth, with pitch-numbers suitable for use 
in cycle-making. If p be the circular pitch, s the diametaal pitch, 
and P the pitch-number, 

s--p -- 
7r 

p=‘-“.. . . . . . . (3) 
S P 

305. Train of Wheels .-If the speed-ratio of two shafts to be 
geared together by wheels be large, to connect them by a single 
pair of wheels will be in most cases inconvenient ; one wheel of 
the pair will be very large and the other very small. In such a 
case one or more intermediate shafts are introduced, so that the 
speed-ratio of any pair of wheels in contact is not very great. The 
whole system is then called a trah of wheels. For example, in 
a watch the minute hand makes one complete revolution in one 
hour, the seconds hand in one minute ; the speed-ratio of the 
two spindles is 60 to I ; here intermediate spindles are necessary. 

If the two shafts to be connected are coaxial, it is KimmaticaUy 
?zecessayy, not merely convenient, to employ a train of wheels. 
This is the case of a wheel or pulley rotating loosely on a shaft, 
the two being geared to have different speeds. Figure 47s shows 

the simplest form of gearing 
of this description, univer- 
sally used to form the slow 
gearing of lathes, and which 
has been extensively used to 
form gears for front-driving 
Safeties. A is the shaft to 
which is rigidly fixed the 
wheel B, gearing with the 
wheel E on the intermediate 

FIG. 470. 

shaft 5’. The bearings of the shafts A. and B are carried by the 
frame C. On the shaft B is fixed another wheel E; gearing with 
the wheel G, rotating loosely on the shaft A. 

Denoting the number of teeth in a wheel by the corresponding 
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d 
small letter, the speed-ratio of the shafts B and A will be - -- ; 

e 

the negative sign indicating that the shafts turn in opposite direc- 

tions. f The speed-ratio of the wheels G and Fwill be -B) and 

the speed-ratio of the wheels G and D will be the product 

d f - # _- . . . . . . . . 
e g 14) 

The wheels D and G (fig. 470) revolve in the same direction, 
the four wheels in the gear all having external contact. If one of 
the pairs of wheels has internal contact, the wheels A and G will 
revolve in opposite directions. .The speed-ratio will then be 

306. Epicyclic Train. - The mechanism (fig. 470) may be 
inverted by fixing one of the wheels B or G and letting the frame- 
link C revolve ; such an arrangement is called an epicycZ& tralit. 
The speed-ratio of the wheels D and G relative to C will still be 
expressed by (4). Suppose D the wheel fixed, also let its angular 
speed relative to the frame-link C be denoted by unity, and that of 
G by n. When the frame-link C is at rest its angular speed about 
the centre A is zero. The angular speeds of B, C, and G are 
then proportional to I, o, and 12. Let an angular speed - I be 
added to the whole system ; the angular speeds of D, C, and G 
will then be respectively 

0, -r,andlz-I. , . . . . . (5) 

If one pair of wheels has internal contact, the angular speeds 
of D, C, and G will be represented by - I, o, and n ; adding a 
speed + I to the system, the speeds will become respectively 

o, I,andpz+I. . . . . . . . (6) 

An epicyclic train can be formed with four bevel-wheels (fig. 
471) ; also, instead of two wheels, E and p (fig. 470), only one 
may be used which will touch A externally and G internally (fig. 
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472) ; this is the kinematic arrangement of the well-known ‘Crypt0 ’ 
gear for Front-drivers. Again, in a bevel-wheel epicyclic train the 
two wheels on the interme- 
chate shaft 6’ may be merged 
into one ; this is the kinema- 
tic arrangement of Starley’s 
balance gear for tricycle axles 

(fig- 2’9). 
In a Crypt0 gear, let N, 

and IV, be the numbers of 
teeth on the hub wheel and FIti. 471. 

iv the fixed wheel respectively, then 12 c .2 ; and from (6), the 

speed-ratio of the hub and crank is 
4 

zs+ I = T!L;s. . . . . . (7) 
1 1 

From (7) it is evident that if a speed-ratio greater than 2 be 
desired, YL$ must be greater than N,, and the annular wheel must 
therefore be fixed to the frame and the inner wheel be fixed to 
the hub. 

Exnnz$e.-The fixed wheel D of a Crypt0 gear has 14 teeth, 
the wheel E mounted on the arm C has 12 teeth ; the number of 

FIG. 472. 

teeth in the wheel G fixed to the hub of the driving-wheel must 
then be IZ + 12 + 14 = 38. 
is 46 in. diameter ; 

The driving-wheel of the bicycle 
what is it geared to ? Substituting in (7), the 

speed-ratio of the hub and the crank is 5A and the bicycle is 
38 

geared to 5?* = 62.95 inches. 
38 
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307. Teeth of Wheels.- The projection of the pitch-surface 
of a toothed-wheel on a plane at right angles to its axis is called 
the ,@%A!-czkZe ; a con.centric circle passing through the points of 
the teeth is called the nddendunz-ci4” ; and a circle passing 
through the bases of the teeth is called the root&de (fig. 473). 
The part of the tooth surface b c outside the pitch-line is called 
the face, and the part a b inside the pitch-circle the flank of 

FIG. 473. 

the tooth. The portion of the tooth outside the pitch-circle is 
called the poiat ; and the portion inside, the root. The line 
joining the wheel centres is ca.lled the Zize of centres. The tu$~ 
a& bottm2 cZenrance is the distance r d measured on the line 
of centrcs, between the addendum-circle of one wheel and the 
root-circle of the other. The side-[Zen mnce is the difference e f 
between the pitch and the sum of the thicknesses of the teeth of 
the two wheels, measured on the pitch-circle. 

For the successful working of toothed-wheels forming part of 
the driving mechanism of cycles it is absolutely necessary not only 
that the tooth forms should be properly designed, but also that t!ley 
be accurately formed to the required shape. TF is can only be done 
by cutting the teeth in a special wheel-cutting machine. In these 
machines, the milling-cutter being made initially of the proper 
form, all the teeth of a wheel are cut to exactly the same shape, 
and the distances measured along the pitch-line between con- 
secutive teeth are exactly equal. In slowly running gear teeth, as 
in the bevel-wheels in the balance gear of a tricycle axle, the 
necessity for accurate workmanship is not so great, and the teeth 
of the wheels may be cast. 
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308. Relative Motion of Toothed-wheels.-I.et a Fa and 
(i Pli (fig. 474) be the outlines of the teeth of wheels, R being the 
point of contact of the two teeth. Let L.J be the centre of curva- 
ture of the portion of the curve a Fa which lies very close to the 
point -I;‘; that is, D is the centre of a cir- 
cular arc approximating very closely to a 
short portion of the curve a Pa in the neigh- 
bourhood of the point E: Similarly, let C 
be the centre of curvature of the portion of 
the curve b Fb near the point E: Whatever 

’ be the tooth-forms a Pa and b Ffi, it will 
in general be possible to find the points D and 
C, but the positions of C and D on the re- 
spective wheels change as the wheels rotate 
and the point of contact F of the teeth 
changes. While the wheels A and B rotate 
through a small angle near the position 
shown, their motion is exactly the same as 
if the points 0 and D on the wheels were 

FIG. 474. 

connected by a link C 9. The instantaneous motion of the 
two wheels is thus reduced to that of the levers A C and B B 
connected by the coupler CD. 

In figure 2 I (sec. 32) let B A and CL? be produced to meet 
atJ; then De 

-w 
iX=CJ 

or Be = 

And it has been already shown that the speed-ratio of the two 

cranks is &- 
DA’ 

Therefore the speed-ratio may be written equal 

CR DJ 

to DA l C-J- 
Therefore, since C B and D A are constant whatever be the 

position of the mechnn.ism (fig. 2 I), the angular speeds of the two 
cranks in a four-link mechanism are inversely proportiional to the 
segments into which the line of centres is divided by the centre- 
line of the coupling-link. Therefore if the straight line CD cut 
A 6’ at e (fig. 474) the speed-ratio of the wheels A and 5’ is 
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For toothed-wheels to work smoothly together the angular 
speed-ratio should remain constant ; (8) is therefore equivalent to 
the following condition : The comnoti no~md to a pnir of teeth at 
ifjzei~ lfwi;rzt of confixt must nZways pms though n &red joint on 
the he of cedres. This fixed point is called the pitch-joid, and is 
evidently the point at which the pitch-circles cut the line of centres. 

If the form of the teeth of one wheel be given, that of the 
teeth of the other wheel can in general be found, so that the 
above condition is satisfied. This problem occurs in actual 
designing when one wheel of a pair has been much worn and has 
to be replaced. But in designing new wheels it is of course most 
convenient to have the tooth forms of both wheels of the same 
general character. The only curves satisfying this condition are 
those of the trochoid family, of which the cycloid and involute are 
most commonly used. 

309. Involute Teeth .-Suppose two smooth wheels to rotate 
about the centres ~1 and B (fig. 475), the sum of the radii being 

less than the distance between 
the centres. Let a very thin 
cord be partially wrapped 
round one wheel, led on to 
the second wheel, and partially 
wrapped round it. Let cand d 
respectively be the points at 
which the cord leaves A and 
touches the wheel B. Let a 
pencil, P, be fixed to the cord, 
and imagine a sheet of paper 
fixed to each wheel. Then 
the cord not being allowed 
to slip round either wheel, 
while the point P of the 
string moves from c to d, the 
wheels A and 3’ willbe driven, 
and the pencil will trace out 

on the paper fixed to ,A an arc of an involute tz cz’, and on the 
paper fixed to B an involute arc (I1 6. If teeth-outlines be made 
to these curves they must touch each other at some point on the 
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line c d, which is their common normal at their point of contact ; 
and since cd intersects the line of centres at a fixed point, p, the 
tooth-outlines satisfy the condition for constant speed-ratio. 

The circles round which the cord was supposed to be wrapped 
are called the bnse-cirdes of the involute teeth ; the line cd is 
called the path oj the poht &o&act, or simply the path of contuct. 
The longest possible involute teeth are got by taking the adden- 
dum-circles of wheels A and B through d and c respectively ; for 
though the involutes may be carried on indefinitely outwards from 
the base-circles, no portion can lie inside the base-circle. Except 
in wheels having small numbers of teeth, the arcs of the involutes 
used to form the tooth outlines are much smaller than shown in 

figure 475 ; the path of contact being only a portion of the 
common tangent t d to the base-circles. 

The n7zgZe of obZz@~E’ty of action is the angle between the 
normal to the teeth at their point of contact, and the common 
tangent at p to the pitch-circles. The angle of obliquity of involute 
teeth is constant, and usually should not be more than 15’. 

No portion of a tooth lying inside the base-circle has working 
contact with the teeth of the other wheel, but in order that the 
points of the teeth of the wheels may get past the line of centres, 
the space between two adjacent teeth must be continued inside 
the base-circle. If the teeth be made with no clearance the con- 
tinuation of the tooth outline 6’ PB, between the base- and root- 
circles, is an arc of an epitrochoid b_f; described on the wheel 6’ 
by the point O’ of the wheel A. The continuation of the tooth 
outline czl Pn between the base- and root-circles is an arc of an 
epitrochoid n e, described on the wheel A by the point b1 of the 
wheel 6’. This part of the tooth outline lying between the root-circle 
and the working portion of the tooth outline is sometimes called 
the fiZZet. The flanks are sometimes continued radially to the 
root-circle ; but where the strength of the teeth is of importance, 
the fillet should be properly designed as above. The jXet-cinde 
is a circle at which the fillets end and the working portions of the 
teeth begin. When involute teeth are made as long as possible, 
the base- and fillet.-circles coincide. In any case, the fillet-circle 
of one wheel and the addendum-circle of the other pass through 
the same point, at the end of the path of contact. 
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Let the centres A and B of the wheels (fig. 475) be moved 
farther apart ; the teeth will not engage so deeply, and the line 
dc will make a larger angle with the tangent to the pitch-circles 
at p. The form of the involutes traced out by the pencil will, 
however, be exactly the same though a longer portion will be 
drawn. Therefore the teeth of the wheels will still satisfy the 
condition of constant speed-ratio. Wheels with involute teeth 
have therefore the valuable property that the distance between 

J-A 

i 
i 

is 
FIG. 476. 

their centres may be slightly varied without prejudicially affecting 
the motion. 

3 I o. Cycloidal Teeth.- Let A and B (fig. 476) be the centres 
of two wheels, and let p be the pitch-point. Let a third circle 
with centre C lying inside the pitch-circle of A roll in contact 
with the two pitch-circles at the pitch-point. Suppose a pencil 2’ 
fixed to the circumference of the rolling-circle. If the three 
circles roll so that p is always their common point of contact, the 
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pencil will trace out an epicycloid on wheel 6, and an hypocycloid 
on A. Let P be any position of the pencil, then the relative 
motion of the two circles R and C is evidently the same as if A 
were fixed and C rolled round inside it ; j is therefore the instan- 
taneous centre of rotation of the circle C, and the direction of 
motion of P relative to the wheel A must be at right angles to the 
line I$ P ; that is, p P is the normal at P to the hypocycloid Pa. 

In the same way it can be shown that the line 29 P is the 
normal to the epicycloid Pb. If tooth outlines be made to these 
curves they will evidently satisfy the condition for constant speed- 
ratio. 

The tooth Pn is all flank, and the tooth Pb all face. Another 
rolling-circle Cl may be taken inside the pitch-circle of wheel B, 
a tracing-point P1 on it will describe an epicycloid on wheel A 
and a hypocycloid on wheel R. The tooth outline P1 n2 is all 
face, and the tooth outline 2” ha is all flank. They may be 
combined with the former curves, so that the tooth outlines Pa n* 
and Pb 6’ may be used. 

The path of contact P’j Pin this case is evidently made up 
of arcs of the two rolling-circles. If the diameter of the rolling- 
circle be equal to the radius of the pitch-circle, the hypocycloid 
described reduces to a straight line a diameter of the pitch-circle. 
The flanks of cycloidal teeth may therefore be made radial. 

If contact begins and ends at the points Pand PI respectively, 
the addendum-circles of B and A pass through these points. If 
the teeth are made without clearance, the fillet will be, as in 
involute teeth, an arc of an epitrochoid, Pe, described on the 
wheel A by the point P of the wheel B. Similarly, the fillet of 
wheel 3’ between 2” and the root-circle is an arc of an epitrochoid 
Pfdescribed on wheel B by the point P’ of the wheel A. 

If a set of wheels with cycloidal teeth are required, one wheel 
of the set to gear with any other, the same rolling-circle must be 
taken for the faces and flanks of all. 

An important case of cycloidal teeth is that in which the 
rolling-circle is equal to the pitch-circle of one of the wheels of 
the pair. The teeth of one wheel become points ; those of the 
other, epicycloids described by one pitch-circle rolling on the other. 

If two tooth outlines gear properly together with constant 
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speed-ratio, tooth outlines formed by parallel curves will in general 
also gear together properly. In the above case the p&t teeth 
of one wheel may be replaced by roundplizs, the epicycloid teeth 
of the other wheel by a parallel curve at a distance equal to the 
radius of the pin. Loose rollers are sometimes put round the 
pins so that the wear is distributed over a larger surface. 

An example of pin-gearing is found in the early l)atterns of the 
‘ Collier ’ two-speed gear (sec. 3 rg). 

3 I I. Arcs of Approach and Recess.-The UYL of appmzch is 
the arc through which a point on the pitch-circle moves from 
the time that a pair of teeth come first into contact until they are 
in contact at the pitch-point. The arc of 7*eccss is the arc through 
which a point on the pitch-circle moves from the time a pair of 
teeth are in contact at the pitch-point until they go out of con- 
tact. The E-C elf co&nct is, of course, the sum of the arcs of 
approach and recess. 

With cycloidal teeth (fig. 476), if P and P1 be the points of 
contact when the teeth are just beginning and just leaving contact 
respectively, Q or /,p will be the arc of approach, and. p a2 or 
I) O2 the arc of recess, provided the wheel A is the driver, in 
watch-hand direction. From the mode of generation of the 
epicycloid and the hypocycloid it is evident that the arc of the 
rolling circle, Pp, is equal to the arc of approach, and $J P1 to 
the arc of recess. 

With involute teeth (fig. 475) the path of contact is the 
straight line ctZ. The arc of contact, measured along either of 
the base-circles, is equal to cd. The arc of contact, measured 

--- Af, along the pitch-circle, is equal to cd multiplied by 2-i’ the ratio of 

the radii of the pitch- and base-circles. Draw the tangent pt at 
p to the pitch-circles, and produce A c and B d to meet p t at t l 
and d1 respectively. t ‘J and p 8 are the lengths of the arcs of 
approach and recess respectively, measured along the pitch-circle. 
For from similar triangles, 
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312. Friction of Toothed-wheels.-There is a widespread 
impression, even among engineers, that, if the form of wheel-teeth 
be correctly designed, the relative motion of the teeth is one of 
pure rolling. Probably the use of the term roZZzk~-&cZes in con- 
nect;on with cycloidal teeth has given rise to this impression ; 
but a \Ti:ry slight inspection of figures 475 and 476 will show that 
the teeth rub as well as roll on each oth.er. In figure 476 a pair 
of teeth are shown in contact at P. While the teeth are passing 
the pitch-point, the points a and li touch each other at p. Now 
the length F’n of one tooth is much less than the length Pb of 
the other. The teeth must therefore rub on each other a distance 
equal to the difference between these two arcs. The same thing 
is apparent from figure 475. 

The speed of rubbing at any point can be easily expressed as 
follows : Let a pair of wheels rotate about the centres A and b: 
(fig. 477) ; let their pitch-lines touch at p ; let a’$ a” be the path 
of contact ; let yl and r3 be the radii of the pitch-circles, and 
F be their common linear speed, the 

1’ Y 
angular speeds will be - and - - 

Yl T’L 

respectively. Suppose a pair of teeth 
to be in contact at a ; the relative 
motion of the two wheels will be the .a’ 
same if the whole system be given a 

rotation 
v 

about B in the direction i 7-2 
opposite to the rotation of the wheel ig 
B. Wheel B will now be at rest, and 

FIG. 477. 

the pitch-line of wheel A will roll on the pitch-line of B. The 
v I/ 

angular speed of wheel A is now --. + -. The instantaneous 
7’1 Yz 

centre of rotation of wheel A is the point $J, and therefore the 
linear speed of the point n on the wheel A is 

Y t+; x chord@ . . . . . (9) 
( ) 

I This is, of course, the same as the relative speed of rubbing of 
the teeth in contact at n. In particular, the speed of rubbing is 
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greatest when the teeth are just coming into or just leaving con- 
tact, and is zero when the teeth are in contact at the pitch- 
point. 

If the two wheels have internal contact, by the same reasoning 

their relative angular speed may be shown to be Y 

the speed of rubbing 

x chordpu . , . . . (TO) 

Thus, comparing two pairs of wheels with external and internal 
contact respectively, if the pitch-circles and arc of contact be 
the same in both, the wheels with internal contact have much 
less rubbing than those with external contact. If Q = 3 r, 
the rubbin g with external contact is twice as great as with 
internal. 

Ejictim nnd FVenr of Whecd-t&d.- The frictional resistance, 
and therefore the wear, of wheel-teeth will be proportional to the 
maximum speed of rubbing, and will therefore be greater the 
longer the path of contact. The arc of contact, therefore, should 
be chosen as short as possible ; the working length of the teeth 
will then be short, and it will be much easier to make the teeth accu- 
rately. The arc of contact must, of course, be at least equal to 
the pitch, so that one pair of teeth comes into contact before the 
preceding pair has left contact. It may be chosen a little greater, 
in order to allow a margin for the centres of the wheels being 
moved a little further apart than was intended. The rubbing of 
the teeth against each other during approach is said to be more 
injurious than during recess. In a pair of wheels in which the 
driver and driven are never interchanged (as in gear-wheels of 
cycles, which are always driven ahead and never backwards), the 
arc of recess may therefore be chosen a little larger than the arc 
of approach. 

If c be the length of the arc of contact, the avel-qe speed of 
rubbing will be approximately (with external contact) 

c I 

( ) 
+I 1’. 

4 q 3’2 
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I If P be the average normal pressure on the teeth, and p the co- 
efficient of friction, the work lost in friction will be 

I The useful work done in the same time will be approximately 
P V, and the efficiency of the gear will be 

PY I -- -.--- 

( > 

. . . II 

Iv+ -G I- + ;, pJ’ y 
c P 

( ) 

( ) 
1+ -- 

4 1’1 
2 + ;., 

4 - c-1 

I ExampZe 1: ---In a pair of wheels with 12 and 24 teeth re- 

I spectively, assuming ,Y = *08, and t = 1.2~3 -- = 2z = ‘524, and P 
P-1 I2 

P - = ‘262, and the efficiency is 
y2 

I 
I-+ '3 x & (‘524 

- = ‘982. + l 262) 

ZZW@C IL .-- In an internal gear with I 2 and 36 teeth, with 
the same assumptions as above, the efficiency is 

I 
-.- ~~_------ = ‘tpy, 

I + ‘024 (-524 - ‘175) 

x5 Circular Wheel-teeth.--Since only a stnal’l arc is used 
to form the tooth outline it is often convenient to approximate 
to the exact curve by a circular arc. Involute or cycloidal teeth 
are first designed by the above methods, then the circular arcs, 
which fit as closely as possible, are used for the actual tooth 
outlines. When this is done there will be a slight variation of 
the speed-ratio during the time of contact of a pair of teeth. 
The variation may be reduced to a minimum by (instead of pro- 
ceeding as just described) finding the values of A C, BD, and 
CD (fig. 474), such that the point 6 will deviate the smallest possible 
amount from jhY the pitch-point. The author has investigated 
this subject in a paper on ‘ Circular Wheel-teeth,’ published in the 
‘ Proceedings of the Institution of Civil Engineers,’ vol. cxxi. 
The analysis is too long for insertion here, but the principal 
results may be given : 
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For a given value of the speed-ratio R = 2, three positions of 
Yl 

the coupling-link CD can be found in which it passes through 

the pitch-point p : let C, D,, C2 D, and C,D;, (fig* 478) be 
these positions. The distance of C,, the middle position of C, 

. \ /’ 

FIG. 478. 

from the pitch-point p may be chosen arbitrarily ; but the greater 
this distance the less will be the speed variation and the greater 
the obliquity. 

Let P c; = ,jl J arc of contact = 2 Iz 
rl Yl 

; 

then assuming that the other two positions of the equivalent link 
in which its intersection E with the line of centres coincides with 
the pitch-point p are at the beginning and end of contact of a 
pair of teeth, we may take approximately 

I$ C, = (m + 12) yl, p G, = 1111 yl, p C3 = (m - a) Y,. 

Let A C = I,, B D = Z2, and the length C D of the equiva- 
lent coupling-link L= h. The values of /1, 1’,, and ZY, for given 
values of A’, 112, and 12, are given by the following equations . 

h =3(R+ Qlit 1’1 (& 2) . . . I I . . . I . (12) 

4 2 
0 
- . = 1 CR + 2) (& - ],1) L-- _. 

3x 
’ . . . . , . 

yl 
- (13) 

z#) * 

( > 
Iz 1 - wf -I- d3 - 

3R2(R + 2)’ 
,)$ + (2 dz +I). 322 .___ 

T!f 
3R� l l (1-r) 



Also I/, the percentage speed variation above and below the 
average, is given by the equation 

I,’ = 6’@5 (R + I) (R + 2) I? 
K” -.,v~x...(q) 

from which, for a constant value of 111, the variation is inversely 
proportional to the cube of the nunlber of teeth in the smaller 

wheel. The values of J ’ l2 
?-I 

’ ;,’ -, and V, for III= l 3 and various 
Y2 

values of K and II, are given in Table XVIII. 
Having calculated, or found from the tables, the values of d,, Z2, 

and F& the drawing of the teeth may be proceeded l\ith as 
follows : 

Draw the pitch-circles, with centres A and 13, touching at the 
pitch-pointj ; drayv the link-circle C, C, C, with centre A and 
radius L1 ; likewise draw the link-circle D, 13, D3. With centrep 
and radii equal to (W + ii) q, I/J t’,, and (IIZ - II) r, respectively, 
draw arcs cutting the link-circle C at the points C,, C,, and CS, 
respectively. With centres C,, C2, and C,, and radius equal to /1, 
draw arcs cutting the link-circle D at I),, D,, and D:, respec- 
tively. A check on the accuracy of the drawing and calculation 
is got from the fact that the straight lines C, U,, C’, D,, and 
C,? D:, must all pass through the pitch-point p. 

Assuming that the arcs of approach and recc;lss are equal, 
C, and D2 will lx the centres of the circular tooth outlines in con- 
tact at p. Mark off along C, I), and C, D, respectively, C, r;l and 
C, Ei each equal to C,f. ‘l’lxx J; and FS will bc the estrcnrc 
points on the path of contact ; the addendum-circle of ~-heel I’ 
will pass through F,, and the addendum-circle of wheel A through 
8,. No working portion of the teeth will lie nearer the respective 
wheel centres than If’, and Ej,. Fillet-circles with centres A and ~5’ 
may therefore be drawn through Fr and 4,. 

The circular portion of the tooth will extend between the 
fillet- and addendum-circles ; the fillet, between the fillet- and 
root-circles, is designed as with involute or cycloidal teeth. 

1~zt~r-r~~ &z/-.---With internal gearing the radius of the larger 
wheel may be considered ne~atiq and the value of ~‘2 will also 
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be negative. In (IQ (4, (4 and (~5) substitute A = - R ; 
they become respectively, 

h! 3 CR --- -- I>.!!! __.-- --- -- - 
‘2 R l ***-m -2 

. . - . (16) 

(17) = I- 
(R ~_--- 72”) . . . 

z2 2 

0 

( R - 1)~m3 
= -_-- 

r:! 
1 + jZR2 (R -.-2)2 - 

(2R - I) 3 R” 7(C) . - (4 

1 - = 6*415 (R - I) (R - 2) a3 __.- - ----#.. 
??I? l � * * 

l (IO) 

‘l’able SIX., with 7n = -2, is calculated from these equations. 

The values of 
I, d, 
/.,’ ;Y$ 

in Tables XVIII. and iXIAX. change so 

slowly, that their values corresponding to any value of .X and 11 
not found in the tables can easily be found by interpolation. 

3 I 4. Strength of Wheel-Teeth. -The mutual pressure I;‘be- 
tween a pair of wheels is sometimes distributed ot-er two or more 
teeth of each whtzl ; but when one of the pair has a small number 
of teeth it is impossible to havt, an arc of contact equal to twice 
the pitch, and the whole pressure will be borne at times by a 
single tooth ; each tooth must therefore be designed as a cantilever 
fixed to the rim of’ the wheel and supporting a transverse load F 
at its point. Let j be the pitch oL C the teeth, h the width, A the 
thichcss of a tooth at the root, and I the perpendicular distance 
from the middle cf tiw root of the tooth to the line of action 
of 3: Then the section at the root is subjected to a bending- 
moment F /, while the moment of resistance of the section 
is /, /I?f‘ 

6 l 

‘l’hereforc, 

b h"l 
l;l=-- . . . . . . . . (20) 

‘l’he width of the teeth is usually made some multiple of the pitch : 
let b = k p. ‘l’he height of the tooth may also be expressed as a 
multiple ofp ; it is often as much ;is 7 /J, but since long teeth are 
necessarily weak, the teeth should be made as short as possible 
consistent with the arc of contact being at least equal to the pitch. 
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If the height be equal to -6 f, the length Z may be assumed equal 
to ‘5 p. If there be no side-clearance the thickness at the pitch- 
line will be ‘5 p, and with a strong tooth form the thickness at the 
root will be greater. Even with side-clearance, we may assume 
h = ‘5 p. Substituting in (20) we have 

P= *08333p”Kf . . l . . . (21) 

or, writing p = >, P being the diametral pitch-number, 

F-2= +I!2246 “’ p . . . . . . . (22) 

The value that can be taken for A the safe working stress of the 
material, depends in a great measure on the conditions to which 
the wheels are subjected. If the teeth be accurately cut and run 
smoothly, they will be subjected to comparatively little shock. 
For steel wheels with machine-cut teeth, 20,000 lbs. per sq. in. 
seems a fairly low value forf the safe working stress. 

Table XX. is calculated on the assumptions made above. 

TABLE XX.-- SAFE WORKING PRESSURE ON TOOTHED 

WHEELS. 

Cakulufed fi’om eptation (22). 
- _-- _ _ ..-. _..____ 

I 

Pitch- ’ 
number 

I I 

__-- ..-. --- 

22 

24 
-A- 

IO 
II 
I2 

I3 
I4 
I5 

16 
18 
20 

I37 
114 

if 
70 
61 

54 
43 

2 
24 

Lbs. Pressure when k = $ = 

-- I 

822 1097 
571 761 
421 561 
323 430 
266 341 

206 274 
171 228 

I44 I92 
122 162 
106 141 
91 122 

80 107 
64 85 
SI 69 
42 55 
36 48 

- .._ _.- 

1371 1645 
! 

; 
952 ’ 1142 

I 703 845 ’ 
I 538 / 645 

427 I 511 

343 I 411 
275 i 342 
239 287 
203 I 244 
176 211 

I52 183 
, 

I34 161 I 
107 128 
86 103 i 
71 ; 
60 j 72 I 

- - -. 



CHAP. XXV11 a Toothed- whee Z Gen ring 455 
The arc of contact is son-xtimes made equal to two or three 

times the pitch, with the idea of distributing the total pressure 
over two or three teeth. But in this case, although the pressure 
on each tooth may be less than the totai, they must be made 
longer in order to obtain the necessary arc of contact, It is 
therefore possible that when the pressure is distributed, the teeth 
may be actually weaker than if made shorter and the pressure 
concentrated on one. 

In cycloidal teeth; for a given thickness at the pitch-line, the 
thickness at the root is greater the smaller the rolling-circle ; 
where strength is of primary importance, therefore, a small rolling- 
circle should be adopted. In involute teeth, the angle of obliquity 
influences the thickness at the root in the same manner ; the 
greater the angle of obliquity the greater the root thickness. In 
circular teeth, the greater 772 be taken, the thicker will be the teeth 
at the root. 

315. Choice of Tooth Form.---It has already been remarked 
that involute toothed-wheels possess the valuable property that their 
centres may be slightly displaced without injury to the motion. 
Involute tooth outlines are simpler than cycloidal outlines, the 
latter having a point of inflection at the pitch-circle ; involute 
teeth cutters are therefore much easier to make to the required 
shape than cycloidal. With involute teeth the direction of the 
line of action is always the same, but with cycloidal teeth it con- 
tinually changes, and therefore the pressure of the wheel on its 
bearing is continually changing. Taking everything into con- 
sideration, involute teeth s&em to be preferable to cycloidal. The 
old millwrights and engineers invariably used cycloidal, but the 
opinion of engineers is slowly but surely coming round to the side 
of involute teeth. 

3 T 6. Front-driving Gears. --Toothed-wheel gearing has been 
more extensively used for front-driGng bicycles than for rear- 
drivers. A few special forms may be briefly noticed. 

I ,Szl~t-crrl~J..r/n?rcf ’ &n?-.-In the ‘ Sun-and- Planet ’ Safety 
(fig. 479), the pedal-pins arc net fixed direct to the ends of the 
main cranks, but to the ends of secondary links, hung from the 
crank-pin. A small pinion is fastened to each pedal-link and 
gears with a toothed-wheel fixed to the huh. This is a simple 
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form of epicyclic train, and can be treated as in section 306. If 
N, and N2 be the numbers of teeth on the hub and pedal-link 
respectively, it can be shown (sec. 306) that the speed-ratio of the 

driving-wheel and main 

N -I- Nz cranl; is - - 1. 
4 .-.-* 

If the driving-wheel 
be 40 in. diameter, and 
the pinion and hub 
have IO and 30 teeth 
respectively, the bicycle 

30 x IO is geared to ---.-- 
30 

x 40 in. == 5 3.3 inches. 
It should be noticed 

that the pedal-link will 
b'lti. 479 

not hang vertically, 
owing to the pressure on the pinion. During the clown-stroke 
the pedal will be behind the crank-pin ; while on the up- 
stroke, if pressure be applied to the pedal, it will be in front 
of the crank-pin. The pedal path is therefore an oval curve 
with its longer axis vertical. If the pressure on the pedal be 
nhvnys applied vertically, the pedal path will be an ellipse, with 
its minor axis equal to the diameter of the toothed-wheel on thct 
driving-hub. 

This simple gear might repay a little consideration on the part 
of those who prefer an up-and-down to a circular motion for the 
pedals. 

The L Genmi l%ci(L~ ’ is a combination of the ‘ Facile ’ and 
L Sun-and-Planet ’ gears, the lower end of the pinion-link of the 
latter being jointed to the pedal-lcvcr of the former. In figure 
I 24, the l&met-pinion is 2 in. diameter, the hub-wheel 4 in. 
dianxtcr, and tlx (IriGlg-wheel 40 in. diameter ; the bicycle is 

therefore geared to 
(4 + 2) 

x 40 = 60 in. 
4 

Pt7-7ys I+drrt -il$-i7~ilf~q Gmt- is similar in nrra~~gemcnt to the 
back gear of a lathe. The crank-axle (fig. 480) passes through 
the hub and is carried by it on ball-bearings. A toothed-wheel 



I 
fixed to the crank-de gears with a wheel on a short intermediate 
spindle, to which is also fastened a l&eel gearing in turn with one 
fastened to the hub of the driving-wheel ; the whole arrangement 
being the same as diagrammatically shown in figure 470. 

I 
‘I‘htl mutual pressure between the whc~ls ,!I and E (fig. 470) 

is equal to the tangential effort 011 the pedal multil)lied by the 
ratio of the crank length to the radius of wheel D. 

Exn??~~lc~. If the pedal pressure be 150 lbs., the crank length 
6: in., and the radius of wheel LT) I i in., the Ixcssure on the teeth 

of the application of internal contact. A large annular wheel is 
i&d to the cranlxslc and drives a pinion fixed to the hub of the 
driving-wheel, the arrangement being diagrammatically shown in 
figure 4Sr ; LZ and I, being the centres of the crank-axle and the 
driving-wheel hub respectively. ilS the crank-axle has to pass 
right through the hub, the lnttcr must be large enough to encircle 
the former, as shown in section (fig. 4s~). The hub ball-races are 
of correspondingly large diameter, the inner race being n disc set 



eccentrical!y to the crank-axle centre. The central part of the 

hub must be large enough t,a enclose the toothed-wheel on the 

crank-axle. Instead of being made continuous and enclosing the 
toothed-wheel completely, the hub is divided in the middle, and 

the end: portions are 
united by a triangu- 
lar frame. 

From figure 482 
it is evident that the 
‘ Centric ’ gear can 
only be used for 
speed-ratios of hub 
and crank-axle less 
than 2. 

me ‘ CtyprJ ’ 
I;i-U?Z f-&l? ‘iq- GM?- 
is an epicyclic train, 
similar in principle 
to that shown in 
figure 472. Figure 

.+S.+ is n longitudinal section of the gear ; figure 483 an end vie\v, 
showing the toothed-wheels ; L wd figure 485 an outside view of the 



hub, bearings and cranks complete. The arm C (fig. 472’) in this 

case takes the form of a disc fastened to the crank-axle A, and 
carrying four wheels E, which engag with the annular wheel G, 
forming part of the hub of the driving-wheel, and with the small 
wheel D, rigidly fastened to the fork. The crank-axle is carried on 
ball-bearings attached to the fork, the hub runs on ball-bearings on 

the crank-nsle, while the small wheels E run on cylindrical pins B 
riveted to the disc C. 

The pressures on the teeth of the wheels are found as follows : 
Considering the equilibrium of the rigid body formed by the pedal- 
pin, crank, crank-axle A, disc C, and pins B, the moment- 
about the centre of the crank-axle-of the tangential pressure I’, 
on the pedal-pin is equal to that of the pressures of the wheels E 
on the pins 5’. Let I be ,the length of the crank, and Y the 
distance of the centre of the pin B from the crank-axle ; the 
pressure of each wheel E on its pin will be 

ZP CP 
:x.,-c-- . . - 

Y 4. r 
( ) ‘3 
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This pressure of the pin on the wheel E is resisted by the 
presslrres of the wheels D and G ; each of these pressures must, 

therefore, be equal to 
ZP 

If N,, NZ, and N3 be the numbers of teeth on the hub- 
wheel G, fork-wheel D, and intermediate wheels E, respectively, 

the speeds of the wheels and arm C, 
relative to the latter, are respectively 
proportional to 

I I I - -- 
iv, ’ xii9 fvy 

and o . . (25) 

while, relative to the fork, the speeds 

(1’ I;7 0) 11, w ],:, and o c are proyor- 
tional to 

From (26) the speed-ratio of the huh 
and crank, relative to the fork, is 

From (28) it is evident that when 

twit-e that of the crank, N, 
he hub speed is to be more than 

must be less than A’;l ; that is, the 
annular wheel must be fixed to the fork. 

From (25) and (2 7) the speed-ratio of wheels E and B, rela- 
tive to the disc C, is 

---- 
Nz 

AT, 24 - - = --.- _ 
iv3 A:, - IV, 

= 2 W-1) ---- . . 
(K-2) 

* (cl) 

Rut the wheel D makes - T turn relative to the crank while 
the latter makes I turn relative to the fork. Therefore, for every a 
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(R-I) 
turn of the crank, the wheels E make 2 - -- 

(R -4 
turns in their 

bearings. Since these are plain cylindrical bearings, and the 
pressure on them is large, their frictional resistance will be the 
largest item in the total resistance of the gear. 

Exa@&. - If Z = 6;, r = Ikin., and P = ISO lbs, ; from (23) 
6!, x 150 

the pressure on the teeth is - .------- = 97.5 lbs., and of the 
8x1:: 

wheels E on their pins 195 lbs. Also if R=2*5, as in gearing 
a 28-inch driving-wheel to 7o-inch, the wheels E each make 
2 x I' 

-_ 3 

‘5 
= 6 turns on their pins to one turn of the crank. 

* I -. Toothed-wheel Rear-driving Gears,-A number of gears 
havz Leen designed from time to time with the object of replac- 
ing the chain, but none of them have attained any considerable 
degree of success. .._ 

T%? ( Bzc?-fu?z 7 Genr was a spur-wheel train, consisting of 
a spur-wheel on the crank-axle, a small pinion on the hub, 
and an intermediate wheel, gearing with both the former and 
running on an intermediate spindle on the lower fork. The 
intermediate wheel did not in any way modify the speed-ratio, so 
that the gearing up o f the cycle depended only on the numbers 
of teeth of the wheels on the crank-axle and hub respectively. 
If r was the radius of the spur-wheel on the crank-axle and Z 
the length of the crank, the upward pressure on the teeth of the 

ZP 
intermediate wheel was -, and therefore the upward pressure of 

Y 

the intermediate wheel on its spindle was 2 
Z-P 

Y’ 
Th’s upward 

pressure was so great, that an extra blacing member was required 
to resist it. 

Exaqfk- If I) - 1 50 lbs., / = 6; in., Y = 3, the pressure on 
2x6;.x ISO the intermediate spindle = = 4s7 ‘j lbs. 

4 
The R~7mhzd Genv was a bevel-wheel gear, bevel-wheels being 

fixed on the crank-axle and hub respectively and geared together 
by a shaft enclosed in the lower frame tube. If bevel-wheels could 
be accurately and cheaply cut by machinery, it is possible that 
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gears of this description might supplant, to a considerable extent, 
the chain-driving gear ; but the fact that the teeth of bevel-wheels 
cannot be accurately milled is a serious obstacle to their practical 

success. 
3 1 E;. Compound Driving Gears.-For front-driving, Messrs. 

bfarriott and Cooper used an epicyclic train (fig. 486), formed 
from a pair of spur-wheels and a pair 
of chain-wheels. Two spur-wheels, D 
and E, rotate on spindles fixed to the 

0 
c3 

crank C. Rigidly fised to E is a chain- 
wheel G, connected by a chain to a 

FIG. 486. 
chain-wheel FY fixed to the fork. If 
the arm C be fixed and the pinion 

D be rotated, the chain-wheel F will be driven in the opposite 
direction. Let - YZ be the speed-ratio of the wheels F and D rela- 
tive to the arm C (in figure 486, - ?z = - I),then theangular speeds 
of 15 C, and D are respectively proportional to 31, o, and - I. If 
a rotation + I be given to the whole system, their speeds will be 
proportional to (II + I), I and o respectively. The wheel D is 
fixed to the fork, the wheel Fto the hub of the driving-wheel, and 
C is the crank. The driving-wheel, therefore, makes (I/ + I) turns 
to one turn of the crank. With this gear, any speed-ratio of 
driving-wheel and crank can be conveniently obtained. 

A number of compound rear-driving gears have been made, 
some of which have been designed with the object of avoiding 
the use of a chain. In G Hart’s ’ b uear, a toothed-wheel was fixed 
on the crank-axle and drove through an intermediate wheel a 
small pinion ; a crank fiscd on this pinion was connected by 
a coupling-rod to a similar crank on the back hub. In this gear, 
there was a dead-centre when the hub crank was horizontal, and 
when going up-hill at a slow pace the machine might stop. In 
‘ Devoll’s ’ gear the secondary axle was carried through to the 
other side of the driving-wheel, two ccupling-rods and pairs of 
cranks wcrc used, and the dead-centre avoided. 

Z4e ‘Bozdard' Gear (fig. 487) was the first of a number of 
compound driving gears in which the chain is retained. An 
annular wheel is fixed near one end of the crank-axle and gears 
with a pinion on a secondary axle ; nt the other end of the 
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secondary axle a chain-wheel is fixed and is connected by a chain 
in the usual way to a chain-wheel on the back hub. A great deal 
of discussion has taken place on the merits and demerits of this 

gear ; probably its promoters at first made extravagant claims, 
and its opponents have overlooked some points that may be 
advanced in its favour. Of course, the mere introduction of an 
additional axle and a 
pair of spur-wheels is 
rather a disadvantage 
on account of the extra 

friction. In the chapter 
on Chain Gearing it has 
been shown that it is 
advantageous to make 
the chain run at a high 
speed ; this can be done 
with the ordinary chain 
gearing by making both 
chain-wheels with large 
numbers of teeth, but if 
the back hub chain- 
wheel be large, say with 
twelve teeth, that on the 
crank-axle must be so 
large as to interfere 

IT!<;. 4s7. 

with the arrangement of the lower fork, ‘1’1~ ‘ Eoudard ‘. gear is a 
convenient means of using a high gear with a large chain-wheel 
on the back hub. 

7%~’ ‘ k!i.~[~~ ’ G’tTar (fig. 4SS) is an epicyclic bevel gear having a 
speed-ratio of 2 to I, which has the advantage of being more 
compact than the ‘ Boudard ’ gear, but has the disadvantage which 
applies to all bevel-wheels, viz. the fact that they cannot be 
cheaply :).nd accurately cut. 

G’tm-d H&s. ---Compound chain gears have been used in which 
the toothed-wheel gearing is placed at the hub of the driving- 
wheel. In the ’ Platnauer ’ gear (fig. 489) the small pinion is fixed 
to the hub and gears with a large annular wheel which runs on a 
disc set eccentrically to the hub spindle, a row of balls being 
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introduced. The outer part of this wheel has projecting teeth to 
gear with the chain. 

‘l’hese huh gears, as far as we can xc’, have none of the 
advantages of the crank-axle gears to recommend them, since the 
speed of the chain cannot be increased unless a very large crank- 

axle chain-wheel \X used, and they possess the disadvalltagcs of 
additional frictional resistmx of the cxutra gear 



319. Variable Speed @ears.- --It has been shown, in Chapter 
XXI., that it is theoretically desirable to lower the gear of the 
cycle while riding up-hill. 

In the L Cdie~’ 5Titw-Speed Gear, of which figure 4go is a 
section, and figure 491 a general sectional view, a stud-wheel D 
(that is, a wheel with pin teeth) fixed on the crank-axle gears with 
a toothed-pinion P attached to the chain-wheel C. The crank- 
axle A is carried on a hollow axle B, the axes of the two axles 

bei ug placed eccentrically. The chaiu-wheel C, and with it the 
toothed-pinion ./ ‘, revolves on a ball-bearing at the end of the 
hollow axle 1~‘. There are twelve and fifteen teeth respectively 
on the pinion and stud-whctel, so that the ratio of the high and 
low gears is 5 : 4. When the low gear is in use, the two axles 
are locked together 11; tnems of a slide bolt S in the hollow axle 
which engages with a hole in the stud-wheel II, the whole 
revolving together on ball-bearings in the bottom-bracket /;: 
When the high gear is used, the bolt in the hollow axle is with- 



CHAP. XX\‘11 

drawn from the hole in the stud-wheel and fits in a notch in the 
operating lever. The toothed-pinion, and with it the chain-wheel C, 
is then driven at a higher speed than the crank-axle. 

‘l.‘he arrangement of the two a&s is shown diagrammatically in 
figure 492. When the high gear is in use the centre b of the 
crank-axle is locked in position vertically about the centre c7 of 

the hollow axle. If the 
cranks are exactly in line 
at high gear, the virtual 
cranks IZ q and a L-~ will 
he slightly out of line at 

II>I, . .I”;.‘. 10~ gear. The pedals, 
however, det.i;crilje practically equal circles with either gei\r in 
use. 

2% ( Ei& ntrd Tol2V ’ 23cw-Sj3twl C&I- (fig. 3~)s) consists of a 
d,oul)le-barrelled bracket carrying the crank-axle--on which is 
keyed a toothed-wheel -and a secondary axle, to which is fixed 
two small pinions at one end, and the chain-wheel at the other. 
‘The pinions on the secondary axle are in gear with intermediate 
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pinions running on balls on adjustable studs attached to an arm 
which can swing round the secondary axle. One or other of the 
intermediate pinions can be thrown into gear with the spur- 
wheel on the crank-axle, by the shifting mechanism under the 
control of the rider, by means of a lever placed close to the 
handle-bar. 

The Qc(E Gear CLVA@UI+V’S rzun-Speed Gear has an epicyclic 
train somewhat similar in principle to that of the ‘ Crypt0 ’ front- 

driving gear. When high speed is required, the whole of the 
gear rotates as one rigid body ; but when low speed is required 
the small central wheei is fixed and the chain-wheel driven by an 
epicyclic train. 

The same Company also make a two-speed gear, the change of 
gearing being effected at the hub of the driving-wheel. 

The &-/I tmd I’.’ Twcr-Sj3een’ Gear (fig. 494) consists of an 
epicyclic gear in the back hub ; the central pinion of the gear 
is fixed to the driving-wheel spindle when the low gear is 
used, the wheel hut, then rotating at a slower speed than the 
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chain-wheel. When the high gear is used, the epicyclic gear-- --and 
with it, of course, the chain-wheel--is locked to the driving-wheel 
hb. CI is the main portion of the driving-wheel hub ; to this 
is fastened the end portion Cp, on which are formed a ball-race 
for the chain-wheel G, and an annular wheel .D, in which the 

central pinion D can be locked. The intermediate pinions A’, 
four in number, revolve on pins fastened to the hub C, and C,. 
The annular wheel G2, which gears with the intermediate pinions, 
is made in one piece with the chain-wheel G. \\*hen the low 
gear is in use the cclltral pinion I) is held by the asle-clutch I’), 

fastened to the spindle A. ‘1‘0 change the gear, the central 
pinion D is shifted longitudinally ,out of gear with the axle clutch 
and into gear with the annular wh~.t‘i D,. This shifting is done 
by means of a rack 1’ anrl pinion p ; the latter is supported in a 
shifter-case S fixed to the driving-\vhecl spindle, and is operated 
by the rider at ~‘ic;~~urc. 
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Figure 495 shows an outside view of the hub with the spindle 
and shifter-case partially removed. 

TYie L S,%zrp ’ Two-Speed Gear (fig. 496) is an adaptation of the 
‘. Boudard ’ driving gear. On the crank-axle A the disc D, carries 
a drum D, on which are formed two annular wheels W, and w2 
which can gear with pinions p, and j, fastened to the secondary 
axle. The secondary axle is in -two parts ; the chain-wheel W is 

CJ 

fised to we part (I,, the pinions p, and pti to the other part n2. 
The ball-bearing near the end of C, is Liu-ricd by a secondary 
bracket 6, which can be moved longitudinally in the main bracket 
B, so that the pinion j, may be moved into gear with the wheel 
a+, or pinion fu into gear with wheel ZEQ ; while in the inter- 
mediate position, shown in the figure, the crank-ask may remain 
stationary while the machine runs down h.ill. A hexagonal 
surface on the portion a., fits easily in a l~ollow hexagonal surface 
on the portion 11, of the secondary axle, so that the one cannot 
rotate without the other, although thcrc is freedom of longitudinal 
movement. ‘I‘hc longitudinal movement is provided by a stud S, 
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which passes through a small spiral slot in the main bracket fi, 
and is screwed to the inner movable bracket b. The end of the 
stud can be raised or lowered, and the sliding bracket simulta- 
neously moved longitudinally, by the rider, by means of suitable 
mechanism, and the gear changed from high to low, or vice “L’E~M. 

The drum II2 is wider than that on the ordinary ‘ Boudard ’ 
gear, the corresponding crank, Cr, may therefore be fastened to 
the outside of the drum instead of to the end of the crank-axle. 
The other crank, C2, is fastened in the usual way to the crank- 
axle. 

LzXey nt&d Bz&s’ Expa&%~ Chah-wheeC (fig. 465) provides 
for three or four different gearings, and though there is no 
toothed-wheel gear about it, it may be mentioned here, since it 
has the same function as the two-speed gears above described. 
The rim of the chain-wheel on the crank-axle can be expanded 
and contracted by an ingenious series of latches and bolts, so as 
to contain different numbers of cogs. When pedalling ahead the 
driving effort is transmitted direct from the crank-axle to the 
chain-wheel; but if the chain-wheel be allowed to overrun the 
crank-axle the series of changes is effected in the former. The 
right pedal being above, below, before, or behind the crank-axle, 
corresponds to one particular size of the chain-wheel ; if pedalling 
ahead be begun from one of these positions, the chain-wheel will 
remain unaltered. The length of chain is altered by t!lc chaiii;tzs, 
therefore a loose pulley at the end of a light lever, controlled by a 
spring (fig. 469, is used to keep it always tight. Back-pedalling 
is impossible with this expanding chain-wheel, so a very powerful 
brake is used in conjunction with it. 

A two-speed gear, with the gearing-down done at the hub, will 
be better than one with the gearing-down done at the crank- 
bracket, in so far that when driving with the low gear the speed 
of the chain will be greater, and therefore the pull on it will be 
less, presuming that the number of teeth on the back-hub chain- 
wheel is thtz same in both cases. 

The frictional resistance of an epicyclic two-speed gear is 
probably much greater than that of an annular toothed-wheel 
gear, such as the ‘ collier ’ or ‘Sharp,’ on account of the inter- 
mediate pinions revolving on plain cylindrical bearings under 
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considerable pressure. The crank-axle of the former gear runs 
on plain cylindrical hearings when the gear is in action. The 
‘ Sharp ’ and the ‘ Eite and Todd ’ two-speed gears have the dis- 
advantage, compared with the others, that the additional gear and 
its consequent increased frictional resistance is always in action ; 
in this respect the former is exactly on a level with the ordinary 
’ Bouda.rd ’ gear. 



CHAPTER XXVIII 

LEVER-AND-CKANK GEAR 

320. Introductory,- --A number of lever-and-crank gears have 
been used to transmit power from the pedal to the driving-axle of 
a bicycle ; the majority of them are based on the four-link kine- 
matic chain. In general, a lever-and-crank gear does not lend 
itself to gear up or down ; that is, the number of revolutions 
made by the driving-axle is always equal to the number of com- 
plete up-and-down strokes made by the pedal. When gearing up 
is required, the lever-and-crank gear is combined with a suitable 
toothed-wheel mechanism, generally of the ‘ Sun-and-Planet ’ 
type. The four-link kinematic chain generally used for this gear 
consists of : (I) the fixed link, formed by the frame of the 
machine ; (2) th e crank, fastened to the axle of the driving-wheel, 
or driving the axle by means of a ‘ Sun-and-Planet ’ gear ; (3) the 
lever, which oscillates to and fro about. a fixed centre ; (4) the 
coupling-rod, connecting the end of the crank to a point on the 
oscillating lever. 

Lever-and-crank gears may be subdivided into two groups, 
according as the pedal is fixed to the lever, or to the coupling-rod of 
the gear. In the former group, the best known example of which 
is the ‘ Facile ’ gear, the pedal oscillates to and fro in a circular 
arc, having a dead-point at the top and bottom of the stroke. In 
the latter group, of which the ‘ Xtraordinary ’ and the ; Claviger ’ 
were well-known examples, the pedal path is an elongated ova.1 
curve, the pedal never being at rest relative to the frame of the 
machine. 

With lever-and-crank gears it is easy to arrange that the down- 
stroke of the knee shall be either quicker or slower than the up- 
stroke. In the examples analysed in this chapter, where a 
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difference exists, the down-stroke is the quicker. Probably this 
is merely incidental, and has not been a result specially aimed at 
by the designers. Regarded merely as a mechanical question, it is 
immaterial whether the positive stroke be performed more quickly 
or slowly than the return stroke, though, possibly, physiological 
considerations may slightly modify the question. 

32 I. Speed of Knee-Joint with L Facile ’ Gear--If the 
pedal be fixed to the oscillating lever, its varying speed can 
be found as in section 33, .* 

the speed of the crank-pin 
being considered constant. 

I. - ------ - 

The speed of the knee-joint 
can be found as follows : Let 
A R C D (fig. 497) be the 
four - link kinematic chain, 
D C being the frame-link, 
D A the crank, C B the 
oscillating lever, and A B the 
coupling-rod. Let the pedal 
be fixed to a prolongation of -1 

i 

the oscillating lever at J? 
Let H and K be the rider’s 
hip- and knee-joints respeo- 
tively, corresponding to the 1 ‘i 
points C and B of figure 21. ’ 

In any position of the me- : 

chanism produce D A and 
B C to meet at I; 1 is the 
instantarkm5 centrc of rota- 
tion of A B. Let HK and 

1”IG. 49;. 

P C, produced if necessary, meet at J Since P is at the 
instant moving in a direction at right angles to C P, it may be 
considered to rotate about any point in 1 P: for a similar 
reason, K may be considered to rotate about any point in 
H K; therefore J is the instantaneous centro of rotation of 
the rider’s leg, P K, from the knee downwards. I .et Z’(,, q,, . . . 
be the speeds at any instants of the points A, I’, . . . Draw 
D e, parallel to ~5’ C, meeting & .-I, produced if necessary, at t. 
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Then, since the points 2S and P are both rotating about the 
centre C, 

v, - c P 

Vb 
-cb, . . . - . . . . (I) 

But from section 32, 
Vll - De 

--. . . . 
v, D Jcl 

. * . . ( > 2 

Draw 12 e1 parallel to P C and equal to D e. Draw D g and 
e1 g, meeting at g, respectively parallel to H K and P K Since 
t’ne triangles J K P and U 6: e1 are similar, 

Multiplying (I), (2), and (3) together, we get 

that is, remembering that D e and D e1 are equal, 

Vk cp D 
“d,, 

=CB.nA. g . . . . . (4) 

Therefore since the lengths C 2’, C H, and D A are constant for 
all positions of the mechanisms, the speed of the knee-joint is 
proportional to the intercept D ,c If D K be set off along D A 
equal to 21 g, the locus of K will be the polar speed-curve of the 
knee-joint. 

322. Pedal and Knee-Joint Speeds with 6 Xtraordimry ’ 
Gear,----If the pedal P be rigidly fixed to a prolongation of the 
coupling-rod 6’ A, the construction is as follows : Produce D A 
and C -br, to intersect at I (fig. 498), the instantaneous centre of 
rotation of the coupling-rod A 8 Draw D e, parallel to I p, 
cutting A -Y, produced if necessary, at e. [In some positions of 
the mechanism the instantaneous centre 1 will be inaccessible, 
and the direction of IP not directly determinable ; the following 
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parallel to B C, meeting A 
B P, meeting A P at e.] 
Then 

modification in the construction may be used : Draw D el 
B at 8 ; then draw e* e parallel to 

VI, I P _ AD e __-- _ --..- 
7)rr =IA DA4 l 

(5) 

or, 
vn q, = ---- . 

DA 
D & . (6) 

1) A is, of course, of 
constant length for all posi- 
tions of the mechanism, 
and if the speed of the 
bicycle be uniform, v~, is 
constant, and therefore the 
speed of the pedal P 
along its path is propor- 
tional to the intercept De. 
If Dp be set off along the 
crank D A, equal to this 
intercept, the locus of p 
will be the polar curve of 
the pedal’s speed.. 

3 ------------ 
t ; I 

I 4 
k 

I.3 

. 8 - !? I : I ’ 
i-i- - - -,%; ,,--. c 

Produce HK to meet I P at J, then J is the instantaneous 
centre of rotation of the rider’s leb A’ P from the knee to the 
pedal. From D and e draw Ct g and or, meeting at g, respectively 
parallel to K Hand P K Since the points K and P are at the 
instant rotating about the centreJ, 

Multiplying (5) and (7) together we get 

7’,, 
“’ = D A ’ 

Dg . . . . . . (S) 
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Therefore, since v, and D A are constant, the speed of the knee- 
joint is prcsortional to the intercept L, g. If D k be set off 
along the crank .LJ A, equal to D.g, the locus of K will be the 
polar curve of the speed of the knee-joint. 

323. Pedal and Knee-Joint Speeds with ‘Geared-Facile ’ 
Mechanism .-If toothed gearing be used in conjunction with a 
lever-and-crank gear, the motion 6f the mechanism is altered 
considerably. The toothed gearing usually employed in such 
cases is the well-known ‘ Sun-and-Planet’ wheels, one toothed- 
wheel beins fixed to the hub of the driving-wheel, the other 
centred on the crank-pin, and rigidly fixed to the coupling-rod of 
the gear. The driving-wheel will, as before, rotate with practically 
constant speed, since the whole mass of the machine and rider, 
moving horizontally, acts as a flywheel steadying the motion. 
Thus the sun-wheel of the gear moves with constant speed 

relative to the frame, but the speed 
of the crank is not constant, on 
account of the oscillation of the 
coupling-rod and planet-wheel. 

Let D A B C (fig. 499) be, as 
before, the lever-and-crank gear, and 
let the ‘ Sun-and-Planet ’ wheels be 
in contact at the point S, which 
must, of course, lie on the crank 

p ~7 A. Let 1 be the instantaneous 
centrc of rotation of the coupling- 
rod A B, and planet-wheel ; and 

1,’ IG. 499. let 71,~ be the speed, relative to the 
frall!e, of the pitch-iinc of the sun-wheel ; this will be, of course, 
the speed cf tlw points of the wheel in contact at S. Draw 
B e parallel to C B, meeting 
Then, 

I< S, produced if necessary, at e. 

vll = IB De 

2’s I s = D s’ 
or, 
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D e, since q a.nd D S are constant. PerfornGg the remainder 
of the construction as in figure 497, we get 

The variation in the speed of the crank can easily be shown 
thus : The points A and S of the planet-wheel are at the instant 
rotating about the point I: Therefore, 

/ S being considered negative when S lies between A and I. 
324. Pedal and Knee-joint Speeds with ‘aeared Q,viger * 

Mechanism.---In this case the modification of the construction in 
figure 498 is the following : Let S (fig. 500) 
be the point of contact of the ‘ Sun-and-Planet ’ 
wheels. Join P 5; and draw D e parallel to 
1 P, meeting P .S in f. Then, as in section 323, 

J’,j. = IP De 
7 ‘,5 I s = 1’3s’ 

or, 

7’,, = 2’s -.. -_ -_ 
u s 

. De . . . (17) 

That is, the pedal speed is proportional to 
the intercept fl 0. 

If the instantaneous centre 1 of the 
coupling-rod be inaccessible, the method of 
determining 13 c’ may be as follows : - Join 
S A’, and draw D & parallel to C A’, meeting S 8 at 8. Draw 
e1 e parallel to .B P, meeting S 1’ at e. 

325. ‘ Facile ’ Bicycle.---Figure 497 represents the L Facile 7 
mechanism. From the centre of the driving-wheel D with radius 
(D A -+ A .A’) d raw an arc cutting the circular arc forming the 
path of B in the point B, ; from 11 with radius (A H - D A) 
draw an arc cutting the path of B in BP ; then R, and R, will be 
the extreme poGtions of the pedal. The motion being in the 
direction of the arrow, and the speed of the machine being 



uniform, the times taken by the pedal to perform its upward 
and downward movements are proportional to the lengths of the 
arcs A, g AZ and A,, 3 A,. With the arrangement of the 
mechanism shown in the figure, the down-stroke takes a little less 
time than the up-stroke. 

p,p (fig. 501) is the polar curve of pedal speed, found by the 
method of section 32, and K k, the polar curve of speed of knee-joint, 
found by the method of section 32 I, for the dimensions of the gear 
marked in figure 497. The speed of the knee-joint is greatest 
when the crank is about 30” from its lowest position, then very 
rapidly diminishes to zero, and rapidly attains its maximum spt:ed 
in the opposite direction. It should he remembered that the 
speed curve, fi fi. is obtained on the assumption that the ankle is 

kept stiff during the motion. Using ankle action frcelv, the curve 
rG k may not even approximately represent the actual :;peed of the 
knee ; but the more rapid the variation of the radius-vectors to the 
curve K K, the greater will be the necessity for perfect ankle 
action. It should he noticed that with any mechanism a slight 
change in the position of the point H (fig. 497) may make a con- 
siderable change in the forin of the curve‘ K K (fig. SOI). 

In some of the early lever-and-crank geared tricycles the pedal 
was placed at the end of a lever which, together with the oscil- 
lating lever of the four-link kinematic chain, formed a Ml 
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crank (see fig. 146). The treatment of the pedal motion in this 
case is the same as for the C Facile ’ mechanism. 

479 

Geared EZla’Z~.---Figure 502 shows the polar curves of pedal 

wed, P A and of speed of knee-joint, k K, for a Geared Facile ; 
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the dimensions of the mechanism being exactly the same as in 
figure 497, and the ratio of the diameters of the ‘ Sun-and.-Planet ’ 
wheels being 2 : I. 

326. The ‘ Xtraordinary ’ was, perhaps, the first successful 

Safety bicycle, the driving mechanism being arranged so that the 
rider could use a large front 
wheel while sitting consider- 
ably further back and lower 
than was possible with an 
‘ Ordinary.’ 

PP (fig. 498) is the pedal 
path in the ’ Xtraordinary,’ 
$$ (fig. 503) the polar curve 
of pedal speed, and k k the 
polar curve of speed of the 
knee-joint. The down-stroke 
of the knee is performed 
much more quickly than the 
up-stroke, as is evident either 
from the polar speed curve, 
k k, or from the correspond- 
ingly numbered positions (fig. 
398) of the knee and crank- 
pin. During the down-stroke 
of the knee, the crank-pin 
moves in the direction of the 

FIti. jOj. 
arrow, from I z to 5 ; during 
the up-stroke, from 5 to I 2. 

32 7. Claviger Bicycle.- In the Claviger gear, as applied to the 
‘ Ordinary’ type of bicycle (fig. 504), the crank-pin was jointed to 
a lever, the front end of which moved, by means of a ball-bearing 
roller, along a straight slot projecting in front of the fork. At the 

rear end of the lever a segmental slot was formed to provide a 
vertical adjustment for the pedal, to suit riders of different heights. 
The mechanism is equivalent to the crank and connecting-rod of a 
steam-cngine, the motion of the ball-bearing roller being the same 
as that of the piston or cross-head of the steam-engine. The 

mechanism may be derived from the four-link kinematic chain by 
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considering the radius of the arc in which the end, B (fig. 2 I), of 
the coupling-rod moves to be indefinitely increased. The con- 

structions of Liguri: 2 r L will be applicable, the only differwcc lj$ g 
that the straight line 15’ I will always remain in the same direction, 

FIG. 507. 
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that is, at right angles to the straight slot. By bending the pedal 
lever downwards as shown (fig. 504), the position of the saddle is 
further backward and downward than in the ‘ Ordinary.’ 

I) P (fig. 505) is the pedal path, $J j (fig. 506) the polar curve 
of pedal speed, and k k the polar c.urve of speed of knee-joint, for 
the mechanism to the dimensions marked in figure 505. 

e------- 

FIG. 508. 

Geared CZaviger. -PP (fig. 508) is the pedal path, p p (fig. 509) 
polar curve of pedal speed, and k k polar curve of speed of knee- 
joint, for a ‘ Geared Claviger ’ rear-driving Safety (fig. 507) ; the 
dimensions of the mechanism being as indicated in figure 508, 
and the ratio of the diameters of the ‘ Sun-and-Planet ’ wheels 2 : I. 
The construction is as shown in figure 500. 

A few peculiarities of the gear, as made to the dimensions 
marked in figure 508, may be noticed. The motion of the pedal 
in its oval path, is in the opposite direction to that of a pedal fixed 
to a crank. The speed of the pedal increases and diminishes three 
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times in each up-and-down stroke ; the speed-curve, p p (fig. 509), 
shows this clearly. The pedal path (fig. 508) also indicates the 

same speed variation ; the portions 2-3, 6-7, and IO-I I, being 

*------ 
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each longer than the adjacent portions, are passed over at greater 
speeds. 

3 3 8. Early Tricycles .-In the DubZti~ qmzLtvicycZe (fig. I I 7), and 
in sonle of the early lever-driven tricycles (fig. I@, the pedal ~vas 
placed about the middle of the coupling-rod, one end of which 
was jointed to the crank-pin, the other to the end of the oscillating 
lever. The pedal path was an elongated oval, the vertical axis of 
jvhich was shorter than the horizontal ; the early designers ainlillg 
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at giving the pedals a motion as nearly as possible like that of the 
foot during walking. IT (fig. 5 IO) is the pedal path, p f (fig. 5 I I) 
the polar curve of pedal speed, and 4 fi the polar curve of speed 
of knee-joint, the dimensions of the inechanisin being shown in 
figure 5 I c. ‘I’hc construction is as shown in figure 3~8. 

It may Iw no&cd tither fioln figure 5 10 or the curve k fi (fig. 
5 I I) that tlw down-stroke of the knee is performed in ow-third 
the time of me revolution of the crank, the up-stroke in two- 
thirds. Also, the knee is at the top of its stroke, when the crank 
is nearing the horizontal position, descending. 
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329. The Tyre is that outer portion of the wheel which 
actually touches the ground. The tyres of most road and railway 
vehicles are of iron or steel, and in the early days of the I)icycle, 
when wooden wheels were used, their tyres were also of iron. 
The tyrc of a woo&n wheel serves the double purpose of keeping 
the component pnrts of the wheel in place, and providing a suitable 

wearing surface for rolling on the ground. 
330. Rolling Resistance on Smooth Surfaces.- ---The rolling 

friction of a whee: 011 a smooth surface is small, and if the surfaces 
of the tyre and of the: ground be hard and elastic the rolling 
friction, or tyrc friction, IINJ~ bc neglected in comI)arison with the 
frictioil of the wheel benrings. This is the cxsc with railway 
wagons and cnrringes. A short investigation of the nature of 
rolling friction has been given in section 7s. 

In Professor Osborne Reynolds’ experiments the rolling took 
place at ;I slow speed. When the s~xxxl is great another factor 
must lx considered. ‘l‘he tyrc of ;I 
circulm- wheel rolling on a flat surface 
gets flnttcwd out, and the nlutual 
pressure is distributtxl owr a surface. 
I ,ct (- (fig. 5 I 2) lx the gcometricn! 
point of contxt, ‘I, nix1 0, two points 
at equal distawes in front of, and 

1”Iti. 51:'. 

l~chintl, I- ; /q and pQ the intensities of the pressures at (Q and 0% 

respectively. ‘I’hc Ijressurc p, cqqmcs, the pressuw j9 assists, the 
rolling of the ~1~1. If the rolling takes place slowly, it is possil)lo 

that f2 may be equal to ,p,, and the resultant renrtion on the wheel 
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may pass through the centre. But in all reversible dynamical 

actions which take place quickly, it is found that there is a loss of 
energy, which varies with the quickness of 
the action. The term ‘ hysteresis,’ first 
used by Professor Ewing in explaining the 
phenomenon as exhibited in the magnet- 
isation of iron, may be used for the general 
phenomena. In unloading a spring 
quickly, the load corresponding to a given 
deformation is less than when loading it ; 

FIG. 513. more work is required to load the spring 
than it gives out during the removal of 

the load. If 0 n P (fig. 5 I 3) be the stress-strain curve during 
loading, that during unloading will be I, /I 0, and the area 
0 a: P b 0 will be the energy lost by hysteresis. Thus, p, is less 

than $Q, the ratio P 2 lying between I and e, the index ofelasticity. 
PI 

p,, varies with the distance of n, from c, and is a maximum when 

n, coincides with c. Assuming the ratio $2 to remain constant 
Pl 

for all positions of n, and n, relative to c, we may say that the 

energy lost is proportional to 

c d being the radial displacement of a point on the tread of the tyre. 

Comparing three tyres of rubber, air, and steel respectively 

rolling on a ~e~-j&~~~~~ hzrd surface, PI - P2 

PI .- 

will possibly be 

smallest for air, and largest for rubber ; while the displacement 
r J will be smallest for steel. ‘1‘htZ 

f ff( 
rolling resistance of the steel tyre will 
be least, that of the rubber tyre greatest. 

331. Meta. Tyre on Soft Road.- 
Flc;. 514. The road surfaces over which cycles 

haye to bc propelled are not always 
hard and elastic, but are often quite the opposite. If a hard 
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metal tyre be driven over a soft road n a (fig. 514) it sinks 
into it and leaves a groove t of quite measurable depth. The 
resistance experienced in driving a cycle with narrow tyres 

over a soft road is mainly due to the work spent in forming this 
groove. 

332. Loss of Energy by Vibration.--The energy lost on 
account of the impact of the tyre on the ground is proportional 
to the total mass which partakes of the motion of impact (see 
chap. xix.). In a rigid wheel with rigid tyres, this will consist 
of the whole of the wheel, and of that part of the frame which may 
be rigidly connected to, and rest on, the spindle of the wheel. 
If no saddle springs be used, part of the mass of the rider will also 
be included. The energy lost by impact, and which is dissipated 
in jar on the wheel of the machine, must be supplied by the 
motive power of the rider ; consequently any diminution of the 
energy dissipated in shock, will mean increased ease of propulsion 
of the machine. 

The state of the road surface is a matter generally beyond the 
control of the cyclist or cycle manufacturer, and therefore so also 
are the velocities of’ the successive impacts that take place. 
However, the other factor entering into the energy dissipated, the 
mass ;~lt rigidly connected with the tyre is under the control of 
the cycle makers. In the first bicycles made with wooden wheels 
and iron tyres, and sometimes without even a spring to the seat, 
the mass 11~ included the whole of the wheel and a considerable 
proportion of the mass of the frame and rider ; so that the energy 
lost in shock formed by far the greatest item in the work to be 
supplied by the rider. The first improvement in a road vehicle is 
to insert springs between the wheel and the frame. This prac- 
tically means that the up and down motion of the whee! is per- 
formed to a certain extent independently of that of the vehicle 
and its occupants ; the mass 1~ in equa.tion (z), chapter xix., is 
thus practically reduced to that of the wheel. The effort required 
to propel a spring vehicle along a conlmon road is much less than 
that for a springless vehicle. 

333. Rubber Tyres. -If the tyre of the wheel be made elastic 
so that it can change shape sufticiently during passngc over an 
obstacle, the motion of the wheel centre r-nay not be perceptibly 
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affected, and the mass subjected to impact may be reduced to 
that of a small portion of the tyre in the neighbourhood of the 
point of contact. Thus, the use of rubber tyres OH an ordinary 

road greatly reduces the amount of energy wasted in jar of the 

machine. Again, the rubber tyre being elastic, instead of sinking 
into a moderately soft road, is flattened out. The area of contact 

with the ground being much larger, the pressure per unit area is 
less, and the depth of the groove made is smaller ; the energy 
lost by the :&eel sinking into the road is therefore greatly reduced 

by the use of a rubber tyre. 
lio//T’/~~ ~?%~r’st~~ce nf RzrMer Zjyes.-The resistance to rolling 

of a rubber tyrc is of the same nature as that discussed in section 
78, but the an~ount of compression of the tyre in contact with the 

ground being much greater than in the case ofa metal wheel on a 
metal rail, the rolling resistance is also greater. This may appear 

startling to cyclists, but this slight disadvantage of rubber as com- 
pared with steel tyres is more than compensated by the yielding 
quality of the rubber, which practically neutralises the lninor 

inequalities of the road surface. 
334. Pneumatic Tyres in General.--The good qualities of a 

rubber tyre, as compared with a metal tyre for bicycles, are present 
to a still greater degree in pncunlatic tyres. In a $inch rubber 

tyre, half of which is usually buried in the rim of the wheel, the 
nlnsimum height of a stone that can be passed over without 
influencing the motion of the wheel as a whole, cannot bc much 
greater than a quarter of an inch. With a z-inch pneumatic tyre, 

most of which lies outside the rim, a stone I inch high may be 
passed over without influencing the motion of the wheel to 
any great extent, provided the speed is great. The provision 

against loss of energy t,y impact in moving over a rough road 
is rnorc’ perfect in this case. Again, the tyre being of large1 
diameter, its surface of contact \vith the ground is grcatcr, and 
the energy lost 1)~ sinkin, v into a rc;ad of moderate hardness is 
practically 112 

fM/;‘1!~* Rrslsftrlrce qf I%cI/?/1trz’i’C ~~)rrs.--Considering the tyre as 
a whole to bc nladc of the material ‘ air,’ and applying the result 
of section I S)J, if the material be perfectly elastic, there would 



be absolutely no rolling resistance. Now for all practical purposes 

air may be considered perfectly elastic, and there wiil be no dissi- 
pation of energy by the air of the tyre. The indiarubber tube in 
which the air is confined, and the outer-cover of the tyre, are, how- 
ever, made of materials which are by no means perfectly elastic. 
The work done in bending the forward part of the cover will 
be a little greater than that restored by the cover as it regains its 
original shape. Probably the only al’preciablc resistance of a 

lx~eumatic tyre is due to the difference of thcsc two forces. The 
work expended in bending the tyre will be greater, the grcatttr the 
angle through which it is bent. This angle is lcast when the tyrc 
is pumped up hardest ; and therefore on a smooth racing track 
pneumatic tyres should dc pumped up as hard as possible. 

Again, the work required to bencl the cover through a given 
angle will depend on its stiffness ; in other words, on its moment 
of resistance to bending. For a tyrc of given thickness fI this rc- 
sistance will be greatest when the tyre is of the single-tube type, and 
other things being eclual, will bc proportional to the square of the 
thickness d. If the cover could be maclc of‘ II layers free to slide 

d 
on each other, each of thickness -, the rcsistancti of unch layer to 

/f 

bending would bc proportional to ii, 
nl) 

and that of the II inycrs con- 
tt- 

fp 
stituting the complete covering to ‘.-. . . ‘lhs for n tyrc of $73~ 

If 
thickness its rcsistancc is inversely proportional to the number of 
scparatc layers composing the cover. ‘l‘his csplnins why a single- 
tube tyre is slower than one with a separate inner air-tube ; it also 
explains why rncin, (r tyrcs arc ma& with the outer-(‘over as thin 
as possible. 

Icxt7fiO~~ l,PtwEt’If Air Prt’.wlre WrJ Jvivyi f .%/pv-tt’i~.- Let n 
pneumatic tyre subjected to air pressure f support a weight II 1 
‘I’hc part of the tyrc near the ground will be flnttcnccl, as shown 

in figure 515. Let J IW the arctn of contnc‘t with the ground, an0 
let q hc the avc\rngc prcssurc per sqcu-v inch on the ground. 

Then, if we assun~ that the tyrc f;ll )ric‘ is 1x~rfcclJy Rcsiblc, 
since the part in contact with the ground is cluitc fl:lt, the’ 
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pressures on the opposite sides must be equal. Therefore q = p. 

But the only external forces acting on the wheel are JV and 

FIG. 5x5. 

the reaction of the, ground. These must be equal and opposite, 

therefore 
Rl’=W. . . . . . . . (I) 

Let f,, and I*:, respectively be the pressure per sq. in., and 
the volume of air inside the tyre, before the weight comes on the 
wheel ; and let ) and Y be these quantities when the tyre is 
deformed under the weight. ‘l’he air is slightly compressed ; Le. 

V is slightly less than I/o, and p is a little greater than j,,. Nom 

the pressure of a given quantity of gas is inversely proportionA to 
the volume it occupies ; i.~. 

P Y;, 
Al 

= y . . . . . . . . (2) 

at) and p,, being absolute pressures. 
E,~trn/~/c’,-If a weight of I 20 lbs. be carried by the driving- 

wheel of a bicycle, and the pneumatic tyre while supporting 
the load be pumped to an air pressure of 30 11,s. per sq. in. 

above akosphere, the area of contact with the ground = 
120 

30 
= 4 sq. in. 

If the diameter of the wheel be 2S inches and that of the inner 
tube be T j-inch, it would be easy by a method of trial and error 
to find a plane section of the nnnulus having the area recluired, 
4 sq. in. If we assume that the part 01‘ the tyrc not in contact 
with the ground retains its original form, which is strictly true 
except for the sides above the part in contact with the ground, the 
diminution of the volume of air inside the tyre would be the 
volume cut off bv this plane section. In the above examnle this 



CHAP. XXIX. Tyres 491 

decrease is less than I cubic inch. The original volume of air 
is equa.1 to the sectional area of the inner tube multiplied by its 
mean circumference. The area of a Ii-inch circle is 2.405 sq. in., 
the circumference of a circle 26 inches diameter is 8 I l 68 ins. 

:. v,, = 2’405 x Sr68 = 196’5 cubic inches. 

V may be taken 1g5.5 cubic inches. Taking the atmospheric 
pressure at 14'7 Ibs. per sq. in., $J = 30 + 14'7 = 44’7. EIence, 
substituting in (2) 

4A1.7 x =9s5 lb = - -Fggi5 = 44.47 lbs. per sq. in. absolute 

- 29.77 lbs. per sq. in. above atmosphere ; 

and therefore the pressure of the air inside the tyre has been 
increased by 0’23 lb. per sq. in. 

335. Air-tube.---The principal function of the air-tube is to 
form an air-tight vessel in which the air under pressure may bc 
retained. It should be as thin and as flexible as possible, 
consistent with the necessity of resisting wear caused by slight 
chafing action against the outer-cover. It should also be slightly 
extensible, so as to adapt itself under the air-pressure to the exact 
form of the rim and outer-cover. Indiarubber is the only material 
that has been USKI for the zir-tube. 

Two varieties of air-tubes are in use : th2 continuous tube 
and the butt-ended tube. The latter can be removed from a com- 
plete outer tube by a hole a few inches in length, while the 
former can only be removed if the: outer-cover is in the form of 
a band with two distinct edges. 

336. Outer-cover. -The outer-cover has a variety of functions 
to perform. Firstly, it must be sufficiently strong transversely 
and longitudinally to resist the air-pressure. Secondly, in a 
driving-wheel it must be strong enough to transmit the tangential 
effort from the rim of the wheel to the ground. Thirdly, the 
tread of the tyre should be thick enough to stand the wear and 
tear of riding on the road, and to protect the air-tube from 
puncture. Fourthly, though offering great resistance to elongation 
by direct tension, it should be as flexible as possible, offering very 
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little resistance to bending as it comes into, and leaves, contact 
with the ground, and as it passes over a stone. 

Stress 012 E;zh-22. - We have already investigated (sec. 84) 
the tensile stress on a longitudinal section of a pneumatic tyre. 
We will now investigate that on a transverse section. Consider 

a transverse section by a plane passing through the asis of the 
wheel, and therefore cutting thz rim at two places. The upper 
part of the tyrc is under the action of the internal pressure, 
and the pull of the lower portion at the two sections. If we 

imagine the cut ends of the half-tyre to be stopped by flat 
plates, it is evident that the resultant pressure on the curved 
portion of the half-tyre will be equal and opposite tc the re 
sultant prexure un the flat ends. If rZ and t bc respectively 

the diameter and thickness of the outer-cover, and /3 be the air- 

~pressurc, the area of each of the flat cncls is 
7T# 

, and thcrcfore 
4 

the resultant pressure on the curve-d surface is 2 Id’ p. 

The area of the two transverse sections of the outer-cover is 
2 mz’f ; therefore the stress on the transverse section is 

f = 
2 ; 0-p 

-Pd .-._ -- 2*(it - 4f. . . . . . . 3 ( ) 

Comparing with scctim SJ, the stress 011 n transverse section 
of the fabric is half that on a 
longitudinal section. 

.Y+G-(rl Eihes. ---The first 
pneumatic tyres were made with 
canvas having the fibres run- 

7 

l”tc;. 516. ning transversely and circum- 
ferentinlly (fig. 5 Ii,). The 

fibres of a woven fabric, intermeshing with each other, are not 
quite straight, and ofkr resistance to bending as it comes into 
and lenvcs contact with the ground. Ikrthcr, when the films 
xc disposed transversely and circumferentially the cover cannot 
transmit any drivin, (T effort from the rim of the wheel to the 
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ground, until it has been distorted through a considerable angle, 
as shown by the dotted lines. 

In the ‘ Palmer ’ tyre the fabric is made up of parallel fibres 
embedded in a thin layer of indiarubber, the fibres being wound 

1”1(;. 317. 

spirally (fig. 5 I 7) round an inner tube. 'l'W0 layers of this fabric 
are used, the two sets of spirals being oppo&ly dircctcd. When 
a driving &fort is being exerted, the portion of the tyrc betwee the 
(rrouncl and the rim is subjected to a shear parallel to the ground, a 
which is, of course, accompanied by a shear on a vertical plaljc. 

‘l’his shearing strtlss is cquival~nt 
to a tensile stress in the direc- 
tion c (- ( I$. 5 I S), and a comprcs- 
sivc stress in the direction dd 
(see SW. 105) ; consecpL!lltly the 
fabric with spiral fibrcs is nlu~h 
better al& to transnlit the driv- \ 

ing effort from the rim t0 the 
;b ‘6’ 

l~‘l1,. 51,;‘. 
ground. ‘I‘his construction is 
undoubtedly th;;3 lxst for driving-wheel tyrcs ; lmt ill ;I Ilon-drivillg 

wheel lxxtically I-- 7~ %igential or shearing stress is exerted on the 

fabric of the tyre ‘I’hcrcforc, for a non-driving whet21 the l:lcst 
arrangt,nlent is, possibly, to have the fibres running transversc”lj 

and longitudinally ; the brake should then lx applied only to the 

driving-wheel. 
‘1’11~ tyrc with sl.)irally armnged iibres has another curious 
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property. It has been shown that the tensile stress on the trans- 
verse section (I b of the tyre is half that on the longitudinal 
section tz rz. Let the stress on the section b b be denoted by j, 
that on LZ cz by 2p. This state of stress is equivalent to two 
simultaneously acting states of stress : the first, equal tensile 

stresses 3p on both sections ; the second, a tension - on n n, P 
2 2 

and a compression .- on b I,. P The first system of stress tends to 
2 

stretch the fibre equally in all directions ; the second state of 

stress is equivalent to shearing stresses - on the planes cc and P 
2 

rEct parallel to the spiral fibres. If the tyre be inflated free from 
the ritn of the wheel, the fabric cannot resist the distortion due 

to this shearing stress, so that the tension .- on the section (I n P 
2 

tends to increase the six of the transverse section of the tyre, 

and the compression P on b Ir tends to shorten the circumference 
2 

of the tyre. Thus, finally, the act of inflation tends to tighten the 
tyrc on the rim. 

337. Classification of Pneumatic Tyres.-heutnatic tyres 
have been subdivided into two great classes : Single-tube tyres, 
in which an cndlcss tube is made air-tight, and sufficiently strong 
to mist the air-pressure ; Cotupound tyrc‘s, consisting of two 
parts-an inner air-tube and an outer-cover. Quite recently, a 
new type, tlw ‘ kkuss ’ tubeless tyre, has appeared. Mr. Henry 
Stumcy, in an article on i Pneumatic Tyres ’ in the ‘ Cyclist’s 
Year Nook ’ for I!+J, divides compound tyres into five classes, 
according to the mode of adjustment of the outer-cover to the 
rim, viz. : Solutioned tyres, Wired tyres, Interlocking and Infla 
tion-held tyres, Laced tyres, and Band-held tyres. 

i1 better classification, which does not differ essentially from 
the above, stems to be into three classes, taking account of the 
method of formin, (r the chnruber containing the compressed sir, 
as follo\Vs : 

Class I., with complete tubular outer-covers. This would 
include all single-tube tyres, most solutioned tyres, alld some 
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laced tyres. Tyres of this class cai be inflated when detached 
from the rim of the wheel ; in fact, the rim is not an integral 
part of the tyre, as in the two following classes. This class may 
be referred to as ZhWar tyres. 

Class II., in which the transverse tension on the outer-cover 
is transmitted to the edges of the rim, so that the outer-cover and 
rim form one continuous tubular ring subjected to internal air- 
pressure. The ‘ Clincher ’ tyre is the typical representative of 
this class. With most tyres of this class the compression on the 
rim due to th& pull of the spokes is reduced on inflation. This 
class will be referred to as 1~&&ocA+g tyres. 

Class III., in which the transverse tension on the outer-cover 
is transmitted to the edges of the latter, and there resisted by the 
longitudinal tension of wires embedded in the cover. This class 
includes most wired tyres, With tyres of this class the initial 
compression on the rim is increased on inflation. This class will 
be referred to as Wind tyres, and may be subdivided into two 
sections, according as the wire is endless, or provided with means 
for bringing the two ends together, and so adjusting the wire on 
the rim. 

338. Tubular Tyres.-- Sc’igZe-f&e ~;YI’s, which form an im- 
portant group in this class, are made ulj of an outer layer of rubber 
forming the tread which comes in contact with the gtc!md, a 
middle layer of canvas, or other suitable material, to provide the 
necessary strength and inestcnsibility, and an inner air-tight l:lyer 
of rubber. The ‘ I3oothroyd ’ and tha ‘ Glvcrtown ’ were among 
the most successful Of thcsc single-tube tyres. The ‘ l’almer ’ 
tyrc (fig. 5 17) was originally made as a Angle-tube. 

Since a solid plate of given thi.ckncss offers more resistance to 
bending than two separate plnttx having the snmc total thickness, 
the resilience of a tyre is decreased by cementing the air-tube 
and outer-cover together. 

sozrdiom?i fpw. The original ‘ Dunlop ’ tyre (lig. 5 I g), which 
was the originator of the principle of air tyrcs for cycles, belongs 
to this class. ‘1‘1~ outer-cover consists of n thick trend of rubber 
A solutioncd to a canvas strip .B. A complete woven tube of 
canvas & encircles the air-tube C; and is solutioned to the rim 
E, which is previously wrapped round by a canvas strip D J while 
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the flaps of the outer-cover are solutioned to the inner surface of 
the rim, one flap being lapped over the other, the side being slit 
to pass the spokes. A strip of canvas F, solutioned over the flaps, 
makes a neat finish. 

In the Morgan and Wright lyre, the air-tube is butt-ended, or 
rather scarf-ended, the two ends overlapping each other about 

B 

A 

eight or tcli inchw. ‘1%~ outtlr-cover tVrnls prx:ticnlly a tube slit 

fix ;1 few incht’s Amg its under side ; this opening serves for the 
insertion of the :lir-t&c, md is lxxx1 up w1~t.m the air-tube is in 
plXX. \\Vl~~\~ ~~nrti;llly infl;lted the tyrt‘ is ccunentcd on to 
the rim. 

Ltrt*cti /_~lrt>s. - In Smith’s b l’,;~lloon ’ tyru (fig. 520) the 
outer-cowl W;IS furnished with stud hooks at its edges, nncl 
em-trlq’cd tllu ritil cornI~l~tcly ; its two edges m-w: then laced 

togcthcr. 
‘< ‘i (,) . I I Interlocking Tyres.---111 this class of tq’rcs thu circwn- 

lerwti~l tctlsion ntxr tlw cdgc of tlw outer-cover is transmitted 
direct to the rim of the whccI, I)y suitably fornwd ridges, which 
on inflatim arc l&wd into nnd huld in corresponding recesses of 

thtl rim. 
/,lfi’triir)Il-lri’/d 7 ‘I’m-. .-- 111 tyrtx which dqwnd primarily on 

i!?flL?*ticii Tut, tiw fastening to the rim, the edge of the outer-cover ,, 

is continued inmxrds forming a toe beyond the ridge or heel, the 
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air-pressure on the toe keeping the hcel of the outer-cover 112 close 
contact with the recess of the rim 

II\*. ,.I. 

.-- 

J 

Ill. “. 
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In the original c Preston-Davies ’ tyre eye-holes were formed 
near the edges of the outer-cover ; these were threaded on hooks 
turned slightly inwards, so that on inflation the cover was held 
securely to the rim. 

The ( Grappler ’ tyre is a successful modern examplt: of this 
mine class. Near each edge of the outer-cover a series of turned- 
back hooks or p~~~/e~-.s arc faster-ml. ‘I’hese engage with the in- 
turned edge of the rim, so that on inflation the t!.rc is securely 
fastened. 

h’mrd-h/d fyw- -- In the ‘ Hunlber ’ pneunlatic tyre (fig. 523) 

the outer--<:ovcr A is held down on the rim -D by means of a lock- 
ing plate C’ on which the air-tube 12 rests. 
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340, Wire-held Tyres.- The mode of fastening to the rim, used 
in this class of pneumatic tyre, differs essentially from that used 

FIG. 525. 

in the other classes. 
Wires W(fig. 526) are 
embedded near the 
edges of the outer- 
cover C. On inf!a- 

FIG. 526. 

tion, a transverse tension T is cscrted on the outer-cover, and 
transmitted to the wire TV, tending to pull it out of the rim A.‘. 
The wire is also prcsscd against the rim, the rcnction from which 
A% at right angles to the surface. The resultant K of the forces 

T and AT must lie in the plane of the wire !I~~ and constitutes a 
radial outward force acting at all points of the ring formed b> 
the wire. Thus, the chamber containing the air under p’rcssure 
is formed of two portions : the outer-cover, subjected to tension T ; 
and the rim X subjcctud to bending 1)~ the prcssurcs A” cxertcd 
by the wire; II’. 

Let d be the diameter of the air-tube (not shown in ligurt~ 526), 
19 the diameter of the ring formed by the \vire IPi and f the nir- 
pressure. ‘I‘hcn, by (7) chap. N., the force T per inch length of 

the wire is ibd 
2’ 

‘i’he force I\: wilt be greater than T, depending 

on the angle between them. In the ‘ Dunlop ’ detxhable tyrc, 
this angle: is about 30°, and therefore R -P, 1.x 55 T. The longitu- 

dinal pull I) on the wire JI’ is, by another application of the same 
formula, 
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.Esnm~Ze,--A pneumatic tyre with air-tube I: in. diameter is 
fixed by wires forming rings 24 ins. diameter ; and has an air 
pressure of 30 lbs. per sq. in. ; the pull on each wire is therefore 
-2s~) x 30 x 1-75 x 24 = 364 lbs. 

If the wire be No. 14 W. cf. its sectional area (Table XII.), 
p. 336, is -00503 sq. in., and the tensile stress is 

3% = 72300 lbs. per sq. in. 
503 

or- 32.3 tons per sq. in. 

Wire-held tyrcs nny be sub-divided into two classes ; in one 
the wire is in the form of an endless ring, a1x.l is therefore non- 
xijustalk, , in the other thcl ends of the wire are fastened 1q 
suitable mcclxu-km, so that it can be tightc‘ncd or rclenscd at 
plensurc. 

me 6 ./IM[~ ’ /kttrt-7Ak Tyw (fig. 527) is the principal 
r~~I)rcscllt~ltiv~~ of !hc c.wdlcss wired division. In it two endless 

Of tlw oil t cr-wvc’r. 
wires form rings of less 
c’r than the i’strenic 
er of the rim, and arc 

in suitalk rcw:ws of 
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The ( I Sr)s Speed ’ tyre, made by the Preston-Davies Valve and 
Tyre Company, is fixed to the rim by means of a continuous wire 
of three coils on each side. At each side of the tyre a cotnplcte 
coil is enclosed in a pocket near the edge of the outer-cover ; otw 
half of each of the other coils is outside, and the remaining halves 
inside, the pocket. By this device a wire, composed of two half 
coils, is exposed all round between the cover and the rim. When 
the tyre is deflated this exposed wire can easily be pulled up with 
the fingers, the detached coil is then brought over the edge of the 
rim, more of the slack pushed back into the pocket, enlarging the 
other coils, whereupon the outer-cover can be renloved from the 
rim. 

T)vw w-f% ~4iij*uSt~lI(/Ze Il’7~-~~.$---‘l’h~ ‘ I &J-C Preston-Davies ’ 
tyre was attached to the rim by means of a wit-c running through 
the edge of the outer-cover, otw end of the wit-c hnving~ a knoll 
which fitted into a corresponding slot it1 the rim, the other end 
having a scrcwctl pin attached to the wire by atI inch or MO of a 
very small specially tnadt’ chain. This clmin was ititrotlitwcl to take 
the shnrp bctld \vhet-c thu adjustin; (1 nut drew up the slxk of the 
wit-c it) tiglitutiit~g it upon the rim. 

In the ‘ Scottish ’ tyrc (fig. 52s) the ctids of the adjustal~lc wit-c 
arc brou$~t togcthcr by :I right- and left-hnnded scrw. ~1 short 
wire, tcrtiiitiatitig iti a 
loop, forms 3 hnticllc for 
turning the screw. Whctl 
in pwition this lxmtllc 
tits lwtwcti tlic rim mcl 
outer-wwt-. 

‘l‘lw ‘ Scdclot1 ’ l’twu- 
timtic tyre ins the lit-4 
succ:essful wired tyre. 
Figure 529 is ;I \iew 
showitig a portion of the b-1(8. 52s. 

tyre with tltc f3stcnitlg rclcnstxl. ‘I’hc ends of tlic \\.it-c wet-t2 
sccurcd by t11m1ls of a ~tnnll screw which \vas lxtsscd through tl?c 
rini and locked in plxc by a nut. ‘l’hc ends of the wire wet-e 
pulled togcthcr hy tiwmis of a spwinl screw wrctich. 

In the ‘ hlicheliti ’ tyre ilit wit33 arc of scluarc tubular scctioti. 
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The outer-cover, which is very deep, is provided at its edges with 
thick beads turned outwards, and each rested in the grooves of the 
specially-formed rim. A tubular wire is placed round these beads 

I’IC. jzg. 

and its ends are secured in notches cut in the rim, a T bolt and 
screw securing the ends in position. 

In the ‘ I)rayton ’ tyre (fig. 530) the wires are tightened on thd 

rim hy a scren.-and.-togrrlc-joitlt arrati~etnctlt. 

34 I. Devices for Preventing, and Minimising the Effect of, 
Punctures.-- In the ‘ Silvertown Self-closure ’ tyrc, which was of 
tltu single-tube vnrictyT a semi-liquid solution of rubkr was left on 
tlic: iniicr srrrfxc of the tyrc. U’hcn a small puncture was made? 

the internal pressure forced sotnc of the solution into the hole, and 
the solvent eI*nporating, the puncture was automatically repaired. 
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In the ‘ Macintosh ’ tyre a section of the air-tube when deflated 
took the form shown in figure 531. On inflation the part of the 

air-tube at S was strongly compreswd, so that 
if a puncture took place the elasticity of the 

indiarubber and the internal pressure conl- 
bined to close up the holo. 

111 the ‘ Self-healing Air-Chnulber ’ the sanw 
principle is made use of ; the tread of an 
ordimry air-tube is linccl inside with a layer 
of vulcnnised indi;~rubber contracted in cvcry 

\\‘hw the chninber is punctured on direction. 
the tread, the lining of contracted indinrub\)cr e\l);lIlds and tills 
up the hole, so pwvc”tii~g the cscap~ of air. 

Tii the b l’rilston-I Invics ’ tyrc a double air-clmnbcr with a 

separate vnlvc to cnch was used. If Imiicturc’ of one clmnrlw 

took plncc it wx; dcll;ltcd and the second chmlwr brought into 
USC. 

I II the ‘ Mqan and Wright (~uic:!;-rcpnir ‘Ijw ’ (iis. 532) the 
air-tube is pwi&xl with a continuous patching pl!*, which nomall) 
rests iii coiitwt with tli3t portion ncnr to the 
rim ‘I‘0 rcpir a puiicturc a ccnwiit ilo~lc 
is introduced through the outtzr casing and 

trend of the air-tube (Lg. 5j3), mid a smA1 quantity of cculcnt 
is left lwtwcn tlic tread and the ptcliing ply. On pressing down 
the tread the pntching ply is ccnwntcd owr tlw holq mid the tyrc 
is wncly for WC ;IS soon as the cwwnt has hnrdcwd. 

A punctured air-tulw is usunlly rcp;Crcd cm the outside, so that 
tlw air p-cssurc tonds to blow way the patch. In the ‘ l+hlSS ’ 
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tubeless tyw, on the other hand, a puncture is repaired from the 
inside? the tyre can be pumped up hard immediately, and the air 
pressure presses the patch closely against the sides of the hole. 

3,~“. Non-slipping Covers have projections from the smooth 
tread that pcnctrate thin mud and get actual contact with the 

solid ground (see sec. I 70). These projections have lwen made 
diamond-sllaI)cd and oat-shaped? in the form of transverse 1 mlds, 
longitudiw~l lxmtls (fig. 5 2 I), and interrupted longitudinal bands 

(fig. 527). ‘i’lxy should offer resistance to circumfcrt2~~tinl as ~11 

as to side-slipping, though the latter should 1~ the greater. 
I’robably, thtxforc, the oat-shaped projections and the intcrruptud 
t)ands (fig. 5 2 7) are better than continuous longitudinal bands, 
and the latter in turn better than transverse bands. 

34,~. Pumps and Valves.- F’igurc 534 shows dingrnnmatically 
the punq) usud for forcing the air into the tyrc. ‘1’1~~ pump 

barrel A is ;I lmg tulw closed at one 
c-d, md Irving ;I glnlitl G scrcwcd 
on to ttw otlw, through wlkli a tubtllm 
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plunger (the same as that in the tyre). The outward stroke of the 

plunger continuing, a partial vacuum is formed in B’, the cup- 
leather leaves the sides of the barrel, and air passes from the space 
13 to space 3, until the outward stroke is completed. On 

beginning the inward stroke, the air in 3 IS compressed, forcing 
the edge of the cup-leather against the sides of the barrel, and so 
preventing any air escaping. The inward stroke continuing, the 

A valve is nlwnys attached to the stem of the air-tube, so as to 
nivc connection, when rcquircd, b hztwccn the pump and the 

interior Qf tht\ tyrc. A non-return valve is the most convcnitxt, 
i,~. one which nllows air to p;~ss into the tyre when the pressure in 
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the pump is greater than that in the tyre, and does not allow the 
air to pass out of the tyre. In the ‘ Dunlop’ valve (fig. 535) the 
valve proper is a piece of indiarubber tube 1, resting tightly on a 
cylindrical ‘ air-plug, K The air from the pump passes from the 
outside down the centre of the air-plug, out sideways at J, then 
between the air-plug and indiarubber tube I to the inside of the 
air-tube A of the tyre. Immediately the pressure of the pump 
is relaxed, the indiarubber tube I fits again tightly on the air-plug 
and closes the air-hole J By unscrewing the large cap A4 the 
tyre may be deflated. 

Wood rims are seriously weakened by the comparatively large 
hole necessary for the valve-body A’. Figure 536 shows a valve 
fitting, designed by the author, in which the smallest possible hole 
is required to be drilled through the rim. 



CHAPTER XXX 

PEDALS, CRANKS, AND BOTTOM BRACKElS 

344. Pedals.-T’ 4 lgure 537 shows the ball rubl.xr prdnl, as made 
by Mr. William Bown, in ordinary us6 up to a year or two ago. 
The thick en.d of the pin is passed through the eye of the crank 
and secured by a nut 
on the inner side of the 
crank. The pedal-pin 
is exposed along nearly 
its whole length, there 
arc therefore four plnces 
at which dust may enter, 
or oil cscapc from, the 
ball-bearings. 

If the two pedal- 
1’1c;. 537. 

plates be connected by a tubu, a considerable improvcnumt is 
effected, the pedal-pin being e~nclos&l ; while if in addition a dust 
cap bc placed over the adjusting cone at thu end of the spindle, 

F?.C./fALL..‘PA7&NT ’ 
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there is only one place at which dust may enter or oil escape from 
the bearings. 

Figure 538 illustrates the pedal made by the Cycle Components 
Manufacturing Cotilpany, Limited, in which there are only three 

pieces, viz. : the pedal 
frame, pin, and adjust- 
ment cont. ‘I’he nd- 
justtnent con’. is screwed 
on the crat;+ end of 
the lxdnl-pin, a portion 
of the cone i:; screwed 
on the outsidc and 
split. The CWIC’ is then 
screwed into the cyc of 
the crank, the pedal- 
pin adjusted by means 
of a st-row-driver al)- 
plied at its outt’r end : 
then, by !ightcning up 
the c*lampittr: scrc’w in 
the cncl of the crank, 
tIltm-allk, pxld-pin,md 

lly ’ (fig. s-co), by \\‘illi;~ni 

hat (lig. 541) by the Warwick and Stockton 
S.A., may 1,~ noticed. 
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345. Pedal-pins. -The pedal-pin is rigidly fixed to the end 
of the crank ; it may therefore be treated as a cantilever 
(fig. 542) supporting a load P, the pressure of the rider’s 

foot. This load comes on at 
two places, the two rows of balls. 
One of these rows is close to 
the shoulder of the pin abutting 
against the crank, the other is near 
the extreme end of the pin. At 
any section between the balls and 

I”lfL 541. 

distant x from the outer row the bending moment is 5 1’ x. If (/ 
be the diameter of the pin at this section, and j the masimunl 

streFs on the niatcrial, we have, sul)stituting in the fortnuh ,W 

= ZJ 

‘I’hnt is, for qua1 strcngtli throughout, tlic outliiw of the pxlnl-pin 
shoulcl tx a ci.il)ical paral)ol;~. On any swim I~utwcci~ tiw 
shoulder and the inner row of MS, and distnut J from the ccntrv 
of the pednl, the lwiidiiig monicnt will be /‘J 

It will in genw~l 1~ suf’icicmt to clc~tcmniw tlw section of the 
pin at the shoulder awl tqwr it outwar~ls. 

L\sall~p/l’. If /‘c I50 ll)S., *f’ = 20,003 11)s. lwr sq. in., and 
the distance of 1’ from the shoulder lw 2 in., thm 

,I/ = 150 x 2 = ,300 inch-11)s. % = l P0 
20,000 

= ‘0 I 5 in.:’ 

From ‘MA: III., p q, tl = ,!‘,; iii. 
346. Cranks, - Figure ,543 is a cliagmmmntic view showing tlw 

crank-aslcb (2, crank C, and pedal-pinp, thL: lnttcr being acttA on 11y 
the force 1’ at right angles to the plnnc of tlw lx&l-pin and 
crank. Introduce the qua1 and olpsitct forces I’, and 1’? nt the 
outer end of the cr;lnk, and the qua1 and opposite forces Pi1 and 

P., at its inner end ; P,, 15, Pii, and /)I lxing each nuniericallj 
qua1 to 13. The forces 1’ and PI constitute a twisting couplt.! T 
of magnitude I’/,, acting on the crank, /I being the distance of P 
from the crank. The forces /h and Pr constitute a lxncling c~ul~l~ 
Ir< of nxqpitudc ./’ / at the boss of the crank. ‘1’1~ force I’, 
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causes pressure of the crank-axle on its bearings. Thus the 
original force P is equivalent to the equal force P,,, a twisting 
couple P I,, and a bending couple P /. No 
motion takes place along the Iine of action of 
P4, nor about the axis of the twisting couple 
P /L, the only work done is therefore due to 
the bending couple P Z. 

At any section of the crank distant x 
from its outer end, the bending-moment is 
P *-I-. The equivalent twisting-moment z,, 
which would produce the same masimum 
stress as the actual bending- and twisting- 
moments Mand T acting simultaneously, is 

- _-_ 543. 

given by the formula r, = M + ---- -T 
&P + TL. Similarly, the 

equivalent bending-moment 

Arwn~~zL --.. If /, = 2 1 in., C q~ G& in., P = 150 lbs., and f = 
20,000 lbs. per sq. in. 

Al = x 150 q = 975 50 inch-lbs.,-l’ = I x 2 \ = inch-lbs. 337 

Then 

Then 

T# = 2007 inch-lbs., or ~14: = 1003 inch-lbs. 

% = “’ = ’ “3 = mo5or in.3 
f 20,000 

Frum ‘I’ablc III., 1). I 09, the diameter of a round crank at its 
larger end should be {-$ in, 

If the cranks are rectangular, and assuming that an equivalent 
l~cnding-monleut is I ooo inch-lbs., we get 

%= *I”’ = yoo 
2 0,000 

:. h ha = ‘30. 

If/, = 1 /I, I:P. the de@ of the crank be twice its thickness, 
we get ?+j P = ‘30, i’P = -00, and . . 

h= l Sd3 in., I, = ‘421 in. 



The cranks were at first fastened to the asle by means of a 
rectangular key, half sunk into the axle and half projecting into the 
boss of the crank. A pro@y fitted and driven klty gwc‘ a very 
secure fastening, which, howewr? was wry difIicult to tak!t apart, 
and detachable cranks at-e now almost invnri:li)ly used. Perhaps 
the most common form of detachable crank is that illustrated in 
figure 5q.4. The crank boss is dri!led to fit the asle, and a conical 

l)iu or cotta-, ftnttCllt3.l on one side, is passed through the crank 
lwss and bears against a corresponding flat cut on the axle. The 
cotter is driven tight by a hammer, and secured in position by a 
wt scwwed on its snlnllcr end. 

In the 6 Yremi~r ’ dutxhnble crank made by WIessrs. IV, A. 
Lloyd 8~ Co. a flat is formed on the end ot’ the axle, and the hole 
in the crank boss made to suit. The crank boss is split, and on 
being slipped on the axle tend is tightened by a bolt: passing 
through it. 

Figure 545 illustrates the detachable chSn-wheel and crank 
made by the Cycle Components Manufacturing Company. A 
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long boss is made on the chain-wheel, over which the crank boss 
fits. Both bosse5; are split and are clamped to the asle by means 
of a 5crew passin, c~ through the crank boss. In addition to the 
frictional grip thus obtGwdF a posit.ive connection is got by means 
of a small steel p13te, applied at the end of the crank-axle and 
\y\:eel i)oss, and retained in lmition !>y the clamping-screw. The 
pedal end of this (‘rauk is illustrated in figure @. 

The ‘ Southwd ’ crank, which is round-bodied (fig. 544), 

receives during manufacture an initial twist in the direction of the 
t~~isting--momelit due to the pressure 011 the pedal in driving ahead. 
The elastic limit of the material is thus artificially raised, the 
crank is strent~thened for driving ahead, but weakened for track 
pttdalling ; as n~~~ndy discussed in section 123. 

Ii.1 thz L Ce:.ltaur ’ detachable crank and chAin-Tvheel, the crank 
boss is placed hver the chain-whee! boss. Eoil-1 wheel and crank 
are fised to the asle by a tapered cotter, driven ti,&! thrmgh the 
1~0:~s and retained in position by a nut. 

It has been shown that near the boss of the crank the berjdi,\g- 
moment is g-cater than the twisting-moment. Round-bodied 
cranks have t!x best form to resist twisting, rectangular-bodied to 
resist bending. ,‘i crank rectangular towards the boss am-l round 
towards the CUT would probably be the best. Hollow cranks of 
equal strength WOU~C~ of course be theoretically lighter than sohd 
cranks, but the difficulty of attaching them firmly to the axle has 
prevented then] l)(aing used to any great estmt. III some of the 

early loop-framed tricycles, the aslc, 
cranks, and pedal-pins were made of 
a Gngle piece of tubing. 

347. Crank-axle.--Figure 546 is 
a sketch showing part of the crank- 
axle n, the crank and pedal-pin, the 
latter acted on by the force R Intro- 
duce two equal and opposite forces P3 

Bww------ 
p/ B pr 

and P4 at the bearing A, and two equal 

FIG;. 546. 
and opposite forces P, and P2 at a 
point B on the axis of the crank-axle, 

the forces Z’, P,, and P2 lying in a plane parallel to the crank and 
at right angles to the crank-axle. The forces 13 and P, constitute a 



twisting couple of magnitude P/ acting on the axle. This twist- 
ing-moment is constant on the portion of the aslc between the 
crank and the chain-wheel. The forces P2 and P, constitute a 
bending couple of lnagnitudc I’/, at the point A, Z2 being the dis- 
tancc from the bearing to the middle of the pedal, measured 
para!l<:l to the a& ‘I’hc for<c P, produces a prcssiire 09 thct 
I jcnring at lg. 

J%~?/~~/L~.--If /? bc 3 it?s., the other dimensions being as in the 
previous examples, M = I 50 x 3 = 450 inch-lbs., T- 150 x G;t- 

= 975 inch-lbs., z, = I 5 24 inch-lbs., Me = 76;; inch-lbs. The diat 
meter d of the axle will be obtained by substituting in formula 
(I 5), chap. xii., thus : d3 

-5 
x 20,000 = l$?c$ 

,p = ‘381, fi?= ‘725, say i iti, 

If the axle be tubular, % = 
762 

-- = .03S I. 
20,000 

From ‘~a& Ii’., 12. T I 2, a t&c j in. external diameter, 13 \V. CL, 
will be suficient. 

Comparing the hollow and solid axles, their sectional areas are 
~26 and a.442 square inches respectively ; thus by increasing the 
external diameter & inch and hollowing out the axle its weight 
may be reduced by one half; while, if the external diameter be 
increased to I in., from Table IV., p. I 12, a tube 16 IV. G. will 
he sufficient, the sectional area being -188 square inches ; less than 
43 per cent. of that of the solid axle. 

In riding ahead the maximum stresses on the axle, crank, and 
pedal-pins vary from zero, during the up-stroke of the pedal, to the 
maximum value f: If back-pedzJling be indulged in, the range 
of stresses will be frolil $ f to --,- The dimensions of the axle 
and crank above obtained by taking f= 20,000 lbs. per sq. in. 
?re a little greater than those obtaining in ordinary prac:tice. A 
total range of stress of 40,000 lbs. per sq. in. is very high, and 
cranks or axles subjected to it may be expected to break after a few 
years’ working, unles? they are made of steel of very good quality. 
It may be pointed out here that a pedal thrust of I 50 lbs. will not 
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lx cscrtcd continuously m-en in hard riding, though it nlay IJC 
exceeded in mounting by, and dismounting from, the pedal. 

31s. Crank-brackets. -The bracket and bearings for support- 

ing the crank-axle form a kinematic inversion of the bearing shown 
in figure q.04 ; the outer portion H fotming the bracket is fastened 

1“lG. 5.$. 

to the frame of the machine, while the spindle 5’ becomes the 
crank-nsle, to the ends of which the cranks are fz ,iened. In the 



earlier patterns of crank-brackets, hard steel cups B were forced 
into the ends of the bracket, and cones C were screwed on the 
axle, the adjusting cone beiu, (r fixed in position by a lock nut. 

The b;1:-1.c1 hottom-bracket is uow more generally adopted ; 
I )eing oil-retaining and more nearly dust-proof, it is to be preferred 
to the older 1xMxn. The axle ball-races are fixed, and the adjust- 
nhlc ball-rxe cnn he moved nlong the bracket. In the ‘ Centaur ’ 
crank-bracket (fig. 5.47) the hear& u dim or cups are screwed to 
the bracket, nncl secured by lock nuts. In the ‘ R. F. Hall ’ bracket 
(fig. 54s) one cup is fastened to t!ie bracket by a pin, and the other . 
is adjusted 1)~ means of a sLud screwed to the cup and working 
iu a diagonal slot cut in the bracket. ‘l’hc pitch oi this slot is so 
coarse that the xljustment is performed by pusiring the stud for- 
ward as far as it xi11 go, it being impossible to adjust too tightly. 
The cup is then clamped in place by the external screwed pin. 

rj.g~. The Pressure on Crank-axle bearings is the resultant of 
the thrust on the pedals and the pull of the chain. 

Ex~~~/t~. --- Taking the rows of balls 3!, ins. apart, atjd the 
rest of the data as in the csample of section z3S, and considering 
first the vertIca1 components due to the pressure 1’ on the pedals, 
the condition of affairs is represented by figure 54~). ‘I’akir.g 
moments about 6, \ve get 

,:if 
LJ1 I x 150 = 160-7 lbs. 

In the same NJ’, taking moments about z, we lind P9 r= 310’7 lbs. 

I.‘It:. 5.+9* FI(i. jj0, 

Consider now the horizontai forces. Fig 550 represents the 
condition of afTairs ; F,, -II;, 1*;1 being ruqxctivel~ the horizontal 
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con$onents of the pull of’the chain and of the pressure on the 
bearings. Taking moments about b, we get 

Ip7, _ &I$, therefore, F, = ‘375 ‘6 340 = 36-4 lbs. 
3’5 

In the same way, taking the moments about C, we find 
El = 3i(“LJlbS. 

The resultant pressures R, and R,. on the bearings /, and c can 
be found graphimlly as shown in figures 55 I and 55 2, or by cal- 
culation, thus : 

I?, = dkl,” +r;‘z’ = ,I31 1~+376’ = 488 lbs. 
__- _ .- 

A!,, = JPz;‘+F3* = ,,I r6r2+ 362 = 165 Its. 



350. Springs under the Action of suddenly Applied Load,- 
\\‘c have already seen (sec. Sz) that when a load is applied at the 
tmd of a long bar, the bar is stretched, and a definite amount of 
work is done. If the load be not too great, such a solid bar of 
iron or steel forms a perfect spring. If n greater extension bc 
required for a given load, instead of a cylindrical bar a spiral 
spring is used. ‘1‘1~ relation between the steady load and the 
extension of a spiral spring is expressed by an equation similar to 
(2), chap. x., and the stress-strain curve is, as in figure 74, a 
straight line inclined to the axis of the spring. 

Let a spiral spring bc fixed at one end with its axis vertical 
(fig. 553)? and let A,, be the position of its free end when support- 
ing no load. Let 11, be the position of - 
the fret end when supporting a load IV, 
the ordinate A, P, being equal to W, to 
a convenient scale. Let A,, P, P2 Pi, bc 
the stress-strain curve of the spring. 
When this spring is supporting steadily 
the load M< let an extra load w be sud- 
denly applied. The end of the spring 
when supporting the load IF’+ w will be 
in the position -‘I,. The work done 1~7 
the loads in deswnding from A, to A2 
is ( W + w) LY, and is graphically repre- 
scnted by the arca of the rectangle 
A, A,& p,. The work done in stretch- w FIG. 553. 

ing the spring is JKV + 3i zc) A-, and is represented by the area 
A, A, f’* P,. 
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The difference of the quantities of work done by the falling 
weight and in stretching the bar is $ WX, and is graphically repre- 
sented by the triangle P, j, P:,. 6 the position A, of the end ot 
the spring, this exists as kin42 energy, so that in this position the 
load must be still descending Ah appreciable speed. The spring 
continues to stretch until its end reclches a point A,, where it 
comes to rest and then begins to contract. At the position of 
rust .A,, the work done by the loads in falling the distance A, A3 
tm~st IX equal to the work done in stretching the sprirlg, since no 
kinetic energy exists i9 the lmsitirm A,. Therefore, area 
A, A:,p,f, = area A, A3 Pi P, . 

It is easily seen that this is erluivnlent to sayin;: that the 
triangles P2 f, I’, and P&, P3 are equal, and therefore y = x ; 
I’J. a load suddenly applied to a spring will stretch it twice as 
much as the same lor:d applied gradually. ’ 

Iii the position A,, the tension on the spring is greater than 
the load supported, and therefore fhc spring begins to cotltiact 
md raise the load. If the spring had m internal friction li- would 
contract as far as the original position A ,, and contime vibrating 
with simple hnrtnonic motion between A, and A, ; but owing to 
internal frictioti of the molecules (or A..sfemis) :he spring will 
ultimately come to rest in the position of eqAiibriun1 A,, and 
therefore the work lost internally is 

f’,p, P, = 5 T“.t . . . . . 1 (I) 

For a stiff spring the slope of A,, J’, I’? /Jj is g:cA, i.e. the 
extension x corresponding to a load zu is stmall, and therefore the 
work lost is also smtll. For a weak spring the slope A& is small, 
and for a given load zu the extension .c, and therefore work lost, 
is large. But for a given extension .T the work lost with a stiff’ 
spring is greater than with a wea!c spring. 

35 I. Spring Supporting Wheel.-The function of a spring 
supporting the frame of a vehicltl from the axle of a rolling 
wheel is to allow the frame to move along in a horizontal line 
without partaking of any vertical motion due to the inequalities 
of the road. This ideal tl>otioti would be attained if the strcss- 
strain curve of the spring wcro ;L straight lint parallel to its 
axis, and distant from it W ; IV being the steady load LO 1~ 



supported. The wheel centre would then remain indifferently at 
any distance (within certain limits) from the frame of the vehicle, 

and since the pressure of the sprin g in all positions would be just 

e(lualm tu the weight supported, no vertical motion would be 
comlT#unicated to the frame. With this ideal spring the motion 
WOU~C;\ be perfect until the spring got to one end or other of 
its &ps, when a shock would be communicated to the frame. 
A betl.cr practical form of spring would be one having a stress- 

I 
strain (:urvc with a portion distant U/from, and nearly parallel to, 
the asis : the slope increasing at lower and higher loads, practi- 
dy as shown ill figure ,554. 

A 

A 

FIG. jj1. . . . FIG. jjj- FIG. 556. 

Let a cycle wheel running along a level road be supported by 
a spring under compression, the steady load on the latter being ZV, 
A, and B, (fig. 55s) being the steady positions of the ends of the 
spring at the wheel axle and frame respectively. Let the wheel 
suddenly move over an obstacle so that its centrc is raised the f 
distance A, A!,, and the spring is further compressed. The frame 
end I? of the sprin g may bu considered fixed, while the wheel- 
centrt: is being raised. ‘l’he work A, P, /‘) -4, is expended in 
compressing the spring. The end A, may now be considered 
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fixed, and as the pressure on the spring is greater than the 
load supported, the end R will rise and lift the frame. The 
work B, B, .p, p, (fig. 556) is expended in raising the frame 
from B1 to li,, where static equilibrium takes place. If the 
wheel-centre remni-!I at the level A, the difference of energy 
P, p, P, = $ iL’ .V is dissipated, the frame end of the spring vibrat<. 
ing between positions B, and B:,. If the wheel return quickly to 
its former level A,, little or no energy may be lost. The quantity 
of lost energy is smaller the more nearly the stress-strain curve 1’ 
is parallel to the axis of the spring ; therefore a spring for a spring- 
frame or wheel should be long, or the equivalent. An ideal spring 
would have to be very carefully adjusted, as a small deviation from 
the load it was designed for would send it to one end or other of 
its stops. 

3 5 2. Saddle Springs.- With a rigid frame cycle, the saddle 
spring should perform the furAon above described, so that no 
vertical motion due to the inequality c:f the road be communicated 
to the rider ; practically, the vertical springs of saddles are 
arranged so as to make as comfortable a seat :LS possible. It has 
been shown (Chap. XIX.) that in riding OYF,: uneven roads, the 
horizontal motion of the saddle is compounded of that of the 
mass-centre of the machine, and a horizontal pitching due to the 
inequalities of the road. If the saddle springs cannot yield 
horizontally, the rider will slip slightly on his saddle. 

iI saddle, as in figure 557, with three vertical spiral springs 
interposed between the upper and lower frames will yield hori- 
zontally more than one in which the frame and spring are merged 
into one structure (fig. 560). 

353. Cylindrical Spiral Springs.-Let d be the diameter of 
the round wire from which the spring is made ; B the mean 
diameter, and 11 the number, of the coils ; C the modulus of trans- 
verse elasticity ; 6 the deflection, and 4 the maximum torsional 
shear, produced by a load l4? Then 



Mr. Hartnell says that a safe value for ,/ for g-inch to $--inch 
wire, as used in safety-valve springs, is 60,000 to 70,000 lbs. per 
sq. in. Probably cycle springs have not such a large margin of 
strength as safety-valve springs. If 9 be taken slightly under 
80,000 lbs. per sq. in., the greatest safe load, C/c is given by the 
equation 

IV= 30,000 d:’ 
A0 ’ * - ’ - ’ ’ (4J 

lbs. and inches being the units. 
The value of C is between I 2 and 14,000,000 Ibs. per 

sy. in. If we take C = x~,Soo,ooo the deflection is given by the 
equation 

. . /I? DJ 1V (’ = 
1,600,000 d-’ ’ ’ - ’ ’ * (5) 

E.rntl@.--A spiral spring xi-inch mean diameter, made 
from i-inch steel wire, will carry safely a load 

11’7 i 30,000 x I 
1’5 x 8” 

= 40 lbs. nearly. 

The deflection per coil with this load will be 

c:= 1-p x tY x 40 h ---_ = 
1,600,000 x I 

345 inch. 

Round wire is more economical than wire of any other section 
for cylindrical spiral springs. 

354. Flat Springs.- The deflection of a beam of uniform 
section of span Z, supported at its two ends and carrying a load 
Win the middle, is gi,ven by the formula 

1VZ” 0°C ----- . , . . . . , . 
48EI (6) 

& being the modulus of elasticity of the material, and I the 
moment of inertia of the section. For steel wire, tempered, E = 
13,000 to I 5,000 tons per sy. in. If E be taken 33,600,000 Ibs. 
per sq. in., substituting for I its value for a circular section 

. pfq” 
1 -.._ 

= ti0,000,000d~ l m � * � * 

(7) 

lbs. and inches being the units. 
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In many saddles the springs arc made of round wire, and arc 
subjected l~oth to bending and direct compression. ‘J’he deflection 
due to stress along thtz axis of the wire is wry small in comparison 
with that due to bcilding, and nlay bt ncglccterl. 

355. Saddles. - ‘l’he seat of a cycle is almost invariably made 
r)C a strip of leather supported hammock fashion at the two ends, 

the sides being luft fret. In the early clays of the ‘ Ordinary ’ 
bicycle the scat was carried by a rigid iron frame, to which the 
peak and l~nck of the: leather were rivetccl. After being in use 
for swnr: time such ;I sent snggcd considcrnbly, and the necessity 
for proCling a tcAon adjustnwnt soon 1,ecan-w apparent. This 
tcnsioll xljustlnent is found on all modern saddles. The iron 

frame was itself bolted direct either to the txkbone or to a flat 
spring, the saddle and sl)rinb f were considered to a certain extent 
as independent parts, and were often supplied by different manu- 
facturers. In modern saddles the seat, frame, and springs are so 
intjlllntely connected that it is impossible to treat them separatc:!y. 

One of the: :VW r:omfbrtable types of sadc?es wnsists uf the 
!c;it!lur scat, ;hc top-frame with tlw tension adjustment, an under- 

-4 



fra\lle \vittl cIi[) to fasts11 to the L-pin of the Ikyle, and three 
t-crtical spiral springs between the top- and under-frames. 

i . 
F-It;. j60. 

III the b Brnmpton ’ saddle (fig. 557) the under-frame forms 
prxtically a double-trussed beam made of two wires. In 

Lamplugh’s saddle (fig. 55s) the undtwfral1-x is made of two tlkiz 
l,lates. 
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A simple hammock saddle with the seat supported by springs 
(fig. 559), made by Messrs. Birt & Co., consists of leather seat, 
tubular frame, and three spiral springs slclbjected to tension, no 
top-frame being necessary. 

The springs, top- and under-frames! are often merged into 
one structure, ab iii t!le saddle shown in figure 560, made 1)~. 

hlr. Wm. Xliddlemore, and that shown in figure 561, made by 
MtA$srs. Ilrampton ti Co. In the former two wires, in the lattx 
six wires , are used for the combined springs and frames. 

All saddle-clips should be of such a form that the rider can 
adjust the tilt of the saddle so as to get the most comfortable 

position. In the (Automatic Cycle Saddle (fig. 562) the rider 
can alter the tilt \vhile riding. 

It may be noticed that the’ leather seats of the saddles illus- 
trated above are slit longitudinally, the object being to avoid 
injurious pressure on the lxritxuni. 



‘I’he b Sar ’ sadd!e (fig. +j), of the Cameo Cycle Company, is 
provided with a longitudinal depression, for the same purpose. 

3 5 6. Pneumatic Saddles. -A number of pneumatic saddles 
have been made, in which the resilience is provided by corn- 

FIG. 564. 

pressed air instead of steel springs. The ‘ Guthrie-Hall’ saddle 
(fig. 563) is one of the tnost successful. The ‘ Henson Anatomic ’ 
saddle (fig. 564) is made without a peak, and consists of two 
air pads, each with a depression in which the ischial tuberositics 

I’rti. 565. 

rest, the whole design of the saddle being to avoid perineal 
pressure. The ‘ Sar ’ saddle (fig. 565) is also provided with two 
depressions for the same reasons. 
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357. Brake Resistance on the Level. ----Let II’ 1.1~ the total 
weight of machine and rider, rr,\ the load supported by the wheel 
to which the lx&c is applied, and !Q the coefficient of friction 
between the ground and the tyre. If the brake be powerful 
enough, it may actually prevent the wheel from rotating, in which 
case the tyrc will lub alon, u the ground while the machine is being 
brought to a standstill. Then A’, the greatest possiMe brake 
resistance, would 1~ pfl Ifi:,. The pressure applied at the brake 
handle should be, and usually is, less than that necessary to make 
the tyrc rub on thl; ground ; this rubbing might have disastrous 
results. Let 7 be the speed in feet per second, It’ in miles per 
hour, and / the distance in feet which tnust be travelled when 
pulling up under the greatest brake resistance. Then, since the 
kinetic energy of the machine and rider is expended in overcoming 

the brake resistance, 

~~~-Rlilln~~.-‘I’akin, u the data of the example in section 22S, 

with the weight of the machine, 30 lbs., equally divided bctwccn 
the two wheels, speed 20 miles per hour, ti = 0.3, and the brake 
applied to the front wheel, we have IV= ISO lbs., rl/;, = 54.3 lbs., 
R = 0.4 x 54.3 = 2 I ‘7 11x., and substituting in (I), 

/= ‘O32-l x IS0 x 400 ~~_ -= III ft. 
o-4 x 53’3 



If the brake be applied to thtz rear wheel, II”, = I 25.7 lbs., and 

/ = ‘934 ..__~ x IS0 x 400 

0’4 x 125’7 
= 4s ft. 

It should be noticed that the load [Pi, should be taken as that 
actually on that ~1~~1 while thu brake is applied (SW sec. 164). 

358, Brake Resistance Down-hill.--If the machine be on a 
gradient of x part vertical to I on the slope,, the force parallel to 
the road surface necessary to keep it frbtn running downhill is 
s w (SW fig. $3). The brake resistance is I”!, If< cos 3) = 
/lo rr&/ I - x2, 9 being the angle of inclination to the horizontal. 
For all bllt very steep gradients, J I - -?-does not differ much 
from I, and therefore the brake resistance is approximately ru II ;,, 
as on the l~el. Thus, if the brake be fully applied, the resultant 
maximum retarding force is pg [l/l JI - 9 - x LV; and there- 
fore, as in section 357, the distance which must be travelled before 
being pulled up is given by the equation 

‘0334 w Y’L I= -.-- 
& b&-x 

- --- npprox. . . . a (3) 
?V 

If 
⌧ iv=,, F2;/, . l . . . . . . . 

(4) 

the machine cannot be pulled up by the brake, however powerful ; 
while if x IV is greater than /Iv T/G the speed will increase, and 
the machine run away. 

Exwl~Ze I.-With the data of the example of section 357, 
brake on the front wheel, running down a gradient of I in IO, 

x=0*1 ; substituting in (3), 

Exam@ I.--With the same data except as to gradient, find 
the steepest gradient that can be safely ridden down, with the 
brake. 

Substituting in (q), O-I x I 80 = 094 x 54.3 ; or x = 32 I. 

That is, no brake, however powerful, can stop the machine on a 
gradient of 121 in 1,000, about I in S. 



If the brake be applied to the back wheel, the corresponding 
gradient is 

i.e. about I in 4. 

.v = 
o-4 x 125.7 = 

-180 
‘“79 

359. Tyre and Rim Brakes .-The brake is usually applied to 
the tyre of the front wheel, not because this is the best position, 
but on account of the simplicity of the necessary brake gear.. In 
the early days of the ‘ Ordinary’ a roller or spoon brake was 
sometimes applied to the rear wheel, a cord communicating with 
the handle-bar (fig. 338). The ordinary spoon brake (fig. I 3 I ) 
at the top of the front wheel fork is depressed by a rod or plun,ger 
operated by the brake-lever on the handle-bar, the leverage being 
about+or3to1. If Y be this leverage, and p’s the coefficient of 
friction between the brake-spoon and the tyre, the pressure P on 
the brake-handle necessary to produce the maximum effect is 
given by the equation f/s Y P= y!, MC, or 

\‘, w, in=- . . . . . . . (5) 
t’s r 

E~a~~~~l~~.--\Vith the data of the example of section 357, Y=S, 
and p, = 0.2 ; substituting in (5), we get 

.f’ = 0’4 -- --___... x 54 = 36 lbs. 
0’2 x 3 

In the p?lez~nrrz~z2 brclke the movement of the brake block on 
to the tyre is produced by means of compressed air, pumped by a 
rubber collapsible ball placed on the handle-bar, and led through 
a small india-rubber tube to an air chamber, which can be fastened 
to any convenient part of the frame. With this simple apparatus 
the brake can be as easily applied eo the rear as to the front wheel. 

360. Band Brakes are applied to the hubs of both the front and 
rear wheels, and have been occasionally applied at the crank-axle. 
The spoon brake, rubbing on the tyre, may possibly injure it ; the 
band brake is not open to this objection. Since a small drum 
fixed to the hub has, relative to the frame, a less linear speed than 
the rim of the wheel, to produce a certain effect the brake resist- 
ance must be correspondingly larger. One end of the band is 
fastened to the frame, the other can be tightened by means of the 
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brake gent-. ‘i‘Ae gear shou!.d he arrallgcd so that when the brake 
is applied tlw tension on the lised end of the band is tile grcatcr. 
If rl and t, be the tensions on the ends of the band, the resistance 
at the drun3 is tI - t.,)! and, as in section 25 I: 

log. ;I. = l 4343 1.’ 6. * . . I . . . (0) 
‘,r 

(f I - L) g= j.ly Lf<, . . . . . . . * (7) 

E,rauzflt* I.-- Let the band have an arc’ of contact of three 
-7 

right nri~Jc:, with the drum, Lo. 0 = 3 
2 

= 4-7 I, let jf = 35, II = 

2S in., ft = 5 1 in., and the rest of the data as in section 357, 
then, substituting in (6) 

Cunsulting a talde of logarithms, 

and /, - t, = I ,027 t,. Substituting ill (7), 

I-w7 f, x 5-l 
28 

= ‘4 x 54, 

!.I 1 

t,=- - ‘4 x 54 x dii “‘- [, 2 11,s 
51- x 1-027 

L . 

Exnm,M D.-If a band brake of the same diameter as in last 
example be applied at the crank-a&, the necessary tension t, will 

T 
be ” 2 times as great, IV, and X2 being the numbers of teeth in 

N 
the i.hain-wheels on the driving-hub and crank-axle respectively. 
With iI’1 = 8, -\TL = I 8, 

t, = 18 x IT2 
8. 

= 252 lbs. 
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This example show the ineffectivenw of a crank-axle band 
brake, since the elasticity of the gear is such that the brake lever 
would bc close up against the handle-bnr long before the required 
pull was exerted on the band. 

If oil gets in botwen the balld and its drum, the cocfficic~~t 
of friction will be Nash less, 2nd a much grcatcr pull will 
requirccl, the above examples. 
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liand-held tyres, 498 tion, 429; Humber, 398 ; influence on 
I:anking of racing tracks, 204, 206 frame, j18; Perry’s, 399; pivot, 401 ; 
‘ Ijantam ’ front-driver, 1 j8 ; motion *f -- rivets, 420 ; roller, 3gg ; rubbing and wear, 

over a htolle, -44 409 
‘ Ikmtamctte,’ lad)~‘~ front-(Iriver, 276 

; side-plates, 398, 415 ; Simpson lever, 
p,35;, 404 ; sillgle-lillk, 400, 419 ; stretch- 

Ihrs, scctiollnl area3 and niocluli of ru\Incl! 111;;, 286 ; struts, 322 ; variation of apecd 
112 ; torl;ion of, 126 \\.lth, 422 



CHA 

Chain+vheel, 40s ; design of, 4x1 ; elliptical, j 
$28 ; faults in design, 411 ; Humber, 406, 1 
4Ij ; expanding, 470 ; pitch circle, 405 ; 
roller, 401 ; section of blanks, 416 ; size of, ) 

Circular, spring., motion, 21, 

427 ; 426 
66 ; wheel-teeth, 449 1 

Classification, of cycles, 183 ; of pneumatic 
w-es, 494 f 

‘ Claviger’ bicycles, 477, 480 : pedal am1 j 
knee-joint speed?, 476 

Clearance, in wheel-teeth, 440 ; in chain / 
gearing, 406 1 

‘ Clincher ’ tyre, 495, 497 
‘ Club ’ tricycle, I 68 
$IElu.;! gear for. tricycle nsle, 238 

Ko\*er, I j(3 

Coemcient of friction, 79 ; apparent reduc- ’ 
tion of, 210 

‘ Collier ’ two-speed gear, 465 
Collision, 72 
Columns, x21 
Component, forces, 43 : velocities! 16 
Compression, 86 ; and bending, IZO ; spokes, 

CcZLrrent forces, 4 j 
Conical bearings! 368 
Conservation of energy, 60 
Contact, arc of, 442 ; path of, 443, 4-15 ; nlr~- 

tion of bodies in, 34, 41 
C‘onvertible tricycle, I 79 
Copper, 137 : alloys of, 137 
Coventry Machinists Co., tricycle. 168 ; tall. 

tlem bicycle, 290 
‘ Coventry Rotary ’ tricycle, 166 
Crank, 507, 509; South&, 139, 140, 512; 

variable leverage ,265 ; effort dmgram, 267 ; 
and levers, 264 

Crank-axle, 512 
Crank-bracket, 5x4 
‘ Cremijrne ’ spring frame, 296 
‘ Cripper ’ tricycle, 177 ; >tcering, 22; 
CI.OWIlS, “97, 33) 
Crushin;: pre~surc 011 1~113, 393 
‘ Crypt0 ’ front-driving g;c;tr, 439, 458 
Curvcrl tube?;, 3 I 6 
Cycle Componrnt~ Jlc<. Co., sttwriny 11cd, 

~98 ; driving gears, 462 ; pedals, 5oS ; 
irank, 511 ; crank-bracket, 5x4 

Cycle t iear Co., two-slwed gear, 467 
(‘>xlo,qraph, Scott’s, 269 
CJ*cloid, 24 ; hype-, 26 ; cpi-: 25 : -al \vlleel 

teeth, 443 

DALZELL’S early bicycle, 
‘ Dandy-horse, I 47 

‘ Dayton ’ handle bar, 295) 

‘ Deburgo ’ spring-wheel, 3ri,5 
‘ IJecourdemanche ’ tyre, 497 

1 .ft; 

‘ Delta’ metal, 137 
Development of cycles, the bicycle, 145 ; 

tandem bicycles, 162 ; tricycles, 165 ; tan- 
dem tricycles, 176 ; quadricycles, 181 

Devoll’s driving gear, 461 
IXamond-frame, 156, 307 ; Humber, ;ro: 

open, jr 2 

FRI 

Dicycle, ‘Otto,’ 171 ; balancing on, 200; 

steering of, 237 
Differential driving gear, 169, 239 
Dissipation of energy, 63 
Double-driving tricycles, 168, Igx, 238 
Drais’ dandv-horse, 147 
‘ Drayton ’ <yre, 502 ‘. 
Driving gears, front, 455 ; rear, 461 ; cum- 

pound, 461 
D tubes, 115 ; for chain-struts, 325 
‘ Dublin,’ cJuadricycle, 146, 181 ; tricycle, 

166 
‘ Dunlop ’ tyre, 160, 495, 499, 500 
1 &t-proof bearings, 392 
J rynamics, I ; of a particle, 65 ; rigid body, 

70 ; system of boclies, 77 

E ITE and Todd’s two-speed gear, 466 
Elasticity, 87 ; index of, 73 ; transverse, 

ElZtic limit, 133 ; 
5 ; modulus of, 88,.x34 

ralsmg of, 138 
Ellipse of inertia, 107 
Elliptical chain-wheel, 427 ; tubes, II I 
Mm, stren 
‘ Mswick ’ 

th of, 139 
$, ub., 360, 393 

linergy, kinetrc, 60 ; potential, 61 ; conser- 
vation of, 62 ; dissipation of, 63 ; loss o!, 

15~!$Zzttrain, 437, 4 j7 

I;picycloid, 26 
E:pitruchord, 27 
Equilibrium, stable, unstable, and neutral. 

54, 18.3 
Everett’s spring-wheel, 364 
l:spenditure of power, 230 

‘ 
I+ 

‘.lCIJ.E,’ biq-clc, 151 ; speetl of kocc- 
joint, 472 ; geare d, 153 ; tricycle, 173 

I’;tctor of dtxy, I ;:2 

Fnirbnttk’s \VOOC~ I’IIII, j58 
‘ 1;nlcon ’ stecriny-head, 2gg 

Falling bodies, 66 
Fichtel and Sach’s ball-bcnring, 394 
l’ir, strength of, 139 
;!lty;ss 1 tubeless tyrc, 498 
‘i”) 2: co-phtnar, 46 ; -tli;t:;ralll, !)I ; 

lxuallelogran~, 43 ; -pulyyulr, .I j ; -triangle, 

Fl% hides, 3;; ; duples, :;oo ; hack, 322 ; 
‘ IGferee,’ 300 

Frame, 275 ; nluminium, 287 ; bamboo, 286 ; 
cross-, 313 , * diagram, 91 ; diamond, 156, 
3078 3x0; front. 297, 332 ; front-drivers. 
17.5 1 ,30., * 1 . general considerations, 275, 335 ; 
~JX? s bafety, 287, 315 ; open diamond-, 
-7 , 312 ; pyramid-, 286 ; rear-dnvers, 277, 

; qwing-, 29j ; -d structures, 8g ; tan- 
En, 239, 327 ; tricycle, 292, 330 

’ French ’ bicycle, x4g 
Friction, 78 ; chain gearing, 428 ; -gearing. 

434 ; journal, 79, 368 ; pivot, 368 : rolling, 
76 ; rubbing, 78 ; spinning, 82 ; toothed* 
~Axl~, .) 17 ; wheel nlld i;i ou~icl, 20.; 



FRO 

Front-driving, bicycle, 149, 187 : gears, 454 ; . 
Safety, 158 ; tricycle, 165, 169, tg2 

Front-frame, 297, 332 
Front-steering, bicycle, 1s~ : tricycle, 101 

Frost, F. D., loo-mile race, 254 
‘ Furore,’ tandem bicycle, 300 

G ERR I - 2579 396 ; 3x2, 160, 430; chsiil, front- 
396 ; ~mpout~d driving, 461 ; 

driving, 456 ; lever-and-crank, 471 ; rear- 
driving, 460 ; tivo-speed, 465 ; *:;rriablc- 
speed,-&, 464 

Geared ‘Claviger,’ 476, 46: ; ‘ Facile, I jj, , 
173, 456, 476 ; ‘ Ordinary,’ 158 

‘ German ’ tricycle, 16; 
‘ (Zrnffe bicycle, rsg - ! 
Gordon’s formula for columns, 12 3 
Graphic representation of, force, 43 ; velocity, ’ 

JS 
‘ Grappler ’ tyrc, 435 
(iravity, ceiltre of, 50 ; work done xgains1, 

G%i~i ‘ Hic\xle3 of the Year,’ J j6 
G1111 IAd, 1:;7 
( ;uihrie-H;rll pneumatic saddle, 52; 
C;yroscopc, 75 ; -iC ;lction, 207, 2jJ 

corrugated chain, .+UI ; 

;ulisnl, 372 ; tricycle, 271 
liarl’s driving gtar, 461 
Hawkin’s ’ 11djustaLle ’ Safety, I 86 
Headers, 2.x$ 

’ Safety,’ 155, 157 ; fynle, 280, 266, 3fo ; 
:,llrin,i’-franw, 297 ; trliycle, 17~ , slrcrrr~g 
d-lrtcycle, 235 ; Lyre, 493 

Hypocycloid, zi, 
H ypotrochoid, : 

1 RI PACT, 7 2 
Impulse, I 3 

Index of elasticity, 73 
Inertia, IiiOnleIIt of, 66, 68, 7r, JGj 
Inflator, 504 
Inslantanenlls c-enlre, 19, 2,4, 28 
‘ Illvincible ’ Safety. 280 ; runs, 357 ; tricycleI 

‘77 

MUL 

‘ 

J & K,’ two-speed gear, 466 
Jointless rims, 357 

Jolting, 046 
.lournal friction, 79, $$ 

‘ K ANG.\KOO ’ hicyclc, 152 
Kauri, strength of, 139 

Kinematics, I, 4, 15 
Kineti?!, I ; energy, 60 
K;;e-Joit!l sqe$d,,wben pednliing, crank, 2g,, 

j ; \vlth l*aCllc gear, 472 ; th\‘~gCr, 

476 : ’ Xtraordinary,’ 473, 479 . 

L:1CED lyres, 496, 
Lady’s ‘ Safet 

r 
frxne, 287, jJ j 

Lamina, rotation o , 67 
I.amplugh’s saddle, 52: 
Lawson’s ‘ Safety ’ biqcic, x 53 
Latch, strength of, 139 
I AWS Of IllOtlVJI, j6 

Lever, chain, 59, ~6;~ 404 : and crank gear, 
471 : tension tlriving-wheel, 341 

I.inca~ hpeed, 4 

_ --. 
Mash, .; : -cenlrc, j0 

hlcch;tnical, eqiiivalcnl of Iical, 64 ; lrcal. 
nwnl of melals, 141 

Neneyly tub&r Ixxlring, $7 
‘ hlerlm ’ bicycle, 183 
Metric: system, 2 
‘ Rlich’elm ’ tyrc, jOI 

Xliddlemore’x saddle, 524 
Mild ztecl, I.:; 
Nodulus, of bending reA.tauce, IOS ; of 

round bars, rag ; rubcs. I 12 ; el;Lslicily, 
87 ; resilience, 88 

‘ hlohawk,’ Silfcry, 285 ; tanden!, ~64 
>lomcllt, of a force, 14 : bondrng-, g4 ; of 

incr. ia, 66, 68, 7 I : of momentum, 14 : 
twih(ing-, IZ j 



NEU 

Sociable, 179 

()A“;, strength or! 1;t,l 
‘ Oarsman ’ tricyc.le, 273 

‘ Olympia ’ tricycle, I 76 : sitewing of, 2j5 
‘ Ordinary,’ 140 : frame, 276, 303 ; m&m 

over a stollc, 243 

‘ Ormonde ’ Safetv, 28s 
Oscillation, of bicycle, 199 : ‘ Otto ’ diq-cle, 

L?OO 
‘ Otto ’ tlicy-cle, 170; balancing, 200 ; steer- 

ing, 2.;7 

1,.1lRS, Iliyher anr! lower, 257 , 
’ Palmer ’ tyrc, 493, ,107 

I’alnler, R., loo-mile ritct’, 2 j4 

l’arallel, forces, 49 ; shafts, 443 
I’arallelogram of, forces, 43 ; roIaLiow .;q ; 

veiocities, 17 
Path, of contact, 442 ; of pcdal5, 47.1 ; point, , 

24, “7 
Pedal, 507 : clutch mechanism, 266 ; prw f 

.sure, 26s ; ii~lluelice un frame, 320 ; speed 
will1 le\.er-alicl-~r;lnk gears, 473,qSq ; work ’ 
dune per stroke of -, Go; and side-slipp,ng, 
“01) : - pins, 509 e 

I’edalling, 270 ; speed of knee-ioint when - , 
2% zfij7 473, 464 

Perpetual motion, 26; 
I’crr)‘, chain, 399 ; front-c!ri\ing gear, 456 
‘ Persil ’ sprinG wheel, $4 
‘ Phantom ’ tricycle, 175 
Phillips, ‘ Cunstructioll of Cycles,’ 162 
Pine, strenx:th of, 139 s 
‘ Pioneer ’ Safety, 277 
Pitctl, circular and dianletra!, 435 1 -1111111' 

her: 426 : -!ine of chain-wheels, 401, ,+*Jj 
I’itrhing, 246 ~_ _ 
Pivot, 366 ; friction, EI 
’ I’latnauer ’ Seared hub, 46; 
‘ Plymouth ’ woud rim, 358 
Pneumatic saddle, 525 
Pneumatic t)x3, 91, ljg, 46E : clasisiricatic-,n, 

4q.( ; side-slipping, ~‘10 : interlockillg, 496 ; 
singIt: tube, 4’47 ; wire-held, JOI) 

l’oinl-palh, :J.;, :I-+ 
l’olyfion, of for~w;. 45 ; link, 1’: 
Potential clierg)‘, 6 f 
f~;e;al&-l 2 
, , :.;9 : lx-akc and indicates!, z;o ; j 

cx,xLditure, 250 : of a cyclist, 262 : horse-, ! 
6(j ; Iransnilsslun, .@, 434 

’ I’reliiicr,’ ball-lxxirinfs, 3s j ; ~.rnllli*, .;I 1 : 
liclical Lul~c, 141 ; 
Lriqxlc, 173, 2~); 

tallclcni l)ic).clc, 15% ; 1 

SCA 

Pressure, crushing-, on balls, 393 ; on pedals 
268 ; rivet-pins of chain, 421 ; working-, 
on toothed wheels, 454 

‘ Preston-Davies ’ tyre, 498, 501, 503 
Pump, 504 
Punctures, prevenlion of, 502 
Pyramid frame, AX 

‘ 
0 

U;\L~RAN’I’,’ bicycle, a!32 ; tricycle, 171 
- Quadricycles, 146, 181 ; ‘ Kudge 
triplets, 1S2 

RACE, +rting in, 72 
I Racmg travks, banking of, 204 

lX;j:;~a~leration, 12 . 

‘ Rapid” tangent spokes, 346 
Ravenshaw, resistance of cycles, 256 
Rear-driving, bicycles, 148,153,x88, 277, 307 

gears, 460 ; tricycles, 166, ~70. rgr 
Rear-steering, 185: tricycles, 168, 175, rg.: 
Rectangular tubes, I I 7 
‘ Referee ’ back-fork, 326 ; Safety, 264 ; 

stecting-head, ?oo 
‘ Regent ’ tandem tricycle, 179 
Relative motion, 16 ; of chain and wheel, 

$02 ; of toothed-wheels. 44 I ; of two hodie> 
in contact, 34, 41 ; of halls and bearing. 
3779 389, 

Renold, chain. .lzo 
Resilience, n&&s of, 8s 
Resistance, air, 252 : of cycles, 250 ; 011 WIII- 

moIi roads, 256 ; rolling, 251 ; total, 254 
Kcsolution of, accelerations, 31 : forces, 47 ; 

Velocities, 20 
Kewkant, of co-planar forces, 46 ; of IIOII- 

planar forces, j3 ; plane motion, 31 ; of twC) 
rotations, 3~~ 40; velocityy 16 

Reynolds, rolls lg friction, 82 
Rims, 138, 353 ; hollow, 357 ; wood, 138, 

258 
Rivets of chai,n, qxS 
~~;~Psculler. tncycle, 27; 

., bearmgs, 369, 371 ; brake, 52s ; 
chain, 399, 424 

Kolling, ;5 ; friction, 82 ; of IJa Ils in beariny, 
379 

Rotation, 5 ; resultant of, 31, 39 ; parallelo- 
gram of, 39 

‘ Rover’ Safety, 153, 278, 283 ; lady’s, 287 ; 
‘ Cob,’ 159 

‘ Kayal Crescent’ tricycle, 172 ; steering, 
234 

Kubhing, 35 ; of MIS in bearing, 384 
Kucker tandem bicycle, 161, 162 
Kudge, ‘ Coventry Kotary,’ 161, 236 : ‘Royal 

Crescent,’ 172, 234; quadricycle, IS,, 233 

S "fFk$, 5;;; position, 24 j ; intlueiice 

Safety, factor’ of, I 32 
Safety bicycle (.SCL- various sub-hcaclingh) 
Sar 5addle, j2j 

Scalar, 0 



SC0 

Scott, cyclogtaph, z6g : motion of bicycle 
over a stoue ,244 ; pedal clutch mechanism, 
267 

‘ Scdttish ’ tyre, 501 
Screw, motion, 41 ; pair, 257 

Seat-lug, 318 
‘ Seddon ’ tyre, 501 
Self-healing air-chamber, 503 
Shaft, bending and twisting, 130 
Sharp, ball-bearings, ~574, 381, 395 ; circular 

wheel-teeth, 449 : seat-lug, 318 ; tandem 
frame, 292, 302 ; tangent wheel, 346, 361 ; 

two-speed gear, 468 : frame Car front-driver, 
276, 306 ; valve fitting, 506 ; chain-wheel, 

VET, 

Strength of materials, 132 ; woods, 139 ; 

wheel-teeth! 452 
Stress, breakmg and working, 132; com- 

pound, IIO ; repeated, 142 ; -strain dia- 
gram, 133, f3g 

Sturmey, ’ Giraffe,’ 159 ; pneumatic tyres, 
494 

‘ Sun-and-Planet ’ gear, 455 
‘ Sunbeam ’ bicycle, 271 ; lady’s, 288 
Swerving of tricycles, 223 
‘ swift ’ safety, 279 ; tandem bicycle, 290 
‘ Swiftsure ’ tyre, 497 
Swinging back-fork, 319 

Sl?zzring, 86 ; -force, 93 ; -stress, 1 z.+ 
‘ Shellard ’ Safely, I 37 / T ANDEM., hicycles, 162 ; 

327 ; tricycles, 176 
frames, 289, 

Side-plates of chain, 308 : design, 41 j 
Side-slippin.c, 209 ; sp~cl and, 211 ; pedal Tangent spokes, 342, 346 

effort anil, 214 
I Tangential, acceleration, 12 ; effort on crank, 

‘ Silvertown ’ t)T’l-r, 503 Simple harmonic motion, 49:, 30 / TC%I of wheels, 449 circular 449 . cycloi- . 
Simpson lever chain, ~9, 263, 404 dal, 444 ; involute, i42 : stre;gth, is3 

Singer & CO., ‘ Stmorclinary, I j0, 473 ; 
: Tenston, 86 ; ancl bending, x20 

‘ ball-benrinr, 390, Safety, 284 : tricycle. Tctmajer’s value figure,’ 135 

‘ zg_; ; Velocimnn,’ 27 I Thrust bearing, 371, 391 

Single-driving tricycles, 166, 168, 174: Igr. : Time, 2 

1, ? 8 
--3 

Toothed-wheels, 444 ; friction, 447 
Sinxlc-link chain, .+co: 419 Torsion, 86, 125 

Single-tube tyres, 495 Tracks, bankin!: of racing, 204 
Sliding, 35 Train of wheels, 437 ; cpisycii*:, 438 
Smith, loo-mile road race, 15; ; ‘ Balloon ’ Translatiou, 31 , 39 ; id rotation, 34, 41 

Lyre, 496 Transmission of power, 396, 433 

Sociable, monocycle, IS5 ; tricycles, 179 Triangle, of forces, 44 ; of rotations, 33 ; of 
Southarcl, crank, 133, 140, 512 velocities, 17 ; nmss-centre of, j I 

Space, I 
Tubes, areas, and morluli of, 112 ; circular, 

’ Sparkbrook ’ Safety, 2So I IO ; curved, 316 ; D, I 15, 323 ; elliptical, 
SIxed, 4 : angular, 5 ; linear, 4 : in link III ; helical, 141 : internal pressure on, :#I ; 

mechanisms, 28 ; -ratio variation in chain ova!, rrr; square and rectangular, I 17 ; 

“carin.<, 421 ; .Y do. with circular wheel- lorsion of, 127 
teeth, 449 ; of pedals and knee-Joint, 20, 1 ‘l’wisting, 86 ; -moment, 125 ; and bending, 
473 I 30 

' SJWtCCl' t)'rc, jOI 
1 ‘I’WO-SpCttI RCCLI'S, 46-j 

Spindle, hub, 362 Tyres, 225, 249, 484 : cuhhiou, 3;6 : iron, 
Spinning, 135, 42 ; of balls in hearing, 379 486 ; interlocking. 496 ; pneumatic (.Scc 
Spoke, 337 ; direct-, 340, 344 ; tangent-, Pneumatic tyres) ; rubber, 487 ; single- 

‘ 342, 344 : Sharp’s? 346 ; Rapid,’ 34G : tube, 495 ; wlrc-held, 499 

>Jn-cad of, 351 ; wright of, :;46 
Spoon brake, 528 
Sprillfi. 517 : spiral, 520 ; flat, j2I : -frame, 

295 ; wheel , 364 : chain-wheel. 426 

U NEVlfN road, motion over. 2~7 
Sprocket \vhecl (.SLY Chain-whcc!) Unstnh!e Uniforn!,. equlllbrium, speed, 4 motion, 4 : 
Square tubes, 117 54, 183 

Stability of IJicyclcs. 1$3, 20; ; quarlricyclc, 
1 Unwin, .st.ren.gth of materials, 133, 136, 14; 

197 ; ti-iCJ’Ck2 197, 208 
bearing prL;Ssureb, 421 ; toothed-wheels 

Stable equilibrium, 54, IS; 
436 

S tarley, clitTcrcntinl gear, IF : ‘ Rover,’ 
I jj ; ‘ Cob, 1511 ; ! tic-yclc .;.,1~, -94 ; tri- 
cycle frallic. .;jl 

VAI.Vl$, 50.4 

Starling iI1 r;~c, 7~ 
Variable, acceleration, I 2 ; leverage 

‘ALatics, I, 4j 
cranks, 263 ; speed, 8 ; -speed gears, 

Steel, mild, 125 ; tuul-, 136 ; spokes, 2.46 ; 

465 264 9 

tubes, 112 

Variation of speed-ratio, with chain gearing, 
Steering, 163, z-21 : \r.cight 011 -whc’cI, 2~3 ; 122 ; with circular 

without tl;llltl~, ; -IlC,\ll, 

;\‘ector? ; wheel-teeth, 450 

I 
Step, 363 

227 297, jj2 
Vclociman, 9 acldition, 17 

=ilrain, 86 ; slraiuillg ;ic.ticlll, 85, 9; Velocity! 9, I 5 hand-power ; tricycle, 16 27 resultant parallelogram, ; 
16 ; trmglc. r7 
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WAR YOS 

W ARWICK & Stockton Co., hub, 36x : IVi;hler, repetition of strehs, IJ 
pedal, 508 Wood, rims, 258 : weight rrnrl strew@, 358 

Weight, 3 ; steel spokes, 346 ; steel tubes, Wodcy t)-l-e. 49s 
l woods �39 

wEkooci r&s, 3 52, 357 
Wheel, 337 ; d&c, 352 : tlirect-spoke, ‘340: 4 

tangent-spoke, 312 ; 4~~1 on cycle? 201 ; Y 
‘I’K,\OH DINARY“ IGcyclc, 150 ; pcdnl 

rl 


