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9.1. Introduction

We have already discussed, that when the two ele-
ments of a pair have a surface contact and a relative motion
takes place, the surface of one element slides over the sur-
face of the other, the pair formed is known aslower pair. In
this chapter we shall discuss such mechanisms with lower
pairs.

9.2. Pantograph

A pantographisan
instrument used to repro-
ducetoan enlarged or are-
duced scale and as exactly
as possible the path de-
scribed by agiven point.

o It consists of a Fig. 9.1. Pantograph.
jointed parallelogram

ABCD asshowninFig. 9.1.
Itismade up of bars connected by turning pairs. Thebars BA
and BC are extended to O and E respectively, such that

OA/OB = AD/BE

232
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Thus, for all relative positions of the bars,
thetriangles OAD and OBE aresimilar and the points
O, D and E arein one straight line. It may be proved
that point E traces out the same path as described by
point D.

From similar triangles OAD and OBE, we
find that

OD/OE = AD/BE

Let point O befixed and the points D and E
move to some new positions D' and E'. Then

OD/OE = OD'/OE'

A little consideration will show that the Pantograph.
straight line DD' is parallel to the straight line EE'.
Hence, if Oisfixed to the frame of amachine by means of aturning pair and D is attached to a point
in the machine which hasrectilinear motion relative to the frame, then Ewill also trace out a straight
line path. Similarly, if E is constrained to movein astraight line, then D will trace out astraight line
paralel to the former.

A pantograph is mostly used for the reproduction of plane areas and figures such as maps,
plans etc., on enlarged or reduced scales. It is, sometimes, used as an indicator rig in order to repro-
duceto asmall scale the displacement of the crosshead and therefore of the piston of areciprocating
steam engine. It isalso used to guide cutting tools. A modified form of pantograph is used to collect
power at the top of an electric locomotive.

9.3. Straight Line Mechanisms

One of the most common forms of the constraint mechanismsisthat it permits only relative
motion of an oscillatory nature along astraight line. The mechanisms used for thispurpose are called
straight line mechanisms. These mechanisms are of the following two types:

1. inwhich only turning pairs are used, and
2. inwhich onedliding pair is used.

Thesetwo types of mechanismsmay produce exact straight line motion or approximate straight
line motion, as discussed in the following articles.

9.4. Exact Straight Line Motion Mechanisms Made up of Turning Pairs

The principle adopted for amathematically correct
or exact straight line motion is described in Fig.9.2. Let O
be a point on the circumference of acircle of diameter OP. A
Let OAbeany chord and B isapoint on OA produced, such
that

|
|
|
OA x OB = constant d

Then the locus of a point B will be a straight line
perpendicular to the diameter OP. This may be proved as
follows:

Draw BQ perpendicular to OP produced. Join AP. Fig. 9.2. Exact straight line
Thetriangles OAP and OBQ are similar. motion mechanism.
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- 0A_0Q
OP OB
or OP x 0Q = 0OA x OB
OA x OB
o0=——
or Q P

But OP isconstant asit isthe diameter of acircle, there-
fore, if OA x OB is constant, then OQ will be constant. Hence
the point B moves along the straight path BQ which is perpen-
dicular to OP.

Following arethetwo well known types of exact straight
line motion mechanisms made up of turning pairs.

1. Peaucellier mechanism. It consists of a fixed link
00, and the other straight links O,A, OC, OD, AD, DB, BCand
CAareconnected by turning pairsat their intersections, asshown
inFig. 9.3. Thepin at A is constrained to move along the cir-
cumference of acirclewith the fixed diameter OP, by means of
thelink O,A. InFig. 9.3,

AC=CB =BD=DA;0C=0Dand 00, =0A A modified form of pantograph is

It may be proved that the product OA x OB remains  used to collect electricity at the
constant, when thelink O, A rotates. Join CD tobisect ABat R.  top of electric trains and buses.
Now from right angled triangles ORC and BRC, we have

OC? =OR? + RC? (i)
and BC? =RB?+ RC? (i)
Subtracting equation (ii) from (i), we have
OC?-BC?=0R?-RB?
= (OR+ RB) (OR-RB)
=0OBxOA

Since OC and BC are of constant length, therefore > J/
the product OB x OA remains constant. Hence the point B S—
traces astraight path perpendicular to the diameter OP.

_ . . ] Fig. 9.3. Peaucellier mechanism.
2. Hart’smechanism. This mechanism requires only

six links as compared with the eight links required by the

Peaucellier mechanism. It consists of afixed link OO, and other straight links O,A, FC, CD, DE and
EF are connected by turning pairs at their points of intersection, as shown in Fig. 9.4. Thelinks FC
and DE areequa inlength and thelengths of the links CD and EF are aso equal. The points O, A and
B dividethelinks FC, CD and EF in the same ratio. A little consideration will show that BOCE isa
trapezium and OA and OB are respectively parallel to* FD and CE.

Hence OABisastraight line. It may be proved now that the product OA x OB is constant.

* InAFCE, O and B divide FC and EF in the same ratio, i.e.
COICF = EB/EF
0 OBispardlel to CE. Similarly, in triangle FCD, OAis parallel to FD.
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From similar triangles CFE and OFB,

CE _ OB _CExOF :
FC oF O OB=—/— =0)
and from similar triangles FCD and OCA
FOR O FD x OC i
FC oC or OA = =c (1)
Fig. 9.4. Hart’s mechanism.
Multiplying equations (i) and (ii), we have
OAx OB = FD x OC ><CE x OF _ED xCE XM
FC FC FC?
Since the lengths of OC, OF and FC are fixed, therefore
OA x OB = FD x CE x constant (i)
d ... OCxOF O
...rsubstitutin = constant
ig = H
Now from point E, draw EM parallel to CF and EN perpendicular to FD. Therefore
FD x CE=FD x FM .. CE=FM)
= (FN + ND) (FN—MN) = FN? —ND? ..(*> MN=ND)

= (FE2 - NE?) — (ED? — NE?)

...(Fromright angled triangles FEN and EDN )

= FE2 — ED? = constant

(iv)

...(" Length FE and ED are fixed)

From equations (iii) and (iv),
OA x OB = constant

It therefore followsthat if the mechanism is pivoted about O as afixed point and the point A
isconstrained to move on acirclewith centre O,, then the point B will trace astraight line perpendicu-

lar to the diameter OP produced.

Note: This mechanism has agreat practica disadvantage that even when the path of B is short, alarge amount

of spaceistaken up by the mechanism.

9.5. Exact Straight Line Motion Consisting of One Sliding Pair-Scott
Russell’s Mechanism

It consists of afixed member and moving member P of adliding pair as shown in Fig. 9.5.
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Thestraight link PAQ isconnected by turning pairstothelink OA and thelink P. Thelink OA rotates
about O. A little consideration will show that the mechanism OAP issame asthat of the reciprocating
engine mechanism in which OA isthe crank and PA isthe
connecting rod. In this mechanism, the straight line mo-
tion isnot generated but it is merely copied.

In Fig. 9.5, A is the middle point of PQ and
OA=AP=AQ. Theinstantaneous centrefor thelink PAQ
liesat | in OA produced and is such that IP is perpendicu-
lar to OP. Join 1Q. Then Q moves along the perpendicular
to 1Q. Since OPIQ isarectangle and 1Q is perpendicular
to OQ, therefore Q moves along the vertical line OQ for
all positionsof QP. Hence Q tracesthe straight line OQ'. If Fig. 9.5. Scott Russell’s mechanism.
OA makes one complete revolution, then P will oscillate
aong the line OP through adistance 2 O A on each side of O and Q will oscillate along OQ' through
the same distance 2 OA above and below O. Thus, the locus of Q isacopy of the locus of P.

Note: Since the friction and wear of a sliding pair is much more than those of turning pair, therefore this
mechanism is not of much practical value.

9.6. Approximate Straight Line Motion Mechanisms

The approximate straight line motion mechanisms are the modifications of thefour-bar chain
mechanisms. Following mechanismsto give approximate straight line motion, areimportant from the
subject point of view :

1. Watt’smechanism. It isacrossed four bar chain mechanism and was used by Watt for his
early steam enginesto guide the piston rod in acylinder to have an approximate straight line motion.

.’/-\)i'/i

\ ! Tt~ o

\ ! = 1
A o -~

\\ ﬂ‘}/
P _orm=-
\P —’—‘_,—

N

_---" P \\

Fig. 9.6. Watt’s mechanism.

In Fig. 9.6, OBAO, is a crossed four bar chain in which O and O, are fixed. In the mean
position of the mechanism, links OB and O,A are parallel and the coupling rod AB is perpendicular to
O,A and OB. Thetracing point P traces out an approximate straight line over certain positions of its
movement, if PB/PA = O,A/OB. Thismay be proved asfollows:

A little consideration will show that intheinitial mean position of the mechanism, theinstan-
taneous centre of thelink B Alies at infinity. Therefore the motion of the point Pisaong the vertical
lineBA.Let OB A'O, bethe new position of the mechanism after thelinks OB and O, A are displaced
through an angle 6 and @ respectively. Theinstantaneous centre now liesat |. Since the angles6 and
@ arevery small, therefore

acBB =acA A oo OBx8=0,Ax0q (i)
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O OB/O,A=¢/6
Also AP =IP' x@andB'P =IP" x0
0 A'P/BP=0¢/0 (i)
From equations (i) and (ii),
OB _ AP _AP OA _ PB
OA BP BP or OB PA

Thus, the point P dividesthelink A B into two partswhose lengths areinversely proportional
to the lengths of the adjacent links.

2. Modified Scott-Russel mechanism. This mechanism, as shown in Fig. 9.7, is similar to
Scott-Russel mechanism (discussed in Art. 9.5), but in this case AP isnot equal to AQ and the points
P and Q are constrained to move in the horizontal and vertical directions. A little consideration will
show that it formsan elliptical trammel, so that any point A
on PQ traces an ellipse with semi-major axis AQ and semi-
minor axisAP.

If the point A movesinacircle, thenfor point Q to
move along an approximate straight line, thelength OA must
be equal (AP)?2 / AQ. This is limited to only small
displacement of P.

3. Grasshopper mechanism. This mechanism is a Fig. 9.7. Modified Scott-Russel
modification of modified Scott-Russel’s mechanism with mechanism.
the differencethat the point P doesnot slide along astraight
line, but movesin acircular arc with centre O.

It is afour bar mechanism and all the pairs are turning pairs as shown in Fig. 9.8. In this
mechanism, the centres O and O, are fixed. The link OA oscillates about O through an angle AOA;
which causes the pin P to move along acircular arc with 0!
O, as centre and O,P as radius. For small angular dis- !
placements of OP on each side of the horizontal, the point !

Q on the extension of the link PA traces out an approxi- i
mately astraight path QQ', if thelengthsare such that OA : / b

= (AP)?/ AQ.

Note: The Grasshopper mechanism was used in early days as

an engine mechanism which gave long stroke with avery short Q
crank.

4. Tchebicheff’s mechanism. It is a four bar 04
mechanisminwhichthe crossed links OAand O, B are of
equal length, as shownin Fig. 9.9. The point P, which is
the mid-point of A B traces out an approximately straight
line parallel to OO,. The proportions of thelinks are, usually, such that point Pis exactly above O or
O, inthe extreme positions of the mechanismi.e. when BA liesalong OA or when BAliesalong BO,.
It may be noted that the point Pwill lieon astraight line parallel to OO,, inthe two extreme positions
and in the mid position, if the lengths of the links arein proportionsAB: OO, : OA=1:2:25.

5. Rabertsmechanism. It isalso afour bar chain mechanism, which, initsmean position, has
the form of atrapezium. The links OA and O, B are of equal length and OO, isfixed. A bar PQ is
rigidly attached to thelink AB at itsmiddle point P.

Fig. 9.8. Grasshopper mechanism.
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A little consideration will show that if the mechanism is displaced as shown by the dotted
linesin Fig. 9.10, the point Q will trace out an approximately straight line.

’

<A
-
I

Fig. 9.9. Tchebicheff’s mechanism. Fig. 9.10. Roberts mechanism

9.7. Straight Line Motions for Engine Indicators

Theapplication of straight
linemotionsismostly foundinthe
engine indicators. In these
instruments, the cylinder of the
indicator is in  direct
communication with the steam or
gas inside the cylinder of an
engine. Theindicator piston rises
and falls in response to pressure
variation within the engine
cylinder. The piston isresisted by
aspring sothat itsdisplacement is
a direct measure of the steam or
gas pressure acting upon it. The
displacement is communicated to
the pencil which traces the
variation of pressure in the
cylinder (also known asindicator
diagram) on a sheet of paper
wrapped on the indicator drum
which oscillates with angular
motion about itsaxis, according to
the motion of the engine piston.
The variation in pressure is
recorded to an enlarged scale.
Following are the various engine
indicators which work on the
straight line motion mechanism.

Internal damper
absorbs shock

.~ Hydraulic

w ._'_'_,_,.,-"""-. cylinder folds

- . wheels for
storage

Tyres absorb some
energy

Airplane’s Landing Gear.

Note : This picture is given as additional information and is not a direct
example of the current chapter.

1. Simplexindicator. It closely resembles to the pantograph copying mechanism, as shown
inFig. 9.11. It consists of afixed pivot O attached to the body of theindicator. ThelinksAB, BC, CD
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and D Aform aparallelogram and are pin jointed. The link BC is extended to point P such that O, D
and P liein one straight line. The point D is attached to the piston rod of the indicator and moves
aong the line of stroke of the piston (i.e. in the vertical direction). A little consideration will show
that the displacement of D isreproduced on an enlarged scale, on the paper wrapped on the indicator
drum, by the pencil fixed at point P which describes the path similar to that of D. In other words,
when the piston movesvertically by adistance DD,, the path traced by Pisalso avertical straight line

PP, asshownin Fig. 9.11.

Fig. 9.11. Simplex indicator.

The magnification may be obtained by the following relation :

OD OA BC DD

From the practical point of view, the following are the serious objections to this mechanism:

(a) Sincetheaccuracy of straight line motion of P depends upon the accuracy of motion of
D, therefore any deviation of D from astraight path involves a proportionate deviation of

P from a straight path.

(b) Since the mechanism hasfive pinjointsat O, A, B, C and D, therefore slackness due to
wear in any one of pinjoints destroys the accuracy of the motion of P.

2. Cross-byindicator. Itisamodified form
of the pantograph copying mechanism, asshownin
Fig. 9.12.

In order to obtain a vertical straight line
for P, it must satisfy the following two conditions:

1. Thepoint Pmust lie on the linejoining
the pointsO and A, and

2. Thevelocity ratio between points Pand
A must be aconstant.
This can be proved by the instantaneous
centre method as discussed below :
Theinstantaneous centre |, of thelink AC
is obtained by drawing a horizontal line from A
to meet theline ED produced at | ,. Similarly, the

B pion |

Pressure
Fig. 9.12. Cross-by indicator.

instantaneous centre |, of the link BP is obtained by drawing ahorizontal line from P to meet the
lineBOat |,,. We see from Fig. 9.12, that the points |, and |, lie on the fixed pivot O. Let v, vg,
v and v,, be the velocities of the points A, B, C and P respectively.

We know that vi LA LA

(i)
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Yo _12P }

and ve 1,C (1)
Multiplying equations (i) and (ii), we get

V_ch_P:|20x|2P Ve _1,P _OP

Va Ve LA L,c @

Vi 1, A " 0A ()
...("~ Oand |, are same points.)
Since AC isparallel to OB, therefore triangles PAC and POB are similar.

@]

OP _ BP _
. OA~ BC )
From equations (iii) and (iv),

V*P:%:E:constant o

vi, OA BC ...(" Lengths BP and BC are constant.)

3. Thompson indicator. It consists of thelinks OB, BD, DE and EO. Thetracing point P lies
on thelink BD produced. A little consideration will show that it constitutes a straight line motion of
the Grasshopper type as discussed in Art.9.6. Thelink BD gets the motion from the piston rod of the
indicator at C which is connected by the link AC at A to the end of the indicator piston rod. The
condition of velocity ratio to be constant between Pand A may be proved by the instantaneous centre
method, as discussed below :

I

I

b2 gy |
I

I

I

ﬂ‘ Piston

Pressure

Fig. 9.13. Thompson indicator.
Draw the instantaneous centres |, and |, of the links BD and AC respectively. Thelinel P
cutsthelinksAC at F. Letv,, v and v, be the velocities of the points A, C and P respectively.

. Ve _ C 0
VA I2A o
From similar triangles|,CF and I,CA
I,C _1,C e _1L,C_1ILC -
I, I, or Va1, I, (1)
...[From equation (i)]
Ve _ I41P
Also S (i
ve ILC (i)

or — =-"— (V)
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Now if the links AC and OB are parallél, the triangles PCF and PBI, are similar.

I,P _BP
O Il_F " BC (V)
From equations (iv) and (V),

Vo _I;P _BP

= —=— = — =constant .
vi I,F BC ...("= Lengths BP and BC are constant)

Note: The links AC and OB can not be exactly parallel, nor the line | |P be exactly perpendicular to the line of
stroke of the piston for all positions of the mechanism. Hence the ratio BP/BC cannot be quite constant. Since
the variations are negligible for all practical purposes, therefore the above relation gives fairly good resullts.

4. DobbieMc Innesindicator. It issimilar to Thompson indicator with the difference that the
motionisgiventothelink DE (instead of BD in Thompson indicator) by thelink AC connected to the
indicator piston asshowninFig. 9.14. Letv,, v, v, and v, bethevelocities of the points A, C, D and
P respectively. The condition of velocity ratio (i.e. v, / v, ) to be constant between pointsPand A may
be determined by instantaneous centre method as discussed in Thompson indicator.

| .
o Piston
|

Pressure
Fig. 9.14. Dobbie McInnes indicator.
Draw the instantaneous centres |, and |, of the links BD and AC respectively. Thelinel P
cutsthelink AC at F. Draw DH perpendicular to |, P. We know that

ve _I,C
0 v. LA ()
From similar triangles | ,CF and | ,CA,
I,C_1,C Ve

,C _I,C -
? ...[From equation (i)] ...(ii)

LA LF 9 v, 1L,A |
Again from similar triangles | ,CF and |, DH,
Le_LD o Yo -2 ..[From equation (ii)] ...(iii)
LF I, H Vo, I4H
Since the link ED turns about the centre E, therefore
Vp _ ED

v EC (iv)



242 e Theory of Machines

| Ve _ I1P
Also VS (Vv
Vo 1,D )
Multiplying equations (iii), (iv) and (v), we get
}kl X }ﬁl X }ﬁl = 1l£2 x.EEZ x.llfz or )ﬁl — Il P )(J§£2 (Vi)
Vo V¢ W IH EC 1D v, I4hH EC
From similar triangles |, BP and PDH,
hP_FE
IbH BD
v, _ PB » ED _ St _ _
0 V. BD EC = constan ...[From equation (vi)]

...[~ Lengths PB, BD, ED and EC are constant.]

9.8. Steering Gear Mechanism

The steering gear mechanism is used for
changing the direction of two or more of the wheel
axleswithreferenceto the chassis, so asto movethe g
automobilein any desired path. Usually thetwo back
wheelshave acommon axis, whichisfixedindirec- |
tion with reference to the chassis and the steering is
done by means of the front wheels.

In automobiles, the front wheelsare placed
over thefront axles, which are pivoted at the points .
A and B, asshown in Fig. 9.15. These points are fixed to the chassis. The back wheels are placed
over the back axle, at the two ends of the differential tube. When the vehicle takes a turn, the
front wheels along with the respective axles turn about the respective pivoted points. The back
wheelsremain straight and do not turn. Therefore, the steering is done by means of front wheels
only.

le—— a —»]
Inner front Outer front
wheel Left turn ~ wheel

P e e e e || B AN

0 N o (/- )

1 0 \ S >

1 27N _-~

1 /,/ _-

1 -7 -7

| - e

I /// _- b

1 - _-

1 P Pl

| PaiPtas

| -

| T

1 ol

[

L o ___

I Back axle

c
Back or rear wheels

Fig. 9.15. Steering gear mechanism.
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Inorder to avoid skidding
(i.e. slipping of the wheels side-
ways), the two front wheels must
turn about the sameinstantaneous
centre | which lies on the axis of
the back whedls. If the instanta-
neous centre of the two front
whedlsdo not coincidewiththein-
stantaneous centre of the back
wheels, the skidding on the front
or back wheelswill definitely take place, which will cause more wear and tear of the tyres.

Thus, the condition for correct steering isthat al the four wheels must turn about the same
instantaneous centre. The axis of the inner wheel makes a larger turning angle 6 than the angle @
subtended by the axis of outer wheel.

Let a = Whesl track,

b = Wheel base, and
¢ = Distance between the pivots A and B of the front axle.
Now fromtriangle | BP,
cotf = BP
IP
and fromtriangle | AP,
AP AB+BP AB BP c
— = =— +— =— +cot 8 (o IP=Db)
IP IP IP IP b

O cotp—cotB=c/b

Thisisthe fundamental equation for correct steering. If this condition is satisfied, there will
be no skidding of the wheels, when the vehicle takes aturn.

cote =

9.9. Dauvis Steering Gear

The Davis steering gear is shown in Fig. 9.16. It is an exact steering gear mechanism. The
slotted links AM and BH are attached to the front wheel axle, which turn on pivots A and B respec-
tively. Therod CD is constrained to move in the direction of its length, by the sliding members at P
and Q. These constraints are connected to the slotted link AM and BH by adliding and aturning pair
at each end. The steering is affected by moving CD to the right or left of its normal position. C 'D’
shows the position of CD for turning to the left.

Let a = Vertical distance between AB and CD,

b = Wheel base,
d = Horizontal distance between AC and BD,
¢ = Distance between the pivots A and B of the front axle.
x = Distancemoved by ACtoAC' =CC' =DD', and
& Angle of inclination of the links AC and BD, to the vertical.
FromtriangleAA' C,

_AC _d+x
tan(a + @) _ﬁ = a (i)
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FromtriangleAA'C,
_AC _d -
tana = —= = — (i)
AA a
Fromtriangle BB'D’,
BD _d-x
tan(a - 0) = — = (il
(0-8) = =~ (i)
I <
—‘>|x<— Mﬂx%ﬁ
H
gl o 2 2\
4 777 TI7 L A
T oL ¢ o L
a N o D h) O
P ¢ .1 BY 7N )G
=TT - - it SR AN \
! Ot‘ N, Left turn ,QL Al
1 e \\/ /,’/
\ . -
X - -
! .o b T
l T e ——
| - -
X R
1 sz -
| -
1
1

s -
L.
7 -
e
-
Y ____
| Back axle

Fig. 9.16. Davis steering gear.

tana + tang

We know that tan(a+ @) =———
1-tana.tan@

d+x _ d/a+tang _d +atanh @
o a _1—d/a><tan(p_a—dta1(p
...[From equations (i) and (ii)]
(d+x) (a-dtang) =a(d + atan @)
ad-d?tan@+ax-dxtang=ad+atan @
ax

tang@+d?+dx)=ax o tan@p=——s— iV
o ) 0= (iv)
Similarly, fromtan (o —8) = d- X weget
_ ax
tan® = a2+ d%— d.x (V)
We know that for correct steering,
I CHNRS SN
cot(p—cotB—B tang tan® b
a’+d*+d.x a’+d’-d.x _c
ax - ax b ...[From equations (iv) and (v)]
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or _Zd'X:E or E:E
ax b a b
c c
O 2tana = — or tana = — ..(-d/a=tana)
b 2b

Note: Though the gear istheoretically correct, but due to the presence of more sliding members, the wear will
be increased which produces slackness between the dliding surfaces, thus eliminating the original accuracy.
Hence Davis steering gear is not in common use.

Example9.1. InaDavis steering gear, the distance between the pivots of the front axleis 1.2
metres and the wheel baseis2.7 metres. Find theinclination of the track armto the longitudinal axis
of the car, when it is moving along a straight path.

Solution. Given: c¢=12m;b=27m

Let o= Inclination of the track arm to the longitudinal axis.
We know that tana = < = —2_ 20222 o a=125Ans
2b 2x27

9.10. Ackerman Steering Gear
The Ackerman steering gear mechanism is much simpler than Davis gear. The difference
between the Ackerman and Davis steering gears are :

1. The whole mechanism of the Ackerman steering gear is on back of the front wheels;
whereas in Davis steering gear, itisin front of the wheels.

2. The Ackerman steering gear consists of turning pairs, whereas Davis steering gear
consists of sliding members.

Left turn

I B Back axle U

Fig. 9.17. Ackerman steering gear.

In Ackerman steering gear, the mechanism ABCD isafour bar crank chain, asshownin Fig.
9.17. The shorter links BC and AD are of equal length and are connected by hinge joints with front
wheel axles. The longer links AB and CD are of unequal length. The following are the only three
positionsfor correct steering.

1. When thevehicle movesaong astraight path, thelonger links AB and CD are parallel and
the shorter links BC and AD are equally inclined to the longitudinal axis of the vehicle, as shown by
firmlinesin Fig. 9.17.

2. Whenthevehicleissteering to theleft, the position of the gear isshown by dotted linesin
Fig. 9.17. In this position, the lines of the front wheel axle intersect on the back wheel axle at I, for
correct steering.
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3. When the vehicleis steering to the right, the similar position may be obtained.

In order to satisfy the fundamental equation for correct steering, as discussed in Art. 9.8, the
links AD and DC are suitably proportioned. Thevaue of 6and ¢ may be obtained either graphically
or by calculations.

9.11. Universal or Hooke’s Joint

A *Hooke'sjoint is used to connect two shafts, which areintersecting at asmall angle, as
shownin Fig. 9.18. The end of each shaft isforked to U-type and each fork provides two bearings

Axis 2

Driven Body 1

c Forked end A shaft R
// ‘ Body 2
' — ’
] 7 7
Forked end
Cross Axis 1

Fig. 9.18. Universal or Hooke's joint.

for thearms of across. The arms of the cross are perpendicular to each other. The motion istransmit-
ted from the driving shaft to driven shaft through a cross. The inclination of the two shafts may be
constant, but in actual practiceit varies, when the motion is transmitted. The main application of the
Universal or Hooke'sjoint isfound in the transmission from the * * gear box to the differential or back
axle of the automobiles. It is also used for transmission of power to different spindles of multiple
drilling machine. It isaso used as akneejoint in milling machines.

Universal Joint.

*  Thisjoint was first suggested by Da Vinci and was named after English physicist and mathematician
Robert Hooke who first applied it to connect two offset misaligned shafts.

** |n case of automobiles, we use two Hooke's joints one at each end of the propeller shaft, connecting the
gear box on one end and the differential on the other end.



9.12. Ratio of the Shafts Velocities Top view c

Thetop and front views connecting the two shafts by
auniversal joint are shown in Fig. 9.19. Let the initial posi-
tion of the cross be such that both armsliein the plane of the o/
paper in front view, whilethe arm A B attached to the driving i
shaft liesin the plane containing the axes of the two shafts. |
Let the driving shaft rotates through an angle 6, so that the D /v!
armAB movesinacircleto anew position A, B, asshownin |
front view. A little consideration will show that thearm CD ~ “ghaft i
will also movein acircle of the same size. This circle when |
projected in the plane of paper appearsto bean ellipse. There- I
forethearm CD takesnew positionC,D, ontheellipse, at an i
angle 6. But the true angle must be on the circular path. To !
find the true angle, project the point C, horizontally to inter- c!
sectthecircleat C,. Thereforethe angle COC, (equal to @) is A ! cHic,
thetrue angleturned by the driven shaft. Thuswhen thedriv- /z lg X
ing shaft turns through an angle 6, the driven shaft turns
through an angle @. It may be noted that it is not necessary
that @ may be greater than 6 or less than 6. At a particular

point, it may be equal to 6.

Intriangle OC M, 0 OC,M =6
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1 N1

Driven ! h
shaft b
I Lo |

M N

Driving_+"]

oM

tan® = —— i
. MC, - (0) Front view
andintriangle OCZN, 0 OC2 N=g Fig. 9.19. Ratiq_ of shafts
velocities.
_ON _ ON B
O tang “NC, MG, (2 NGy =MCy) ...(ii)

Dividing equation (i) by (ii),

tnd _ OM _MC, _OM

tang MC, ON ON
But OM = ON, cosa = ON cosa

tan® _ ON cosa

...(where a = Angle of inclination of the driving and driven shafts)

O =cosa
tan@ ON
or tan 6= tan @.cosa ..(iii)
Let w= Angular velocity of the driving shaft = do / dt

w, = Angular velocity of the driven shaft = dg/ dt
Differentiating both sides of equation (iii),
sec?0x dB/ dt =cosa . sec? @xde/ dt
Sec? B x w =cosa . sec? P x W,

W _

sec? 1

w cosa.sec’@  cos® B.cosa.sec’ @

(iv)
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tan? 0

Weknowthat ~ sec’@ =1 +tan” @ =1 +
cos’ o

...[From equation (iii)]
sin?@ _ cos®@.cos? a + sin? @
cos? 0.cos? a cos? 0.cos? o

_cos’B(1-sina) +sin’@ _ cos® B — cos® B.5in” a + sin® O
cos’ B.cos” o cos? 8.cos? a

=1+

_1-c0s’08.sn’a
" cos?0.c02 0 (- cO2 B +si? 0 =1)

Substituting this value of sec? @in equation (iv), we have veloity ratio,

W _ 1 < COS2 0. COS2 o _ cosa
W cos’B.cosa 1-cos’B.sin*a 1-cos’B.sina (V)
Note: If N = Speed of the driving shaft in r.p.m., and

N, = Speed of the driven shaft inr.p.m.
Then the equation (V) may also be written as
m - cosa
N  1-cos?@.sina
9.13. Maximum and Minimum Speeds of Driven Shaft
We have discussed in the previous article that velocity ratio,

W cosa _ .cosa
© 1-cos?B.snZa wl_l—cosze.sinzu - ()
Thevalueof w, will be maximum for agiven value of a, if the denominator of equation (i) is
minimum. Thiswill happen, when
cos6=1, i.e when6=0° 180° 360° etc.
0 Maximum speed of the driven shaft,
WCOSO _ WCOSO _ W
1-sin’a - cos? o " cosa (i)
N

N = .
or 1(max) cosa ...(whereN and N, areinr.p.m.)

(*)l(max) =

Similarly, the value of w, is minimum, if the denominator of equation (i) is maximum. This
will happen, when (cos? 6 . sin? a) is maximum, or

cos’ 0 =0, i.e. when 6 = 90°, 270° etc.
O Minimum speed of the driven shaft,
Py = L COS O
or N, (min) = N cos a ...(where N and N, areinr.p.m.)

Fig. 9.20, shows the polar diagram depicting the salient features of the driven shaft speed.
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From above, we see that
1. For one complete revolution of the driven shaft,

there aretwo pointsi.e. at 0° and 180° as shown by points
1and 2in Fig. 9.20, where the speed of the driven shaft is
shown by point 3 and 4 where the speed of the driven shaft
isminimum.

maximum and there are two pointsi.e. at 90° and 270° as
mum speeds of the driven shaft, therefore there are four L 04(Mmax) —»€— o,(max) ’l

2. Since there are two maximum and two mini-

points when the speeds of the driven and driver sheft are Fig. 9.20. Polar diagram-salient
same. Thisisshown by points, 5,6,7 and 8in Fig. 9.20 (See features of driven shaft
Art 9.14). speed.

3. Sincetheangular velocity of thedriving shaftis
usually constant, thereforeit is represented by acircle of radius w. The driven shaft hasavariationin
angular vel ocity, the maximum value being w/cos a and minimum valueisw cosa. Thusit isrepre-
sented by an ellipse of semi-major axis w/cos a and semi-minor axis wcosa, asshown in Fig. 9.20.
Note: Due to the variation in speed of the driven shaft, there will be some vibrations in it, the frequency of
which may be decreased by having a heavy mass (a sort of flywheel) on the driven shaft. This heavy mass of
flywheel does not perform the actual function of flywheel.

9.14. Condition for Equal Speeds of the Driving and Driven Shafts
We have already discussed that the ratio of the speeds of the driven and driving shaftsis

g —cc2>sor . or oo @ cos’ 8.sin? q)
W 1-cos“B.sn“a T
For equal speeds, w= w,, therefore
cosa=1-cos’0.sin’a or cos’0.sinfa =1-cosa
>~ _ 1—cosa _
and Sl -0
We know that sn6 =1—cos*0 =1— 1__0250( =1 1=00sa
in‘a 1-cos’a
1 1 - cosa 1 1 _ cosa -
(1 + cosa) (1 - cosar) 1+ cosa 1+ coso (1)

Dividing equation (ii) by equation (i),
sin*6 _ cosa y sna
cos?’® 1+cosa 1-cosa
cosa sina _ cosa.sin‘a
1-coa  sinla
O tanezim

There are two values of 6 corresponding to positive sign and two values corresponding to
negative sign. Hence, there are four values of 6, at which the speeds of the driving and driven shafts
are same. Thisisshown by point 5, 6, 7 and 8 in Fig. 9.20.

or tan?@ = =CoSs o

9.15. Angular Acceleration of the Driven Shaft
weosa

——————— =wcos ol - cos” Bsin® o)
1-cos“0.sin“a

We know that w =
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Differentiating the above expression, we have the angular acceleration of the driven shaft,
doy 2 A2 =2 ., —dB8
——= = wcosaH-1(1 — cos” Bsin” a)™“ x (2cosBsin Bsin“ o
o R )72 x ( )

dt
_ —wfcosa xsn26.sin’ a _

(1 - cos® Bsin® a)? (1)

..(2cosBsinB=sin26, and do/dt = w)

The negative sign does not show that there is always retardation. The angular acceleration

may be positive or negative depending upon the value of sin 2 8. It means that during one compl ete

revolution of the driven shaft, thereis an angular acceleration corresponding to increase in speed of
w, and retardation due to decrease in speed of w,.

For angular accel eration to be maximum, differentiate de, / dt with respect to 6 and equate to
zero. Theresult is* approximated as

sin? a (2 — cos’ 260)
2 -sna
Note: If the value of o islessthan 30°, then cos 2 6 may approximately be written as

€c0s20 =

in2
(;(_)529:25|ngx
2-sn“a

9.16. Maximum Fluctuation of Speed

We know that the maximum speed of the driven shaft,
O (o) = w/cosa
and minimum speed of the driven shaft,
0y (miny = WCOSQ
00 Maximum fluctuation of speed of the driven shaft,

w
q = W(max) = Q(min) ~oosa weos a

I S (- cos?al _wsin®a
[pD 0sa E “ﬁ cosa cosa
=wtana .sna
Since a isasmall angle, therefore substituting cosa = 1, and sin a = a radians.
0 Maximum fluctuation of speed
=w.0?
Hence, the maximum fluctuation of speed of the driven shaft approximately varies as the
square of the angle between the two shafts.

Note: If the speed of the driving shaft is given in r.p.m. (i.e. N r.p.m.), then in the above relations w may be
replaced by N.

9.17. Double Hooke’s Joint

We have seen in the previous articles, that the velocity of the driven shaft isnot constant, but
variesfrom maximum to minimum values. In order to have aconstant velocity ratio of thedriving and
driven shafts, an intermediate shaft with a Hooke's joint at each end as shown in Fig. 9.21, is used.
Thistype of joint is known as double Hooke' s joint.

*  Sincethe differentiation of dw,/dt is very cumbersome, therefore only the result is given.
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Let the driving, intermediate and driven shafts, in the same time, rotate through angles 6, @
and y from the position as discussed previously in Art. 9.12.
Now for shafts A and B, tan®=tan @. cosa (i)

and  for shafts B and C, tany=tan @. cosa (i)
From equations (i) and (ii), we see that 6 =y or w, = W..

Intermediate

Driving Driving
shaft shaft

Fig. 9.21. Double Hooke's joint.

This showsthat the speed of the driving and driven shaft is constant. In other words, thisjoint
givesavelocity ratio equa to unity, if

1. The axes of the driving and driven shafts are in the same plane, and
2. Thedriving and driven shafts make equal angles with the intermediate shaft.

Example. 9.2. Two shaftswith an included angle of 160° are connected by a Hooke's joint.
Thedriving shaft runs at a uniform speed of 1500 r.p.m. The driven shaft carries a flywheel of mass
12 kg and 100 mm radius of gyration. Find the maximum angular acceleration of the driven shaft
and the maximum torque required.

Solution. Given: a=180°—-160°=20° N =1500r.p.m.;m=12kg; k=100mm=0.1m
We know that angular speed of the driving shaft,
w=2T1x 1500/ 60 = 157 rad/s
and mass moment of inertia of the driven shaft,
I =m.k®=12(0.1)2=0.12kg - m?
Maximum angular acceleration of the driven shaft
Let dw, / dt = Maximum angular acceleration of the driven shaft, and
0 = Angle through which the driving shaft turns.
We know that, for maximum angular acceleration of the driven shaft,

82 )
0526 = 25”72‘ _ 5N 2200 =0.124
2—-sSn“a 2-sn°20°
0 20=82.9° or 0=4145°

dw, _ «fcosa.sin26.sin? a
and dt  (1-cos®6.sna)?

_ (157)% cos20°x sin82.9° x sin” 20°

=3090 rad/s’ Ans.
(1 — cos® 41.45° x sin? 20°)?

Maximum torque required
We know that maximum torque required
=Ixdw, /dt=0.12x3090=371LN-m Ans
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Example. 9.3. The angle between the axes of two shafts connected by Hooke'sjoint is 18°.
Determine the angle turned through by the driving shaft when the velocity ratio is maximum and

unity.
Solution. Given: a = 98°
Let 6= Angle turned through by the driving shaft.
When the velocity ratio is maximum
We know that velocity ratio,
W cosa
‘©  1-cos?B.sna
The velocity ratio will be maximum when cos? 8 is minimum, i.e. when
co?6=1 or when6=0° or 180° Ans
When the velocity ratio is unity

The velocity ratio (w/ w,) will be unity, when

1 - cosa
1-cos?@.sin*a = cosa or s’ = ———
sina
1 - cosa 1 - cosa 1
0 Cos@ = * 5 =% =%
sina 1-cos’a 1+ cosa
e
1+ cosl8° 1+ 0.9510
O 0 =44.3° or 135.7° Ans

Example. 9.4. Two shafts are connected by a Hooke's joint. The driving shaft revolves
uniformly at 500 r.p.m. If the total permissible variation in speed of the driven shaft is not to exceed
+ 6% of the mean speed, find the greatest permissible angle between the centre lines of the shafts.

Solution. Given: N =500 r.p.m. or w=2 1% 500/ 60 = 52.4 rad/s
Let o = Greatest permissible angle between the centre lines of the shafts.

Since the variation in speed of the driven shaft is + 6% of the mean speed (i.e. speed of the
driving speed), therefore total fluctuation of speed of the driven shaft,

g =12 % of mean speed (w) =0.12 w
We know that maximum or total fluctuation of speed of the driven shaft (),

(1 — cos® a

012w = or cofa+0.12cosa—-1=0
E cosal E

—0.12 £,/(0.12)%>+ 4 —
and cosa = ; ) = 0.12 ;2'0036 =0.9418
...(Taking + sign)
a =19.64° Ans.

Example. 9.5. Two shafts are connected by a universal joint. The driving shaft rotates at a
uniform speed of 1200 r.p.m. Deter mine the greatest permissible angle between the shaft axes so that
the total fluctuation of speed does not exceed 100 r.p.m. Also cal culate the maximum and minimum
speeds of the driven shaft.
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Solution. Given: N = 1200 r.p.m.; g = 100 r.p.m.

Greatest permissible angle between the shaft axes
Let & Greatest permissible angle between the shaft axes.
We know that total fluctuation of speed (q),

—cos®all 01 — cos? al

100 = N E 120(%;@

2
0 1-cos“a _ 100 — 0,083
cosa 1200

cos?a +0.083cosa—1=0

~0.083+ 4/(0.083)° + 4 _ 09503

2
O 0=16.4° Ans
Maximum and minimum speed of the driven shaft
We know that maximum speed of the driven shaft,
N, may = N/ cosa =1200/0.9593 = 1251 r.p.m. Ans.
and minimum speed of the driven shaft,
N, (min) = =N cosa = 1200 x 0.9593 = 1151 r.p.m. Ans.

Example. 9.6. The driving shaft of a Hooke'sjoint runs at a uniform speed of 240 r.p.m. and
the angle a between the shaftsis 20°. The driven shaft with attached masses has a mass of 55 kg at
aradius of gyration of 150 mm.

and cosa = ...(Taking + sign)

1. If a steady torque of 200 N-mresists rotation of the driven shaft, find the torque required
at the driving shaft, when 6 = 45°.

2. At what value of ‘ a’will the total fluctuation of speed of the driven shaft be limited to 24
r.p.m?

Solution. Given: N =240r.p.mor w=2T11x 240/60 = 25.14 rad/s ; a = 20° ; m=55Kkg ;
k=150mm=0.15m; T, =200 N-m; 6 =45°; q=24r.p.m.

1. Torque required at the driving shaft
Let T' = Torque required at the driving shaft.
We know that mass moment inertia of the driven shaft,
=m.k? =55 (0.15)? = 1.24 kg-m?
and angular acceleration of the driven shaft,
dw, _—w?cosa.sin20.sina _ —(25.14)? c0s20°x sin90°x sin? 20°
d  (1-cos?@sna)® (1 - cos? 45°sin? 20°)2
=-784rad/ &
O Torque required to accelerate the driven shaft,

T,=1 x dd‘fl =124 x—784 =—97.2N —-m
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and total torque required on the driven shaft,
T=T,+T,=200-97.2=102.8 N-m
Sincethetorques on the driving and driven shafts are inversely proportional to their angular

speeds, therefore
T.w=T.w

, T(A)_L Tcosa O Wy cosa O
Or T = = 2 . o .'—:T
w 1-cos 6.sn“a W 1-cos“0.sina
102.8 cos 20°

= 5 — =102.6 N-m Ans.
1 — cos” 45° sin“ 20°

2. Valueof a for thetotal fluctuation of speed to be 24 r.p.m.
We know that the total fluctuation of speed of the driven shaft (q),

—cos’al 01 — cos?oU

E cosa E 24(@ COS(]

1 - cos®a _ 24 _

or cosa 240
cofa+0.1cosa—-1=0
—0.1++/(0.)%+ 4
cosa = é ) =0.95 ...(Taking + sign)
O o=18.2° Ans.

Example 9.7. A double universal joint is used to connect two shafts in the same plane. The
intermediate shaft isinclined at an angle of 20° to the driving shaft as well as the driven shaft. Find
the maximum and minimum speed of the intermediate shaft and the driven shaft if the driving shaft
has a constant speed of 500 r.p.m.

Solution. Givena = 20° ; N, =500 r.p.m.
Maximum and minimum speed of the intermediate shaft

Let A, B and C are the driving shaft, intermediate shaft and driven shaft respectively. We
know that for the driving shaft (A) and intermediate shaft (B),

Maximum speed of the intermediate shaft,

cosa cosZO°
and minimum speed of the intermediate shaft,
Ng (miny = Na COS 0 =500 x cos 20° = 469.85r.p.m. Ans.
Maximum and minimum speed of the driven shaft
We know that for the intermediate shaft (B) and driven shaft (C),
Maximum speed of the driven shaft,
Nemaxy _ Njp 500

—=— =566.25 r.p.m. Ans.
cosa cos“a  cos” 20°

Ne(max) =
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and minimum speed of the driven shaft,
Ne miny = Ni giny % €080 = N,. cos? o

=500 x cos? 20° = 441.5r.p.m. Ans.

EXERCISES

Fig. 9.22 shows the link GAB which oscillates on a fixed centre at A and the link FD on a fixed
centreat F. Thelink AB isequal to AC and DB, BE, EC and CD are equal in length.

Fig. 9.22
(a) Findthelength of AF and the position of centre F so that the point E may movein astraight line.

(b) If the point E is required to movein acircle passing through centre A, what will be the path
of point D ? [Ans. AF = FD]
(Hint. The mechanism is similar to Peaucellier’s mechanism)

Fig. 9.23 showsapart of the mechanism of acircuit breaker. A and D arefixed centres and the lengths
of thelinksare: AB = 110 mm, BC = 105 mm, and CD = 150 mm.

All dimensions in mm.

Fig. 9.23 Fig. 9.24

Find the position of a point P on BC produced that will trace out an approximately straight vertical
path 250 mm long.

The mechanism, as shown in Fig. 9.24, isafour bar kinematic chain of which the centres A and B are
fixed. Thelengthsare: AB = 600 mm, AC = BD = CD = 300 mm. Find the point G on the centreline
of the cross arm of which the locus is an approximately straight line even for considerable displace-
ments from the position shown in the figure. [Ans. 400 mm.]
(Hint : ItisaRobert’s approximate straight line mechanism. Produce AC and BD to intersect at point
E. Draw avertical line from E to cut the centre line of cross arm at G. The distance of G from CD is
the required distance).
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The distance between the fixed centres O and O, of aWatt’s straight line motion, asshownin Fig. 9.6,
is 250 mm. The lengths of the three moving links OB, BA and AO, are 150 mm, 75 mm and 100 mm
respectively. Find the position of a point P on B A which gives the best straight line motion.

A Watt's parallel motion hastwo bars OA and O'B pivoted at O and O' respectively and joined by the
link AB intheform of acrossed four bar mechanism. When the mechanismisin its mean position, the
bars OA and O'B are perpendicular tothelink AB. If OA=75mm, O'B = 25 mmand AB = 100 mm,
find the position of the tracing point P and also find how far P is from the straight line given by the
mean position of AB, when
1. OAand OB areinonestraight line,and 2. O'B and AB arein one straight line.

[Ans. 37.5 mm, 6.5 mm,12 mm]

Design a pantograph for an indicator to obtain the indicator diagram of an engine. The distance from
thetracing point of theindicator is 100 mm. Theindicator diagram should represent four timesthe gas
pressure inside the cylinder of an engine.

In aDavis steering gear, the distance between the pivots of the front axleis 1 metre and the wheel base
is2.5 metres. Find theinclination of thetrack arm to thelongitudinal axis of the car, whenitismoving
aong a straight path. [Ans. 11.17°]

A Hooke's joint connects two shafts whose axes intersect at 150°. The driving shaft rotates uni-
formly at 120 r.p.m. The driven shaft operates against a steady torque of 150 N-m and carries a
flywheel whose massis 45 kg and radius of gyration 150 mm. Find the maximum torque which will be
exerted by the driving shaft. [Ans. 187 N-m]

(Hint : The maximum torque exerted by the driving shaft is the sum of steady torque and the maxi-
mum accel erating torque of the driven shaft).

Two shafts are connected by aHooke' sjoint. The driving shaft revolves uniformly at 500 r.p.m. If the
total permissible variation in speed of adriven shaft is not to exceed 6% of the mean speed, find the
greatest permissible angle between the centre lines of the shafts. Also determine the maximum and
minimum speed of the driven shaft. [Ans. 19.6° ; 530 r.p.m. ; 470 r.p.m.]

Two inclined shafts are connected by means of auniversal joint. The speed of the driving shaft is 1000
r.p.m. If the total fluctuation of speed of the driven shaft is not to exceed 12.5% of this, what is the
maximum possible inclination between the two shafts?

With this angle, what will be the maximum acceleration to which the driven shaft is subjected and
when thiswill occur ? [Ans. 20.4° ; 1570 rad/s? ; 41.28°]

DO YOU KNOW ?

Sketch a pantograph, explain its working and show that it can be used to reproduce to an enlarged
scaleagivenfigure.

A circlehas ORasitsdiameter and apoint Q lieson itscircumference. Another point Plieson theline
OQ produced. If OQ turns about O as centre and the product OQ x OP remains constant, show that
the point P moves along a straight line perpendicular to the diameter OR.

What are straight line mechanisms ? Describe one type of exact straight line motion mechanism
with the help of a sketch.

Describe the Watt's parallel mechanism for straight line motion and derive the condition under which
the straight line is traced.

Sketch an intermittent motion mechanism and explain its practical applications.

Give a neat sketch of the straight line motion ‘Hart mechanism.” Prove that it produces an exact
straight line motion.

(a) Sketch and describe the Peaucellier straight line mechanism indicating clearly the conditions
under which the point P on the corners of the rhombus of the mechanism, generates a straight
line.

(b) Prove geometrically that the above mechanism is capable of producing straight line.
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Draw the sketch of amechanism inwhich apoint tracesan exact straight line. The mechanism must be
made of only revolute pairs. Prove that the point traces an exact straight line motion.
(Hint. Peaucellier straight line mechanism)

Sketch the Dobbie-Mclnnes indicator mechanism and show that the displacement of the pencil
which traces the indicator diagram is proportional to the displacement of the indicator piston.

What is the condition for correct steering ? Sketch and show the two main types of steering gears
and discuss their relative advantages.

Explain why two Hooke'sjoints are used to transmit motion from the engine to the differential of an
automobile.

Derive an expression for the ratio of shafts velocities for Hooke's joint and draw the polar diagram
depicting the salient features of driven shaft speed.

OBJECTIVE TYPE QUESTIONS
1. In apantograph, all the pairs are

(a) turning pairs (b) dliding pairs
(¢) spherica pairs (d) self-closed pairs
2. Which of the following mechanism is made up of turning pairs ?
(a) Scott Russel’s mechanism (b) Peaucellier’smechanism
() Hart'smechanism (d) none of these
3. Which of the following mechanism is used to enlarge or reduce the size of adrawing ?
(@) Grasshopper mechanism (b) Watt mechanism
(c) Pantograph (d) none of these

4. TheAckerman steering gear mechanism ispreferred to the Davis steering gear mechanism, because
(8 whole of the mechanism in the Ackerman steering gear is on the back of the front wheels.
(b) the Ackerman steering gear consists of turning pairs
(c) the Ackerman steering gear is most economical
(d) both (a) and (b)

5. Thedriving and driven shafts connected by a Hooke's joint will have equal speeds, if

(@) cosB=sna (b) sinB==,/tana
() tanB==,/cosa (d) cotB=cosa
where = Angle through which the driving shaft turns, and

o = Angle of inclination of the driving and driven shafts.
ANSWERS
1. (a 2. (b), (c) 3.(¢) 4. (d) 5.(c)

Q To FIRST
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