
CHAPTER 1 

Introduction and Some Basic Concepts of Mechanics 

INTRODUCTION 

Why We Ne,ed "Theories" 

To design, evaluate, or understand any kind of 
mechanism it is helpful to be able to measure or 
predict the forces, accelerations, velocities, and dis
placemen ts which occur in various parts of the 
mechanism, From this information the designer can 
then determine stress levels and performance char
acteristics, \Vill the mechanism do the job expected 
of it? Will it do it in the time available? Will it have 
the desired operating life, etc.? 

But Theories Do Not Always Work 

The engineer or designer acquires his understand.
mg of force, acceleration, velocity, and displacement 
through his study of mechanics. Too often, however, 
his early struggles to apply his knowledge of me
chanics to actual design problems defeat him. The 
abstract language of mathematics has not given him 
sufficient "feel" for the subject, to allow him to 

�pply it to a specific design situation, or the machine 
Just does not seem to obey the rules which he was 
taught because the machine is not a collection of 
rigid bodies connected by ideal join ts. It is, instead, 
a series of elastic bodies interconnected by links that 
introduce friction, backlash, and clearance, all sub
ject to impact, vibration, and chatter; and it seems 
often to have a mind of its ov.'ll and be determined 
never to complete the performance or life intended 
for it. 

At this point, most beginners give up, U(ually 
decide that the theoretical approach is v.Tong, and 
that only a trial and error experimental appr, ach 
gives the "correct" answer. Too frequently the re ult, 
is a machine that works, but whose performance is 
so dependent on a delicate balance of forces and 
dimensions that the designer's employer has a long 
string of production problems ahead to contend wit.h. 
Small variations in part dimensions, hardness, or 
material composition can lead to large and mysteri
ous changes in machine performance and life. 

Experimental Versus Theoretical Models 

It would be far better if the designer had enough 
feel for, and patience with, theoretical design so that 
he could build a crude theoretical model of his m a 
chine in parallel with the construct.ion of his experi 
mental model. He should realize that both models 
are imperfect at the .start-that both will require 
debugging and development. Thus, the theoretical 
model must be refined, when experiments with an 
actual prototype machine show that the theoretical 
model is inadequate, to describe the actual per
formance. 

The physical model must be refined and debugged 
when its performance turns out to be inadequate, 
and particularly when the theoretical model shows 
that the performance of the actual machine will 
change drastically if there are slight variations made 
in the dimensions and in the composition of certain 
critical machine elements. 
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you always follow the same step-by-step procedure 
regardless of the simplicity or complexity of the 
original data. 

The graphical approach is started with a measure
ment or prediction of one of four quantities: force, 
acceleration, velocity, or displacement. It might, for 
example, be decided that the machine is to move 
through a certain pattern of motion in a certain 
time. This ,Yould provide a prediction of the dis
placement of the machine as a function of time. 
Simple graphical techniques are now used to estimate 
the velocity, acceleration, and forces which the m a 
chine must experience to perform the desired dis
placement cycle. 

It should be emphasized that this is only a sketch
pad procC'dure. It docs not lend itself to exact answers 
unless graphs and charts are drawn with great pre
cision. At first glance, then, it would appear that 
graphical models suffer in comparison with mathe
matical models, but I maintain that in most machine 
design situations, mathematical models do not p ro 
duce exact results either. They can produce exact 
results only when they consider all factors and have 
exact inputs, but this is hardly ever possible in a 
real design situation. The mathematical model, then, 
can only give approximate answers or indicate trends 
:ts changes in dimensions of a design are explored. 
A graphical model can do this also, and, I think, 
do it more readily. I ts obvious visual message is 
fnr more enlightening to most designers than a page 
full of formul:is and n table of numerical results. 

The graphical approach to mechanics, furthermore, 
is ideal for a study of intermittent motion mecha
nisms, because here an exact. mathematical model is 
not only difficult to build, it is often virtually i m 
possible. There nre too many unkno\\ns, too many 
variables, to allow anything but an approximate 
solution for certain special and highly simplified cases 
of little interest ton practical drsigner. The graphical 
approach, on the other hand, bolstered by certain 
foirlr <'asy-to-acquire experimental data, c:in show 
the designer approximately where he stands and in 
approximately which direction he should clrnngc his 
design to improve its performance and production 
life. 

SOME BASIC CONCEPTS OF MECHANICS 

Before \\'C tackle graphical mechanics in a serious 
way, we must understand a few basic concepts such 
ns force, velocity, nngular acceleration, etc., and 
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Fig. 1-4. Force and linear velocity vectors. 

learn how to relate these to actual machine parts. 
This discussion will not be complete in a textbook 
sense; it is not intended to be a course in mechanics. 
It is expected that the reader will have had such a 
course and will use the material given here merely 
to refresh his understanding of  some of the e l e 
mentary ideas o f  mechanics needed in the discussion 
of intermittent motion and its mechanisms. 

Vector Representation of Force and Velocity 

l\Iany things can be represented by vectors, which 
are mathematical quantities representing direction 
and magnitude, and are usually illustrated as small 
arrows. Linear and angular displacement; velocity 
and acceleration; force; torque; momentum; and 
impulse are all vector quantities. W 'e will be con
cerned, however, with vector representation of only 
two of these: force and linear velocity. We will be 
using several of the others; angular velocity and 
torque, for example, but will be interested only with 
their scalar properties; that is, we will be concerned 
only with their magnitude and not with their vec
torial direction. Figure 1 -4 shows the vector repre
sentation of the force exerted on a block by a man, 
and the vector representation of the linear velocity 
of the piston of an hydrnulic cylinder. Both vectors 
are sho\\11 as arrows whose directions indicate the 
direction of the force and velocity, respectively, and 
whose lengths represent the magnitude of those two 
parameters. 

Resultants of Two Vectors 

It is possible to add two or more vectors together 
to find what is called a resuUant 11ector; a single 
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Fig. 1-5. Finding the result&nt of co-linear vectors. 

vector that combines or summarizes all the prop
erties of the original group. In Fig. 1-5a, for example, 
one man is pushing on a block while a second is 
pulling on it. The two forces exerted on the block 
are shown in vector representation in Fig. l -5b. 
Since both of these forces are: Fig. l -5b, acting 
along the same line, and, Fig. l-5c, pass through 
the same point in the block, they can be added 
together, Fig. 1 -5d, by drawing a single vector, 
equal in length to the sum of the original two, and 
pointing in the same direction as the original two. 
If one of the two men pushed (or pulled) with a 
force of this magnitude and direction he would 
produce the same effects on the block as the two 
men produced in the original situation. 

If both men pulled on the block in opposite di
rections, Fig. 1-5e, instead of one pushing and one 
pulling in the same direction, the resultant vector 
would be the difference between the two original 
vectors, and would be in a direction determined by 
the stronger man, as sho\\n in Fig. 1-5f. 

Vectors need not be acting along the same line to  
be added. In Fig. 1-6 we show the steps required to 
add two force vectors that are acting through a 

common point on a block but are not acting along 
a common line. Assume that the block is falling 
under the influence of its weight W, which acts 
through the center of gravity CIJ, as shown in Fig. 
1-6a. This produces one vector force on the block 
in a vertical downward direction. As the block falls, 
a second force F, is exerted on the upper right-hand 
comer, as shown in the illustration. Notice that the 
line of action of force F, also passes through the 
center of gravity of the block. This is very important. 
The type of vector addition we are about to perform 
cannot be done unless all the forces involved have 
lines of action that pass through a common point. 

Since these forces do have lines of action that 
pass through a common point, the center of gravity, 
we can add them together as shown in Figs. 1-6b and 
1 -6c. F is first "moved" along its line of action until 
its "tail" coincides with the tail of the vector W 

(Fig. 1-6b). A vector parallelogram is then con
structed to find the resultant R. The net, or total 
force on the block is then represented by vector R, 
alone. The block would tend to move downward 
and to the left, as a result of the action of these two 
forces 

Again, this is just a refresher course on vectors; 
we assume the reader has already been exposed to 
these topics. If not, he is urged to consult a mechanics 
book if he cannot understand or remember the prin
ciples discussed here. 

It is also possible to find the resultant of more 
than two vectors, or to find the resultant of two or 
more vectors whose lines of action do not pass 
through the same point, but these constructions will 
not be necessary for the purpose of this book. 

Everything that has been said here about force 
vectors, of course, applies to linear velocity vectors 
as  well. They can also be added, subtracted, etc., in 
the same way. 
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Fig. 1--0. Finding the resultant of two vectors whose lines
of action pe.ss through e. common point. 
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velocity of pin 
o.long slot 

\ pin velocity the direction and relative magnitude of these friction 

' .;_/  forces. ,ve could have shown each pair of forces, 
friction and main force, as a single resultant, of 
course, but chose to show them this way, since we 
are usually interested in the effects and directions 
of the friction forces separately. 

The force produced by the roller on the cam is 
mirrored by the force produced by the cam on the 

Components of Vectors 

We can reverse the process described above and 
convert a resultant, or single, vector into two or 
more components whose combined effect is equiva
lent to that produced by the original single vector 
quantity. This is frequently helpful in determining 
forces or velocities in certain directions that arc of 
special interest in a given design problem. The com
ponent vectors do not have to be at right angles to 
each other. In Fig. 1 - 7, for example, five possible 
ways of breaking a single vector down into two 
components are shown. An infinite number of com
ponent pairs are possible and all are equally correct. 
It is only necessary that the original vector be the 
diagonal of the parallelogram defined by the two 
component vectors that replace it .. 

Again, the purpose of doing this is to determine 
what is happening in directions of special interest 
in a given design situation. In Fig. 1 - 7e, for example, 
the heavy vector (original resultant) describes the 
instantaneous linear velocity of a drive pin. This 
velocity vector has been broken d°'"n, for study 

a 

C d 

velocity of pin at 
righ1 angle toe 

purposes, into two components; one showing the 
instantaneous velocity of the pin along the axis of 
the slot; the second sho\\ing the instantaneous ve 
locity of the pin at right angles to the slot. As we 
will see later, the ability to determine vector com
ponents such as these is essential if we are to study 
the various velocities of different parts of a machine. 

Free Bodies 

,vhenever we use vectors to describe the forces 
acting in a given design we must be careful not to 
confuse the forces acting on a body \\ith the forces 
produced by the body on something else. To avoid 
this difficulty we make use of the concept of the 
free body, which can be either a single machine part 
or an assembly of parts, but which, in every case, 
is treated as a single item. In Fig. 1-8a, for example, 
an intermittent motion mechanism is sho,,n, which 
consists of a heart cam, a spring and solenoid drive 
system, and a drive linkage. At the moment sh°'m 
in the picture the solenoid has been actuated and 
the linkage and cam are moving in the directions 
shown by the small arrows with broken tails. (These 
arrows will be used throughout the text to show 
direction of motion ; they are not vectors as they 
show direction only.) In Fig. 1 - Sb, c, d, and e are 
sho,m the heart cam, the upper drive roller, one 
bar of the linkage and the rest of the system, as 
four separate free bodies. Shown in each case are 
the forces acting on that free body only; never the 
forces produced by that body on something else. 
We could have treated the other linkage parts, the 
solenoid, the spring, etc., as separate free bodies 
instead of the assembly shov.n in Fig. 1 -Se if we 
had wished. 

Looking at Fig. I -Sb, we see the forces produced 
by the drive roll�r and the supporting shaft on the 
heart cam, which is the free body in this case. Each 
force is also accompanied by a small friction force 
represented by a vector at the base of the main 
vector and at right angles to it, since that will be 

1-'ig. 1 - 7. f'ive ways to divide the same vector into two roller as in Fig. 1 -Sc, where the roller is now the 
components. Each of these groups is correct, and there are 

many other available choices. free body. Every force is accompanied by an equal 
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r hJ 
(a J 

hea.rt cam 1-,p,:ng (J;j (e> 

of the linka.ge hea.rt ca.m 
l system 

===-=t-==== v 

(CJ C¥1 roller 

sol.enoid <dJ -dJ; 
upper arm 

Fig. 1-8, Dividing an intermittent motion meehanism into fret bodies for force or velocity analysis. The free bodies can consist 

0 

of individual parts or groups of  parts. 

and opposite force somewhere in the system, as 
Newton taught us, and as you learned in your me
chanics course. The drive roller is also acted upon 
by the upper arm. 

The upper arm, in turn, is acted upon by the 
roller, the spring, the other parts of the linkage, and 
the upper-right pivot shaft. The rest of the system 
is acted upon by the table on which the solenoid is 
mounted, the pin which restrains the upper end of 
the spring, the upper arm, and the lower-right pivot 
shaft, as shown in Fig. 1-8e. 

Again, in each case, we have sho\\n the forces 
acting on the part or group of parts selected as the free body. We have never sho\\n forces acting within 
the body, or produced lnJ the body on something else. 

time. This force FD is perpendicular to a line that is 
tangent to both surfaces at the point of contact. 
Kotice that FD is not tangent to the arc described 
by the instantaneuos contact point of the driver, 
nor the arc described by the instantaneous contact 
point of the load. Instead, the direction of PD is 
determined by the shapes of these two surfaces. In 
the illustration the two surfaces are assumed to be 

tangenr 
, line pa.th of contactpoint on driver 

pa.th of 
\ 

\ -�contact 
'-..point onDetermining the Diredions of Forces in Machine 

Bodies driver
\

\ 
\Most designers could probably identify the lo

cations of the forces acting on the various free bodies load 
in Fig. 1-8, but many would have difficulty in de 
termining the actu::i.l direction of these various forces. (@jJThe direction of a force is not determined by the 
direction of motion of the body producing that forcr, 
but rather by the shapes of th<' bodi<'s involved and 
the pres<'ncc or absence of friction. 

Shown in Fig. 1 - 9, for cxampl<!, is th<· force cxert<'d 
by a driver cam on a load cam at one instant in 

Fil(. 1 -9. Determinin11: the direction of force exerted by a 
drive rarn on a lonrl <·am, assuming thnt both cams have fric
tionless surfaces. The resultant force will be perpendicular to 
the earn surfaces at the point of contact, and its direction will 
not be influenced by the direction of motion of the contact 
points on the two c·ams. 
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frictionless and so the only force which can be pro
duced by one cam on the other is a force normal to 
their surfaces at the point of contact. 

It is also useful to consider the torque produced 
on the load by the driver in Fig. 1 -9, and the torque 
required of the driver. These arc not nrcessarily the 
same. Since torque is the product of force-times
radius (with the radius drawn p<>rpendicular to the 
line of action of the force), we see from Fig. 1-10 
that the torqur generated by the driver is FD X r1 
and that the resulting torque produced on the load 
is FD X r2 (units in both cases: ft-lbs). Assuming 
no friction, there is no loss of <>nergy in the system. 
Due to the respective cam contours, the load will 

, 

,,.,, 
,,, 

'I. 

' 
' \' ' 

r1 

\ 
\'\' 

\

\ 7z.  
\ 

' 

(i)) 

Fig. 1-10. Determining the torque required of the driver 
nnd produced by the driver on the load i11 a frictionless-drive 
situation. 

move through a larger anglr than th<' drivPr, during 
their operation, and thr input work (torque times 
input displacement anglr) will be equal to thr output 
work (torque times output displa.crmC>nt. angle). 

Including Fridion 

Figure 1-11 shows the same pair of cams at the 
same instant of time, but we an.• no,,· back in the 
real world and will con,;idrr th<· effect of the frict.ion 
forces gem•ratrd bet ,,·r('n thC> cams during their oper
ation. The driver still produc<'S a normal force FD, 
on the load. This, in tun1, produces a friction force 
FF, as shown in Fig. 1-11. The direction of thl' 
friction force is detrrmincd by the dirrction of motion 
of th<' driver over the surfaC(' of th(' load cam. 
Remrmbcr that we arc dra.wing th<' forC('S produced 
by the driver on the load. If you study the illustration 

tangent 

line 

'( 
\ 
\ 

driver 

Fig. 1-11. Determining the direetion of the resultant force 
produced by a drive cam on a load cam when friction is 
present. 

a minute, you will see that as these two cams con
tinue to turn, the driver will move do,,n over the 
surface of thP- load cam, pulling or scraping on it in 
the direction shown by the friction force vector. 

The resultant force produced by the driver on the 
load is the sum of the normal force FD, and the 
friction force F ,.., and is shown as rr.sultant R in 
Fig. 1- 11. 

Calculations of drive torque and the torque pro
ducrd on the load by the driver must also take the 
friction force into account. This is most easily done 
by basing the calculations on th<i resultant rather 
than on the friction and normal forcrs separately. 
In Fig. 1-12 we sec that th<i torque on the load is 

' ' 
'' r, ' , ,\i� 

Fig. 1-12. Determining the torque requir·�-<l of the driver, 
and produ,•ed b.v the driver on the lond when friction is pre.� 
enl. 
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R X r, and that the torque required of the driver is 
R X ra. (Again, the units for the torque are ft-lbs.) 

Although net resultant R is slightly longer than 
the normal force FD, you will find that the torque 
produced by the driver on the load, in this case, is 
less than that of the frictionless case discussed earlier, 
because r, in Fig. 1-12 is much smaller than r2 in 
Fig. 1-10. The useful work transmitted to the load 
from the driver has been decreased by the friction, 
as we would expect. This is not always the case, 
however. It is possible to design a cam system in 
which the friction forces at the drive surface aid the 
drive force. So-called recess-action gears use this 
principle, for example. 

Fig. 1-13. Pos.�ible direc:tion of pivot reaction forces on the 
load cam of the system shown in Fig. 1-12. 

Direction of Pivot Forces 

What about the direction of the forces produced 
by thn pivot on the load cam in Fig. 1-12? How 
do we determine their direction? The answer again 
comes from basic mechanics. Remember the concept 
of equilibrium? If the net lin<'ar motion of a body 
in thn horizontal direction is 0, us it would be in 
the case of a cam rotating about a pivot, then the 
net resultant of all the forces in the horizontal di
rection on the body must also h<: zero. Similarly, the 
forcP.S in the vertical and p<:rprndicular directions 
must be 0 if the body docs not move in those di
rections eith1:r. From thcse facts w<: write "equations 
of motion" which will enahl<· us to dctc•rmine the 
so-call<!d X, Y, and Z forc<·s producc·d hy the pivot 
on th<: body, und ultimat<'IY, th<• r<·sultunt. force 
produced by the pivot on the body. Th<· r<:al-lifo 

X 
J 

--� 

Fig. 1-14. A free body has six degrees o f  freedom; three in
translation and three in rotation, as shown. Any set of
mutually perpendicular axes could be chosen. 

situation is complicated by the fact that the pivot 
force consists of a reaction or supporting force and 
a friction force, and that we usually want to know 
these separately. The equilibrium equations only 
give us a resultant. In many cases, we must assume 
frictionless pivots to avoid what is called a "statically 
indeterminate situation" and arrive at any conclu
sion at all! 

Fig. 1-15. A truly free body cun huve simultaneous motion
in all six degrees of freedom. 
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( a.) 
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Fig. 1-16. Most machine bodies are constrained by bearings
and structures and thus have limited numbers of degrees of
freedom. The gear, above, can move in only one way. Linkage 
L, can move in three ways simultaneously, but only for a 
limited distance. 

Fortunately, we ·will not need to get into all of 
this to understand intermittent motion mechanisms, 
nor will we be using equations of motion here. But 
the designer should be aware that pivots and sup
porting structures do, indeed, exert supporting and 
reactionary forces on bodies in response to those 
produced by the loads and driving members, and 
he will sometimes want to predict the approximate 

pzn 

� \ d,sc 
cJ vt=Wr 

c.J = '\)1/,-

Fig. 1-17. Instantaneous tangential velocity of a pin on a 
disc. The disc is assumed to be rotating with a constant angular
velocity, ..,, 

BASIC CONCEPTS OF MECHANICS 

directions of such forces and reactions. Figure 1-13 
shows a "guess" of the resultant pivot force R', and 
the normal and friction components of R', for the 
load cam of Fig. 1-12. If the discussion above is 
not a sufficient reminder for the designer, he must 
turn to his book on mechanics for a more detailed 
discussion. 

Degree, of Freedom 

Every free body has what is called six degrees of 
freedom, as sho\\n in Fig. 1-14. The body can have 

.......
V (Z )  

/ 

V"RcJ 

Fig. 1-18. Showing the relationship between the instanta
neous tangential velocity of two pins located at different radii 
on a rotating link. 

linear motion in the X, Y, or Z directions or it can 
rotate about the X, the Y, or the Z axes. The choice 
of these three axes is not fixed. You can choose any 
three directions that suit your problem, as long as 
they are mutually perpendicular. 

A truly free body can move in a very complex 
fashion, as suggested by Fig. 1-15. At first glance, 
this would appear to be motion not defined by any 
of the six degrees of freedom sh0\n1 in Fig. 1-14. 
J\1athematically, however, complex motion is merely 
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(1 )  

b 
0 

( 2) 

b 

(J) 

b 

Fig. 1-19. Graphical construction to find the instantaneous
linear velocity of pin b, on an irregular link, when the instan
taneous linear velocity of pin a, is known. (Pin a, for example, 
might be driven by a crank whose velocity has previously 
been determined.)

(I) Known: v, r. 
(2l Construct v' tangent to t.he arc (the dotted line describ

ing the path of pin a), starting on line I, as shown. v' is equal 
to v, in length, since both are the same distance from center, p.

(3) Construct v parallel to v', using construction line, g.
This is the same triangle construction used in Fig. 1-18. 

a combination of  two or more of  the six basic motions 
allowed the body. In Fig. 1-15 the body is moving 
simultaneously in the X, Y, and Z directions, while 
rotating simultaneously about the X, Y, and Z axes. 

In our analysis of machine motions, we will some
times study the simultaneous motion of a machine 
link along or around more than one axis. Fortunately, 
however, machine bodies are always constrained to 
some extent, by bearings and supporting structurC', 
and so can never (I suppose never is overly opti 
mistic!) go through thl• gyrations suggC'stcd by Fig. 
1-15. The gear in Fig. 1-16a, for C'xampl<>, can only 
rotate about the Z axis, which we assume is p('rpen
dicular to the page. It cannot translate (move 

linearly) along the X or Y axes without shearing 
the shaft on which it is mounted. It cannot move 
along that shaft (along the Z axis) without pre
sumably breaking the pin or collar which holds it to 
the shaft. And it cannot rotate about the X or Y 

axes without breaking the shaft. Thus, we need only 
consider one degree of freedom to analyze its normal 
motion. 

Link L, in Fig. 1-16b, is allowed a little more 
freedom of motion. It is permitted a little motion in  
the X and Y direction and can rotate through a 
small angle about the Z axis, but rotation about the 
X and Y axes and translation along the Z axis is 
prohibited by the way L is  connected to the other 
members of the linkage train. 

Velocities of Machine Members 

The velocity of a body is officially defined as the 
rate-of-change of displacement of the body as a 
function of time. Velocity is  a vector quantity, a. 
measure of both magnitude and direction. 

Linear velocity is relatively easy to understand 
and visualize. An automobile has a velocity of 60 
miles per hour in  a direction 23 degrees east of north, 
for example. Velocities associated with rotating parts 
are a little more difficult to understand, since both 
linear velocities (rate-of-change of linear displace
ment as a function of time) and angular velocities 

Fig. 1-20. Graphical construction for finding the angular 
velocity of one spur gear when the angular velocity of a mat
ing gear is known. 

(1) Known: w, R.
(2) Construct v, us �hown in (I), with a magnitude v = wR.
(3) Construct r as shown in (2).
(4) The angular velocity w' of the small gear can now be 

found, since vis common to both gears. w' equals vdivided byr. 
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(rate-of-change of angular displacement as a function 
of time) are involved. 

Consider, for example, the velocity of the pin on 
the disc shown in Fig. 1-17. \Vhen we first look at 
the pin (upper diagram), it has an instantaneous 
velocity v, at right angles to the radius connecting
pin and the shaft on which the disc turns, and is 
moving up and to,,·ard the right of the page. Let us 
assume the disc on which the pin is mounted has a 
constant angular velocity w. A short time later, 
therefore, (lower diagram), the pin "ill have an 
instantaneous velocity v,'. The length of velocity 

(2)(1) ---------tnJ(o>tl ct11ter 

(3) 

-
.,) 

Fig. 1-21. (I) Hyporydoidal rrank mechanism for which 
angular velocity w' of the output crank is to be found graphic

0ally when input angulnr velocity w and input, ('rank radius r, 
are known. Instantaneou� linear velocity v is constructed 
perpendicular toor with v � rw.

(2) Center of small gear is turning about instant center on 
radius r'. Construct instantaneous linear velocity v, at right 
nngles to r' from renter of srnnll gear. Vt is a component of v 
and hence its length ran be found graphically as shown. (v. is
the other component of v at right angles to Vt and in line with 
r'.)

(3) Here the nngul:ir position of the pin is taken to be such
that its radiuso,• about the instant center is equal toor'. The 
instantaneous linear velocit.y vp of the pin is now drawn at
right angles to r• and will be equal to v,. 

(-1) Here the mdius of the pin from the renter of rotation

oftheoutput i� shown as R. \\"ith instantaneous linear velocity
''• known, its component velority "'" nt right angles to R can 
be found graphically as shown. (r,. is the other component at
right angles to i·,. and along radius R). The angular velocity 
w• of the output crank can now be found by the fo,,mula
w• = v,./R. 

... 

(l) 

p•th cf pm 
. ' 

' 
_,, 

(5)
Fig. 1 - 22. (I) Ratehet wheel driven by crank with angular 

velocity "' and radius r of the input known. Instantaneous 
linear velocity v of the input pin is found by the formula 
v = rw. 

(2) The components of v, one parallel to the axis of the 
floating link, v., and one at right angles to this axis, v,, are
then found graphically as shown. Instantaneous velocity, 
v0', is the same as v0 since the two ends of the link cannot have 
different linear velocities along the a.xis without the link being
either crushed or torn apart. Hence v.' is constn1cted a.s shown. 
Note that the right-hand end of the link could be moving at
right angles (and only at right angles!) to v0 a.s shown by the
vector,i bearing question marks.

(3) With v.' known, the instantaneous linear velocity v.,' 
of the end of the next (vertical) link at right angles to ite
axis can be found graphically as shown. (Note that any other
motion of t,his end of the link must be at right angles to v.', 
in this case, upward.) With linear velocity v.,' and radius of 
rotation r' of the vertical link known, the angular velocity .,,
of this link can be found from the equation w' = v0,' /r'.

(4) The vertical link and the ratchet pawl together can be
assumed to be a single free body for the inst.ant at which we
are determining the linear velocities of the various members of 
this mechanism train. \Vit,h Va t' known, the construction meth
ods used in Fig. 1-19 can be used to find the velocity Vs of the 
tip of the drive pawl. 

(5) Since the pawl engages the ratchet wheel they must 
have a common instantaneous linear velocity at the point of
contact. Thus, vw' is shown equal in length to v,. and at right 
angles to R', its radius to the center of rotation of the ratchet
wheel. The angular velocity of the ratchet wheel w' can now 
be found from the equation w• = v..'JR'. 

vector v,' is the same as that of v., but the direction 
of motion of the pin has changed. If the angular
velocity of the disc w, had changed, then v,' would 
hav<' differed from v, in both magnitude and di 
rE>ction. Xote that the pin's linear velocity is always 
p<'rpendicular to the radial line between pin and 
shaft. 

There is a simple relationship between instantane
ous linear velocity v, or (v,') and instantaneous 
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Fig. 1-23. (I) Geneva wheel for which instantaneous angu
lar velocity w' is to be found when angular velocity ., of input 
wheel and radius to drive pin r are known. This example il
lustrates the method of finding the velocity of a driven mem
ber when the drive pin moves in a slot in the driven member. 
Instantaneous velocity v of the drive pin d at right angles to 
r is found from the equation v = wr. 

(2) Instantaneous linear velocity v is now divided into two 
components, one parallel to the axis of the Geneva wheel
slot, v., and one at right angles to this axis, v •. 

(3) With v. and radius R known, w' can be found by the 
equation: ,,; - v./R. It should be noted that the selection of 
the components of velocity v was determined by the desire 
to find w' using the formula .,, = v./R. 

angular velocity w; it is: 

v, = wr 

ft radians 
Units: - = --- X ft sec sec 

where r is the radial distance between the pin and 
the center of rotation. 

We see another illustration of this relationship in 
Fig. 1-18-(1) where we have a crank \\ith two pins. 
To find the velocity of the inner pin, we first measure 

the radius (r), between that pin and the center of 
rotation, p. The instantaneous tangential velocity 
of that pin is then sho,\11 by vector v, in Fig. 1-18-(2)a. 
Vector v is perpendicular to radius r (or tangent to 
the arc described by the pin as the link turns), and 
is equal in length to the product of r and w, the 
latter being the angular velocity of the link. 

The instantaneous velocity of the outer pin can 
be found by multiplying its radial distance from p, 
by w, or by constructing the triangle shown in Fig. 
1-18-(3). Notice that large V and small v are parallel 
to each ot.her, and that their magnitudes are pro
portional to their relative distances from the center 
of rotation to the link. 

Other Constructions for Determining Machine 
Velocities 

The triangle construction technique used to find 
V in Fig. 1-lb can help u s  visualize and determine 
velocities of machine members in much more complex 
design situations than that represented by the single 
link of Fig. 1-18. \Ve \\ill usually use algebra to get 
numerical values for the forces, velocities, etc., of 
interest in design situations, but should use graphics 
or skrtches to visualize. what is happening and, 
therefore, to determine the correct algebraic equa
tions to use. Figures 1-19 through 1-23 show graphi
cal determinations of velocities for irregular links, a 
pair of simple gears, an hypocycloidal gear-crank 
mechanism, a four-bar ratchaet-drive mechanism, and 
a Gc•neva mechanism, respectively. If you can under
stand each of these constructions you should be able 
to determine the velocities of any mechanism de
scribed in this book. 

A Word About Units 

A detailed discussion of units occurs later, in 
Chapter 2. In the illustrations of this first chapter 
we can use: 

torque ( r) ft-lbs 
force (F) lbs 
radius (R, r) ft 
linear velocity ( v), ft/sec 
angular velocity (w), radians/sec. 




