
1.6 Summary 
Solid objects like machine components can often be treated as rigid bodies 
for the purpose of analysing their motion. 

Rigid bodies can be represented as points in the case of translating bodies 
or as straight lines in the case of rotating bodies or bodies in combined 
translation and rotation. 

The motion of rigid bodies can be measured in terms of the linear 
displacement of points and the angular displacements of lines on the body. 
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2, 3. 5. 7 are all true. 
1 A rigid body is a theoretical model, with no deformations, of an object 

which in reality would deform slightly under loads. 
4 The path length of a point on a rotating body depends on the distance 

from the axis of rotation ( p  = I$). 
6 If a body does not retrace its path (for example reciprocate), then the 

path length is equal to the distance travelled. 
8 Angular displacement is measured by the angle between two positions 

of any single line on the body. 

2 Connections of component parts 
In the last Section you saw how the plane motion of individual rigid bodies 
could be represented in terms of linear and angular displacements. I now 
want to consider the behaviour of rigid bodies connected in an assembly. nmUy 
An assembly is just a group of connected rigid bodies. 

The purpose of connecting bodies is to constrain their motion in a definite 
manner. Thus the piston, connecting rod and crankshaft of the internal 
combustion engine are connected so that there is a definite relationship 
between the movements of the individual bodies. Motion is transmitted mmdmd mrt*. 
from one body to another in a determinate manner. The translation of the 
piston is transmitted to the crankshaft causing it to rotate (or vice versa). 
Such an assembly of rigid bodies connected for the purpose of transmitting 
motion in a specified manner is called a mechanism. mmeh~hm 

There is often confusion between the terms machine and mechanism. This 
is possibly due to the fact that there appears to be little agreement on a 
proper definition for these terms. The German academic and engineer 
Franz Reuleaux (1829-1905) who developed the theory of machines into 
an applied science gives 18 separate definitions for 'machine'. One such 
definition is: "A machine is a combination of resistant bodies so arranged 
that by their means the mechanical forces of nature can be compelled to do 
work accompanied by certain determinate motions." Reuleaux then goes 
on to delineate the special science of mechanisms as "the study of those 
arrangements of the machine by which the mutual motion of its parts 
considered as changes of position, are determined". The theory of 
machines then is conarned principally with the transmission of fora  
through the machine components. The theory of mechanisms is the special 
study of the way in which these components transmit motion. 

In later Units you will be introduced to the concepts of force and work and 
the application of these concepts to the analysis of machines and 
structurrs. We shall be concentrating at this stage, however, simply on the 
motion characteristics of mechanisms. To understand mechanisms you 
must first have a working 'vocabulary' of terms to prepare for the analysis 
of motion to follow. 



2.1 Terminology for connected bodies 
The means by which motion is transmitted from one part of a mechanism 
to another is through a series of individual bodies called l inks. Each link is 
attached to adjoining links by some sort of connection. Links may (a) 
provide support or guide the motion of other links; or (b) transmit motion; 
o r  (c) they may do  both these jobs. The whole series of links connected to 

kimenntit cfmh allow a specified motion is called a k inrmnr ic  chuin. Already I have 
introduced three terms - assembly, kinematic chain, mechanism w h i c h  
describe connected rigid bodies. An assembly is any group of connected 
rigid bodies or links which includes kinematic chains and mechanisms but 
which also includes groups of connected bodies or  links which do  not 
move in relation to one another. A three-legged stool. for example, may be 
treated as an assembly, where the manner of connecting the legs to the seat 
is supposed to ensure that there is no movement between the parts. A 
kinematic chain is a class of assembly which allows movement between 
links. Finally a mechanism is a special type of kinematic chain where the 
movement of the links is constrained so that there is a definite relationship 
between the motions of every link in the chain. This hierarchy of terms will 
prove very convenient when we later discuss the conditions for classifying 
assemblies of links. 

connecting rod Now look again at the piston-crank mechanism of the reciprocating 
engine which you met in the last section, shown again here in Figure 26. 
The kinematic chain involved in this device consists of the following links 
in series: the cylinder which guides the motion of the piston, the piston 
itself, the connecting rod, the crank, and the bearings which support and 
guide the motion of the crankshaft. Notice that the cylinder and crank- 
shaft bearings are both part of the 'fixed' link of the engine casing. This 
kinematic chain is a mechanism because at each change of position of the 
piston, there is a definite change of position of the crank and connecting 

i rod. 
J 

There are a number of ways to classify the types of connections between 
\ - A-' links. For the purpose of analysing motion, it would seem sensible to 

Fiyurr 26 classify the connections in terms of the way in which one link constrains 
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the motion of another link, i.e. in terms of the relative motion between any 
two connected links. When two links arc connected so that there is a 
constrained relative motion between them, they arc d e d  a pair. Figure 27 
gives a number of examples of pain of connected objects. 

-m2 
Examine the pairs of connected objects in Figure 27 and distinguish 
between them on the basis of which pairs rotate with respect to one 
another, which translate and which do both. 

Solullon 
The two anns of the nutcracker are connected so that their relative motion 
is constrained to rotation only. A similar situation applies to the scissors, 
the corkscrew on the can opener (is. when opening or closing), the crank 
bearing and the two gear wheels. The curtain runners arc constrained by 
the track to translating motion. The door bolt can translate and rotate 
during its action. In the other examples, the cam rotates while the follower 
translates within its guide, and if the bolt remains stationary, the nut 
rotates and translates as it foUows the snew threads. 

2.2 Line diagrams 
The simplest representation of pairs of links should indicate whether the 
relative motion is constrained to a simple rotation or a simple translation. 
Figure 28 shows the pictorial convention for rotating pairs and sliding nt.14 pk 
pairs. For the rotating pairs a small circk indicates the connecting point C* 
and straight lines indicate the two rigid links forming the pair. Thus 
(a) might represent the nutcrackers with the connection at the ends of 
both links; (b) represents a connection at the end of link 1 to a point some- 
where along link 2, as in the case of the corkrcrew on the can opener; 
(C) represents two links connected not at their ends, like the scissors (note 
that the lines continue through the small circle). 

When one of the two links in the pair is Hxed' or stationary with r a p t  
to the other link, as in a crank connected to its bearings, it is shown as in 
(d) with hatching or groundmarks. 

Qwstianu What does Figure 28(e) indicate? 

(f) Igl Ih) 
F i w  28 Graphical convention for pdrs 



Answer: Fixed link 1 connected to a point somewhere along rotating 
link 2. 

For sliding pairs, a small rectangle is used to indicate one of the links. Thus 
(1) represents link 2 sliding through link I or link 1 sliding over link 2. 
When one of the links of the sliding pair is fixed, it is usual to indicate the 
pair as in (g). The path of the slider may be curved as shown in (h) in which 
the relative motion is no longer a translation. In this case the slider is 
equivalent to the rotating link as shown in dashed lines. Pistons arc shown 
as sliders - as in (g), (h) or (i), but note that there is usually another pair 
connecting the piston to its rod, not shown here. 

A number of Important features are assoc~ated with these two classes of 
pairs. First, the links m each rotating pair are constrained to move in the 
same or parallel planes, that is they are in plane motion. The two blades of 
a pair of scissors move in parallel planes in order to provide the cutting 
action as one blade moves over the other. On the other hand the arms of a 
drawing instrument l i e  a pair of dividers move in the same plane during 
their adjustment in order to provide accurate alignment. A very simple 
form of rotating pair connection is the pin joint, examples of which are 
shown in Figures 29 (a) and (b). 

Fi~urv 29 Pin joinrfor rrorafinl: pairs 

Note that the graphical representation does not indicate whether the 
links are rotating in the same or in parallel planes (Figure 2%). so that in 
Figure 30 for example, link 2 could completely rotate in front of, behind 
or through a slot in link 1. 

In the sliding par, the link which is sliding 1s constrained to move along 
the fixed guide l~nk, although diagrammst~cally only one 'cylinder wall' is 
shown (Figure 31). 

A second feature of rotating and sliding pairs is that a single variable ' defines the position of one link with respect to the other. Thus for the 
Figure 30 rotating pair of Figure 30, with link 1 fixed, the angle (beta) completely 

defines the position of link 2. For the sliding pair of Figure 31. the distance 
.Y measured from a base point on the fixed link I completely specifies the 
position of link 2. When just one variable is needed to define the position 

&pm d W o r n  of one link with respect to another, the pair is said to have one degree of 
jrlrredom. The concept of degrees of freedom wll be treated in greater detail 

2 later in the Unit. At this stage it is suffic~ent to state that the number of 
I degrees of freedom associated with a movrng object 1s the number of 

independent variables which are necessary to define the position of that 
I object at any instant. 

Figure 31 

EX#- 3 

How many degrees of freedom have (a) the nut and bolt pair, and (b) the 
door bolt and guide pair shown in Figures 32 and 33? 



U 
Figwe 32 Srrm pair (nut and bolt) 
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Fiyre 33 Cylindric pair (door bolt) 

(a) When the bolt is stationary, the nut wandates and rotates with mspect 
to an axis in the direction of travel. The position of the nut can then be 
defined by its linear displacrment s and by the angle B which the nut 
has turned through between two witions (Figure 32). However, these 
two variables are not in-t of one another - one complete turn 
ofthe nut moves it by a diitance equal to the pitch of the thread, hence 
either s or B is sufficient to define the position of the nut. The nut-bolt 
pair, or screw pair as it is call& has a single degm of freedom. we 

(b) The door bolt can also translate and rotate with mspect to its guide m 
the same way as the nut and bolt, as shown in Figure 33. Hence the 
position of the door bolt can be defined by its linear displacement s 
and angle turned through B. However, them is no nlatimship in this 
case between sand 8. This type of pair, called a cylindric pair, has hua c)+lLir pb 
degrees of M o m .  

A ha1 feature of rotating pairs is the pouibility of having more than one 
pair co11nected at the same point. A penknife for example may contain a 
number of us& implements or links which are connected at their ends to 
a single fixed handle through a common joint. Figure 34 shows a pin joint 
with three link comectiom or two rotating p i n .  This can be represented 
by the diagram of Figure 35. At a pin joint then, the number of pairs will be 
one less than the number of links which share the pin joint. 

Figure 35 
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How would you represent, using the conventions of Figure 28, a scout's 
penknife which had a large blade, a file, a hook and a screwdriver at one 
end, and a smaU blade, a corkscrew and an implement for removing stones 
from horses' hooves at the other end? 

In this course, we shall not be concerned with pairs with more than one 
degree of freedom. We shaU be concentrating in particular on mechanisms 
in which the links are fixed or in plane motion and all the pairs are either 
rotating or sliding pairs. In other words, this narrows the field down to the 
special study of plane-linkage mechanisms. Such mechanisms are more 
common in engineering than those in which the motion is in three 
dimensions. The study of screw, gear, cam and pulley type mechanisms 
cannot be included in an introductory course of this nature, but you 
should by the end of the course be in a position to read and follow 
textbooks on machine design which treat these subject areas in more 
detail. 

Let us now consider the variety of ways in which more than two links can 
be connected to form a kinematic chain. In general, a chain of links will 
have at least two connections on each link. Figure 36 shows a chain of six 
links, each 11nk forming rotating pairs with two other links. Such links are 
called binary links. 

A binary link can also form one rotating pair and one sliding pair. 
Figure 37 shows the notation for such a link (link 2) and Figure 38 shows 
a chain with both types of binary link. 

&+ 

Figure 36 

- 
Figure 37 2 Figure 38 

@cstion: Which ofthe five links shown in Figure 38 have (i) two rotating 
pair connections, (ii) one rotating and one sliding pair 
connection? 

Answer: (i) link 3, (ii) links I, 2, 4. 5. 

In Figure 39. I have shown what appear to be two links labelled link 1. 
However, since they arc actually fixed Links (indicated by groundmarks), 
they are essentially part of the same link, which may be either the frame of 
the mechanism or the ground. The fixed link then is a single rigid-body 
member ofthe kinematic chain. Although the fixed link remains stationary 
with respect to the other links in the chain, it must be accounted for in any 
analysis of the motlon of the chain. I have redrawn Figure 39 to show the 
continuous rigid nature of the fixed link in Figure 40. However, it is not 

1 always convenient to draw in the full fixed link in a diagram, so you must 
take care to label all the appearances of the fixed link by the same numeral. 

When a link is connected to three or more other links, it is a compoundlink. 
When the connections are in line, this link is shown by a straight l i e  with 
the appropriate connections as shown in Figure 41 (link 1 is the compound 
link). When one ofthe connections is offset from the others, the compound 
link is represented by a hatched shape, as in Figure 42. 

Figure 43 shows some examples of these types of links in kinematic chains. 



Figure 40 Figure 41 

List the types of Links and pairs in the kinematic chain of Figure 43(a). 

(cl 
Figure 43 Examples of kinematic chains 



This type of analysis is often one of the first steps to be taken in sorting out 
an unfamiliar mechanism. A useful procedure to adopt is as follows: 

(i) 'Disconnect' all the links and draw them separately with their con- 
nections in roughly the same posttions as they occupy in the chain. 
Figures 44 (a) and (b) show this first stage for the given kinematic 
chain. 

(ii) Number the links (including the fixed link - often numbered link 1) on 
the 'exploded' diagram (Figure 45a). 

(iii) Using a different coloured pen or penml, draw in arrowed lines to 
show the pair connections between links. At pin joints where more 
than two links converge, the number of arrows (pairs) will be one less 
than the number of links sharing the joint (Figure 45b). 

(iv) If necessary, classify the links and pairs. 

Thus for Figure 43(a): 

Number of links = 9 (7 binary, 2 compound) 
Number of pairs = 11 (10 rotating, 1 sliding) 
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Examine the rest of the kinematic chains shown in Figure 43, draw the 
'exploded' diagrams and complete the table below. 

Chain Chain Chain Chain 
(b)  (cl  ( d l  (4 

Number of links 

Number of pain 

Number of binary links with 
two rotating pair connections 

Number of binary links with 
one rotating and one sliding 
pair connection . . 

Number of compound links Figure 46 ( a )  diagram. and 
( b )  line-diagram representation 
oJa power hacksaw 

You should now be able to recognize graphical representations of many 
types of mechanisms using the conventions described above. Figures 46.47 
and 48 show three mechanisms and their respective representations. Such 
a representation of a mechanism is called a line diagram. The chief 
advantage of the l i e  diagram is that it identifies the moving parts of the 
device, the connections between the parts and the connections to 'ground'. 
For complicated mechanisms a line diagram is a great help in 'seeing' how 
the mechanism works. The detailed appearance of the machine parts 

h) (b) 
Figure 47 ( a )  diegram, and ( b )  linediagram representarton of a drltw wchlsm 
for perforated paper tape 

((I) (b) 
Figure 48 ( a )  diagram, and ( b i  line-dragram representation of a pumping rig 

*Note - this connection is not strictly a rotating pair, but may be treated as one 
provided account rs taken oJthe varying link 4 dimension. 



and connections is omitted from the line diagram and the links can be 
numbered and the constraints on their motion analysed. An exploded line 
diagram makes it easier to calculate the numbers of links and pairs. 

Figure 49 

Figure 49 illustrates a commonly used 'quick-return' mechanism which 
produces a slow working stroke of the tool (attached to D) and a rapid 
return stroke. Draw a line diagram and an exploded line diagram of the 
mechanism using the notation introduced in this section. How many links 
are there in the mechanism? How many pairs? 

2.3 Linkage mechanisms: connecting component 
parts 

In the Introduction, I said that a mechanism is just a 'motion transmitter'. 
What this means is that the motion of one link (the input motion) is 
transmitted through the mechanism to appear as the output motion of 
another link. Since our links are in plane motion only, their motion can 
always be reduced to a simple translation and a simple rotation. The most 
basic forms of mechanism, then, will be those which transmit an input 
rotation to produce an output rotation or an input rotation t o  produce an 
output translation, or one of the other two remaining combinations 
(Figure 50). 

Mechanism 

Motion tranrminer 

Input motion Output motion 

---- -------- .. Rotallon ---_ --- __----- W ----_ ----_ _---- ----_ ____---- ---.__ __-- _--=---___ 
__p--  _---- ---.____ -..--- -- -. --.. 

.S-- ...* 
~ ~ ~ ~ ~ l ~ t i ~ ~  C:: -.--.......-.... .- - - - - - - - - - - - - - - - - - - -  .. Translation 

Figure 50 

One such basic form of linkage mechanism is the four-bar linkage, so 
called because it consists of four binary links with rotating pair connec- 
tions and forming a closed kinematic chain. As shown in Figure 51, one 
link is fixed (the frame), and an input rotation of the crank produces an 
output rotation of the rocker by means of an intermediate coupler link. 

lfyou think about it, four a the minimum number of links in a continuous 
closed chain of rotating pairs which will d o  the job of a mechanism, i.e. 
transmitting motion in a determinate manner. A three-link closed chain is 
a triangular structure (immovable), while five, six or more links in a 
continuous closed chain (Figure 36 for example) will not produce a 
definite output motion from an input motion of one of the links. You 
would expect then that the fundamental unit chain of all linkage 
mechan~sms will consist of four b~nary links. That this is in fact the case 
can be seen by considering a second basic form of linkage mechanism - the 
slider-crank linkage as shown in Figure 52. 

Figure 51 Four-bor linkage Figure 52 Slider-crank linkage 



The mechanism consists of four binary Sinks, with three rotating pair 
connections and one sliding pair connection. One link is fixed (the frame) 
and an input rotation of the crank produces an output translation of the 
slider by means of an intermediate coupler. Conversely, an input trans- 
lation of the slider produces an output rotation of the crank. Both of these 
behaviours occw in the reciprocating engine mechanism where a piston 
drives or is driven by the motion of the crankshaft. 
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Draw a line diagram for the simplest linkage mechanism which converts 
an input rectilinear translation in a vertical d i i t ion  into an output 
rectilinear translation in a horizontal d i i i o n .  

2.4 lnvemlon of mechanisms: changlng the flxed 
link 

In order to convert an input to a required output in any mechanism, one of 
the links must be held stationary with reference to the others - fixed, for 
example, to the machine frame or to the ground. The basis of a particular 
mechanism is unaltered by the choice of fixed link, i.e. the numbers of Sinks 
and pain stay the same whichever link is the fixed link. The type of output 
motion does depend on which link is the fixed link. however, and changing 
the fixed link may result in a completely diffemt output motion from the 
same mechanism. 

This process of substituting a 'moving' link for the fixed link of a 
mechanism is called inwrsion. Imagine, for example, the motion of a srrarh. 
slider-crank linkage if the crank, the coupler or even the slider were fixed 
instead of what we have so far been calling the frame. Figure 53 shows the 
result of these inversions. 



In (a) the normal slider-crank is shown. In (b) the crank link 2 is fixed and 
the resulting mechanism is the basis for a 'quick-return' mechanism used 
in shaping machines. In (c) the coupler link 3 is fued and the resulting 
mechanism is an 'oscillating cylinder' mechanism. 

Careful examination of the behaviour of the links in each inversion will 
show that the motion of one link relative to any other link remains the 
same from one inversion to another but motion relative to the observer is 
changed and thus a different mechanism is formed. 

Draw a line diagram for the final inversion of the slider-crank, when link 
4 is fixed. 

The translation-to-translation devia of SAQ 9, shown in Figure 54, also 
has an interesting inversion. By fixing link 4, a mechanism called a Scotch 
yoke is formed (Figure 55). Rotation of the crank link 3 produces a 
translation of the yoke (link 1). We shall be examining the motion of the 
Scotch yoke in Unit 2. 

Figure 55 Smrh p k e  rnMmMkanlsin 

2.5 Revision exercise 
From the list of statements given below, decide which are true and which 
are false. 
I A mechanism is a set of machine parts connected to produce a speci- 

fied motion. 
2 All the links of a plane linkage mechanism are in plane motion. 
3 A pair is two links connected so that there is relative motion between 

them. 
4 A binary link is a link which forms a pair with a second link. 
5 A line diagram is a scaled drawing of a mechanism which shows the 

links and the types of connection. 
6 The frame of a four-bar linkage is the fixed link. 
7 All plane-linkage mechanisms are combinations of four-iik chains. 

2.6 Summary 
A mechanism is an assembly of interconnected ngid links which transmits 
motion in a determinate manner. Any number of links can be connected to 
form a kinematic chain. The motion between any two links in a chain can 
be constrained to a single degree of freedom by means ofa rotating pair or 
a sliding pair. 

The basic forms of linkage mechanism, the four-bar and slider-crank 
linkages, consist of four binary links in a closed chain. 



Anmvem to nvklon ex.rd#o 
l, 3, 6, 7 arc all true. 
2 One of the links of a mechanism h considered 6x4 or stationary. 
4 A binary link forms pair8 with two other links. 
5 A line d i  is a pictorial representation of a rmchanism and is not 

d y  drawn to scale. 




