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PROBLEMS 

Chapter 2 

2-1 Show the transmission and deviation angles for the two mechanisms, taking 
the input to be 
a. The link to the left. 
b. The link to the ri�ht 

A 

D 

6 Oo 
A 3 

o,,. 

FIGURE p 2-1 

1 
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2-2 

2-3 

Show transmission and deviation angles, assuming 
a. Input at link 6, output at link 2. 
b. Input at link 2, output at link 6. 

Find the transmission and deviation angles of 
a. The direct-contact mechanisn1. 
b. Its equivalent linkage. 

1 

1''IGURE p 2 -2 

2-4 to 2-8 

D 

A 

Os 

FIGURE p 2-3 

a. Show equivalent linkages. 
b. Describe the linkages in the symbolic notation. 
c. ,Yhirh fan1iliar chain::- do you recognize? 

FIGURE p :l-4 

1 

2 

w})m.
1(b) 
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1
W//////// /4 

3 

:VUHU//.m. 
Radius r (a) 

4 

.(b) 

FIGURE p 2-5 

3 

(a) 

1 

l 

3 

(c) 
(b) 

FIGURE p 2-6 
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FIGURE p 2-7 

I 

1 

3 

FIGURE p 2-8 
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PROBLEMS 401 

2-9 
a. l)oes the wedge arrangement represent the mechanism equivalent to 

the linkage? 
b. Give your reasons. 

2 

.,,,....,,..,.. w/#.im#.i.i#u#m 
1 

(b) 

1 

FIGURE p 2-9 

2-10 The cylinder C is trapped between the two forks. Considering the motion 
of C to be the output, describe the mechanism in terms of the syn1holic 
notation. 

(a) 

FIGURE p 2 -10 1 1 
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Chapter 4 

4-1 Determine the centrodes of the rectangular ellipsograph. 

____ o+ 
B 

2 _
1 

FIGURE p 4-1 

NoTB (to be read after completing the problem): The two circular cen
trodes are known as the Cardan circles; the smaller is half the diameter of 
the larger and rolls inside it. 

The sketch shows a graphical construction for determining the magnitude 
of the Coriolis acceleration component.a1 Show that it is correct. Note 
that this construction adds itself conveniently to the graphical determina
tion of aR�". 

/
/ 

4 

' 
/ 

W2 fi/ 

/ 
_,/ 

FIGURE p 4-21 

-1-3 to 4-7 Find all instantaneous centers for the mechanisms shown in Figs. 
P 2-3, 2-4, 2-6, 2-8, and 2-9. 

1 H. Parkus, "lvlechanik der fest.en Koerper," p. 2:3, Springer-Verlag OHG, 
Vienna, 1960. 
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PROBLEMS 403 

4-8 Determine the direction of the common tangent to the ceiitrodes of links 1 
and 3 in the mechanisms shown. Draw the centrodes for a short dis
tance to either side of the given position. The dimensions are· 

a. O.._A = 2.25 
AB = oBB = o .. oB = 4.5 

b. O.tA = 1.2 at 40 ° 

OAB = 1.5 
c. OAA = 1.0 at 40 ° 

AB= 2.8 

A (b) 

----------..:;ti]--
1 ���'-��

FIGURE p 4-8 (c) 

4-9 Point Pa of plane 3 is rnoving so that it traces a curve JI Kon the moviniz 
plane 2; rectangular axes 0?;X2 and 02y2 are fixed to it. The fixed plane 1 
is the complex plane with origin at O and axes as shown. The position of 
plane 2 is defined by x, y, and -./t; and the position of point P3 with respect to 

(Imaginary) 

(a) 

B 

4 

1 

A 

FIGURE p 4-9 

y ------

% 

Plane 3 

Fixed plane 1 

· (Real) 
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plane 2 is defined by p and q,. The position of point Pa with respect to 
the fixed plane (complex plane) is defined by the vector r, which may be 
written in complex form as 

(1) 

a. Taking the first derivative of Eq. (I) with respect to time, write in 
complex form the velocity of Pa with respect to the reference plane. .

b. This velocity is the sum of two parts: (1) the velocity of P3 with respect 
to the moving plane; and (2) the velocity of the coincident point P2 

of the moving plane 2. \Yrite the expression for each of these velocities, 
and show that their sum equ�!s the total velocity of Pa-

c. Taking the second derivative of Eq. (1) with respect to time, write in 
complex form the acceleration of Pa with respect to the fixed plane. 

d. This acceleration is the sum of three parts: (1) the acceleration of Pa 

with respect to the moving plane; (2) the acceleration of the coincident 
point P2 of the moving plane 2; and (3) the Coriolis acceleration. 
Write the expression for each of these accelerations, and show that 
their sum equals the total acceleration of Pa. 

e. Show that the Coriolis acceleration is normal to the trajectory traced 
by point Ps on the moving plane 2. 

Chapter 5 
5-1 Using the Grubler criterion, determine the movability (number of degrees of 

freedom) of the mechanisms shown. 

(b) 

(a) 

(d) 

(C) 

FICilUBE p 5-1 
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(h) 

, 

(i) (k) 

FIGURE P 5-1 (continued) 
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5-2 Determine the movability of 
a. The schematic of locomotin• \·al\'e gear. 
b. The schemati<' of �Iusgrave $team engine. 

(a) • 

FIGURE p 5-2 

a. Check the chain for movability. 
b. Identify the links as binary, ternary, and so on. 

1 

Jjl

FIGURE p 5-3 

5-4 Derive all planar revo)ute kinematic chains that have constrained motion 
with eight links. Do not consider redundant chains. 

,;
c -Jr-��-� 

,; 
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PROBLEMS 407 

5-5 Shown is the linkage of a Sterling-cycle engine developed in Holland. 1 

Demonstrate that the chain is movable. (5, transfer piston; 4, power 
piston; 10, compressor; 2, crank.) What are your thoughts about the 
ease of balancing this mechanism? 
1 Product Eng., Aug. 24, 1959. 

4 

l'IGURE p 5-5 

1 



---

� 

408 

b. "Up." 

5-7 

KINEMATIC SYNTHESIS OF LII'.KAGES 

5-6 The essential parts of a folding top (as for a buggy or a conYertible) are 
shown in two positions: 
a. Folded. 

Investigate each position by Grtbler's criterion. 

B 

Fabric 
(folded) 

(a) 
--C 

.A fab�c _ --
__ _ 

--
_ 

I
I

I 

I
I 

(b) .c., I
.:: I -Q�I
I
I

I 
I
I 

I 
I 

FIGURE p 5-6 

a. .-\ppl�· the philo::::ophy that led to the planar Grlibler criterion to 
:,;patial ('hains ronnE>rted b�· lower pair:-; of f = 1, and develop the 
spatiul-ehuin GrliblPr rriterion. 

b. \\'hat i,; the minimum number of link:,; and pair::- for a ron::;trained 
sin1ple-clos<>d ehain "? 

c. ""hat is the next combination of link:,; and pair:::: for a ('Onstrained chain·? 



P R O B L E :'.\-IS 409 

5-8 A campstool is pictured in the partially folded state. Apply the Gri.ibler 
criterion to three conditions: 
a. The stool as shown. 
b. The stool with the canvas seat taut. 
c. The stool extended a.nd on the ground. The ground "connections" 

must be pictured as appropriate kinematic pairs. 

FIGURE p 5-8 

5-9 
a. Determine three accuracy points a1, a2, a3 in the interval - 1  < x < 1 

for which the derivative of the error is minirnized according to the first 
approximation given by the method of Chebyshev polynomials. 

b. Same question, but with five accuracy points a1, a2, a3, a4, a5. 
5-1 O Approximate the polynomial y(x) = 3x3 + l lx2 + 20x + 1 i in the inter

val O < x < 2 by means of a second-degree polynomial y,.(x) = A.x2 + 

Bx + C. Find the coefficients A, B, C giving the smallest possible value 
of the maximum error E = y - Ya in the interval specified. ,Yhat is the 
n1aximum value of this error, and where does it occur? 

5-11 :\pproxiinate the polynomial y(x) = 12x• + 3x4 + 4x3 + 2x2 + 8x + 3 in 
the neighborhood of x = 0 (i.e., for values of x close to zero) by means of a 
fourth-degree polynomial y,.(x) = Ax4 + Bx3 + Cx2 + Dx + E. 

,'>-12 •.\ pproximate the parabola of equation y = x2 in the interval 0.5 < x < 1 
by means of a straight-line segment defined by the equation Ya = Ax + B; 

find the coefficients A and B giving the smallest possible value of the 
maximum error in the interval specified. \Vhat is the maximum error 
under those conditions, and where does it occur? 

5-13 
a. Construct graphically three, four, five, six, and seven points with 

Chebyshev spacing on a 4-in. segment. 
b. Develop a formula for spacing of the form ak = f(h, n, k), where k = 1,  

. . .  , n, h is the half interval, and n is the number of accuracy points. 
c. Check answers to (a) by means of (b). 

Chapter 6 

a. Trace the locus of the coupler point .11 of a ,Yatt-type mechanism .. 
assuming the proportions of the four-bar linkage to be OAOs = 6.5 in., 

6-1 
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o..A = OsB = 3 in., Ailf = J.1B = 0.75 in. The curve is of the 
sixth order. 

b. Change the proportions to o.. oB = AB = v'2 o .. A = v'2 OsB, 

maintaining A2\f = MB, and trace the curve of M. The linkage ha.5 
change points: if it runs as a parallelogram linkage, the coupler curve 
is a circle, a curve of second degree; if it runs as an anti parallelogram 
(contraparallelogram), the curve is that known as Bernoulli's lemnis
cate, a curve of the fourth order. 

6-2 Trace the locus of the coupler point M of the Roberts type of approximate 
straight-line mechanism shown for three cases: 8 = 45,0 60a° , and 75a° . 
Note the symmetry, O.. A = A21f = MB = BOs and AB = ½O.. Os. 
Construct also the circles of foci, zind discuss the intersections of the 
circles with the coupler curves. 

A B 

FIGURE p �2 

6-3 Trace the locus of point 1lf for the mechanism shown, in which the two 
links O .tA and BM constitute what is known as a Chebyshev dyad, 
narnely, O.tA = AB = A1lf. Other dimensions are OsB = 0.4(OAA), 
and O AO s = 2( 0 sB). Construct the circle of foci and the cognate 
linkages. 

M 

FIGURE p 6-3 

a. Recast the four-bar coupler-curve equation [Eq. (6-1)] by (1)  sub
stituting expressions containing k for sin a and sin B and (2) writing 
the result in the form ij'J. + V2 = W2• 

6-4 
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b. Consider the case in which the coupler point M lies on the line AB 
between A and B. Deterinine appropriate values of 'Y and c, and 
evaluate U, V, and W. 

c. A special case, reminiscent of the ,,, att linkage, comes with setting 
r = s and placing 1'1 at the midpoint of AB. Evaluate U, V, and W. 

d. Consider the case in which the coupler point .1'1 lies on the line AB, 
but beyond either A or B. Evaluate U, V, and W. 

e. Determine the conditions for a coupler curve symrr1etrical with respect 
to the x axis. 

6-5 Derive the equation of the lemniscate, and compare with the usual forms of 
the equation (x2 + y2)2  = a2(x2 - y2) or p2 = a2 cos 28, where the origin 
is taken at the node (see page 80). Determine the parameter a in terms 
of linkage dimensions. 

6-6 Determine the four-bar cognates of the linkages shown. 

FIGURE p 6-0 

B 

2.6" 

(b) 

6-7 
6-8 

Determine the six-bar cognates for the linkages of Fig. P 6-6. 

a. Find two other linkages having coupler 
of M. 

curves identical with the path 

b. If in the given linkage the member OBB is driven at a constant angular 
velocity, which frame link of each cognate may be driven at the same 
velocity to have each cognate's M describe the curve at the same rate 
as the given M? 

2.85" 

FIGURE p 6-8 
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7-1 
7-2 

KINEMATIC SYNTHESIS O F  LINKAGES 

6-9 Show that the locus of point ill of the Free,nantle mechanism is an exact 
straight line. The dimensions are OA.A = A. B = A..ilf. A modified ver
sion of this mechanism came to be known as the Evans ''straight-line" 
,notion. 

M 

FIGURE p 6-9 

6-10 Give a direc-t µroof that the Peaucellier mechani:,;m gives an exact straight 
line. 

6-11 The cubic of stationary curvature (see See. 7-2) i::; a C'urve defined in polar 
coordinates by Eq. (7-10). 
a. l)etennine its equation in reetangular coordinates and verify that it i,-; 

of the third degree. 
b. l)eter,nine the direction and location of it.-:- asymptote. 

Chapter 7 

Determine the inflection circle for link 3 of the n1echanisms in Fig. P 4-8. 
Determine the inflection circle for the planetary gear train, the ratio of 

diameter::, being 1 : 2. 

Jo"IGURE p 7-2 

XOTB (to be read after finishing the problem): A point on the pitch 
circle of the srnall gear traces a hypocycloid ;  the arches in this case are 
two, and they are straight, having reached the limit by becoming diameters 
of the large gear. In other words, a point on the pitch line of the small 
gear traces a straight line. This circu1nstance seem� to have been first 
exploited for a true straight-line mechanism by Jame� \Vhite, an English 
engineer, who received a medal for this inv0ntion from Napoleon in 1801 
on the occasion of an industrial exposition in Paris. 
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7-3 Consider the circular cen trodes of diameter ratio I : 2. Develop a graphical 
construction for the inflection circle. 

+ C 11'2 

FIGURE p 7-3 +o 

7-4 A Bobillier construction for the inflection circle of a four-bar linkage is as 
follows: 
a. Locate / from the intersection of O .... A and OBB. 
b. Locate l' from the intersection of OAO» and AB. 
c. Draw I I'; this is called the collineation axis. 
d. Through I, draw a line parallel to l'OAO». 
e. Extend AB to intersect the line of step d in M. 

f. Draw a line through M parallel to II'. 
g. The intersection of the line of step f with AOA (extended if necessary) 

marks JA. Js is found similarly. 
h. Locate the center of the inflection circle from the three point!--/ . .r.�,

and J»-lying on the circle. 

FIGURE p 7-4 

Show that this construction satisfies the Euler-Savary relations. 
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7-5 A construction for the inflection circle of a slider crank is as follows: 
a. Locate /, the instantaneous center of links 1 and 3. 
b. Dra,w two arbitrary but parallel lines u and w. through o,.._ and /. 
c. Draw any ronYenient line through .4 .  <lefinin11; points G and H. 
d. Draw IH. 
e. Through G, draw a line parallel to J H 
f. Extend O ,.._A. to intersect the line of step e in J ,.._. 
g. Locate the center of the inflection circle from the three points-I, B, 

and J ,.._-lying on the circle. 
Show that this construction satisfies the Euler-Savary equation. 

(Note that B, undergoing rectilinear translation, describes a curve having 
an infinitely great radius, whence B is a point on the inflection circle.) 

.t-'IGURE P 7-5 

u B 

I 

� 

7-6 Locate the inflection circle of the four-bar linkage shown, an<l inve;;tigate 
the coupler curves of 
a. Point C. 
b. A point D lying at the intersection of AC and the inflection circle. 
c. Point K of the inflection circle. 
Use a transparent overlay for plotting the curves. 

FIOURE p 7-6 
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7-7 Consider a plane 2 moving with respect to a fixed plane 1. The fixed and 
moving centrodes are 1r1 and 1r2. The angular velocity at the instant 
considered is w, and the instantaneous center is at I. A curve C2 of plane 
2 as it moves with respect to plane 1 generates an envelope C1, and the 
point of contact (at the instant considered) is llf. Note that point M 
moves with respect to both planes 1 and 2. Let 

vM11 = velocity of JI with respect to plane 1 
v,v12 = velocity of !lf with respect to plane 2 

Then V.u11 = v.,112 + wl with JJf = l (1) 

Note also that, since C1 is the envelope of C2, their common tangent is 
perpendicular to the line I 11[. Let t be the unit tangent vector to C1 
and C2 ; let � be the unit tangent vector to 1r1 and 1r�. The angle i/; and 
the distance l define the point M. 

)'IOURE p 7 -7 

The Euler-Savary equation for envelopes relate1S the curvature of C1 to 
that of the generating curve C2 (the radii of curvature are Jf01 = R1 
and 1'102 =·R2) .  The equation is to be derived from Eq. (1) by obtaining 
two independent expressions for v_,,1 1  and VM/2· 

a. Show that 

v1 sin 1/t 
VMfl = l + l/R1 (2) 

HINT: Using complex-number notation for vectol'8, take the deriva
tive with respect to time and substitute. 

b. Show that 
u, sin 1/t 

VM/2 = 1 + l/R2 
(3) 

c. Making use of Eqs. (1) to (3), derive the Euler-Savary equation 
for envelopes, 

1 1 w 1 
102 - ro. = 

v, sin "' (4) 
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7-8 Consider a rnoving plane 2, moving with respect to a fixed plane l .  The 
fixed and moving centrodes are 1r1 and 1r2, their centers of curvature being 
located at Q1 and Q2, respectively. ..\t the instant considered the angular 
velocity is w, the instantaneous center is at /, and the IC velocity is 
v1, as shown in the figure. 
a. Express the acceleration of the instantaneous center in terms of v, and 

w. ,Yhat is the direction of the acceleration? 
b. Using Coriolis' theorem applied to the acceleration of the point of 

contact I as it 1noves along both centrodes, derive the equation 

1 1 w 

/U2 - /QI = v, (1)  

c. Compare this equation with the Euler-Savary equation found 111 

Prob. i-7, and show that the latter may be written in the forrn 

I 
I 

+n2 
I 
I 
I 
I 
I 
I 
I 

1 ,  

I 
I 
I 
I 
I 
I 
I 
I 
+n, 
I 

,�-� - 1� 1 
= (1t-2 - 1�·1) si� i/t (2) 

FIGl'RE p 7 -8 

7-9 A plane 2 1noves with respect to a fixed plane 1 .  The fixed and n1oving 
centrode,,; are 1r1 and 71"2. At the instant considered, the instantaneous 
center is l, the angular velocity is w, the angular acceleration is a, and the 
inflection circle (of diarneter / K) is as shown. A point A of thC' ltlOYing 
plane has tangential and normal accelerations a.t1 and a.�". it::- po�itiou 
being defined in polar coordinates by r = I A and 1" = TI A .  \Ye know 
from Sec. 7-1 that the inflection circle is the locus in plane 2 of point::, . . . 

having zero normal acceleration. 
a. By similar reasoning, using Eq. (7-3) in particular, show that the locu� 

of points having zero tangential acceleration is also a circle with 
<lia1neter IK' = w2/K/a. This circle is called the Bresse circle. 
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K 
A 

K' 

C B 
I 
! 

---- I 
I 

I 
/ 

T 

i.-... �'-------'-�,:.i· 
aA' 

FlGl.RE p 7-9 

b. The intersection C of the circles of inflection and of Bresse is an instan
taneous center of accelerations (zero normal and tangential acceleration 
at this point). L, I also a center of acceleration? 

c. A geometric property of the motion between planes 2 and l is one which 
i::; independent of the time law (independent of the angular velocity 
and arceleration) but depends only on the centrodes. A kinematic 
property, on the other hand, depends on the centrodes as well as the 
tin1e law. State which of the following properties-instantaneous 
center of velocity, instantaneous center of acceleration, inflection 
circle, BressP. circle-are geometric properties and which are kinematic 
properties. 

d. Again using Eq. (7-3), show that the acceleration of any point A may 
be written in the form 

aA = (ia - w2)CA 

so that, if the acceleration of one point A. is known, the acceleration of 
any other point B may be found by the construction shown. Kote 
the similarity and differences of this construction in comparison with 
that of velocity using instantaneous centers. 

7-10 .\ four-bar-linkage vertical posthole drill rig is to be developed. The 
figure �hows the sche1natic. The idea is that the drill is to be :-:uspended 

FIGURE p 7 - 1 0  

L.---- - Path 

Kr 9' 
n -- - ��---- --- - �l 

5' 

I 
I OA r - " 

2.2·: �1.7' 

/ 
A/ I 

� 

t- - - - - --�� 
I 4.5' . OB 

t 
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from a coupler point having an approxin1ate straight-line motion in the 
vertical. It will be advantageous to choose the coupler point on the 
normal through J, that is, at the inflection pole K. The links O..tA and 
0 BB are to be determined and the "vertical" section of the coupler curve 
traced. 

7-11 Design a wall-mounted level-luffing crane similar to that of the figure. 
Bear in mind the discussion of Prob. 7-10. 

10.25' r--- -- - - - -� 
I .,.- /  l 
14 25 ' / ,.,. / I 

1 1  • A /,,,, / I I , / 
/ ' 

/ 18.25' 
I 
I 
I 

- ---'"n
1 

-- Path 
K 

7-12 Determine the centers of eurvature of the coupler curve shown at points C1, 
c�, and C3. 1·,,<' either numerical calculations or graphical constructions. 

� 
OB },'JGt.iRE P 7-12 

7-13 Determine the cubic of stationary curvature for the coupler of the linkage 
of Fig. 7-7. 



PROBLEMS 419 

7-14 Consider the cycloid generated by the point A on the rim of a wheel of 
radius r rolling on a straight path. The parametric equations of the 
coordinates of A are 

;i; = r( (J - sin 0) and y = r( l - cos 0) 

a. DeriYe the values of the radii of curvature uf the cvcloid when O has 
values of 0, 90, and 180°. ,\lso, locate each center of curvature. 

b. Compare your answers with values derived from the Euler-Savary 
equation. 

y 

l'IGURE p 7-14 I 

Chapter 8 

8-1 Determine fixed pivot$ OA and Os of a four-bar linkage OAAB08 to guide 
the door shown from closed to open positions. 

J.l'IGURE p 8-1 

Door in 
closed 

position 

,..---- - - ------, 
'-:--,---- - - - - T T  

,O, ,o, ... ... ._,, 

A2 B2 
Open position 

8-2 Design a four-bar linkage to convert a clockwise rotation of 60° into 
a. A. clockwise rotation of 90°. 
b. A. counterclockwise rotation of 90°. 
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Draw the mechanisn1:,; in their extreme positions, and check your answer 
by means of a simple model. 

8-3 Design a four-bar linkage to produce a follower displacement of i/t 12 = 60° 

clockwise for a crank displacement of <1>1� = 100° counterclockwise. 
8-4 Detern1ine the length of the coupler and follower (i.e., find the coupler 

pivot B1) of the four-bar linkage OAABOs for which two successive rota
tions q,12 = 15° and <Pn = 45° of the crank OAA produce, respectively, 
two ::-uccessive rotations i/t 12 = 43° and Y12a = 47° of the follower OsB . 
. \11 rotations are clockwise. 

FJGl'RE p 8-4 

8-5 Design � central ,.;li<ler-crank mechanism O.�AB so that a 90° clockwise 
rotation of link o.◄.4. n>,.;uJt,- in a rectilinear tran,.;lation of point B frorr1 left 
to right along the line ,;hown. Di,.;plaee1nE>nt,- of B along the line n1ust 
be approximately proportional to the eorre,;pon<ling rotations of link O.◄A. 
within thE> 90° inter\'al. t·_,f' threE> aceuracy points with ChebysheY 
spacing. To cheek your result, draw a dbplacement eurve showing the 
translation as a function of the rotation for seven equidi:;tant points. 
Con1pare the graphical and :;tructural errors. \Yhat would be your sug
gestions to in1prove this synthesis'? 

•Oc -o-

I 
;I.l. 

1 0,◄ I Path ofB 
� - -. ---- -··- �"'''°"''"°"'°"'°"''-'�°"'�""�""°"'�'-'-�'1, I:= 1.3· - -►'. 

3· ____ ..,.... ____ 3" 

Fl(ll'RK p S-5 

8-6 Referring to the n1echanisn1 de::.igned in Prob. 8-5, find a point C of the 
roupler who,_l, three po,-itions C" C 2, C3 eorre:-::ponding to the three accuracy 
points lie on a cirde centE>red at Oc. If a rigid link OcC is now introduced 
and the ::.lider ren10\·ed, 0 .4,4 COc forms a four-bar linkage whose coupler 
point B traces an approxi,nately straight. segment. Check your design 
by construction of the locus of point B. 

8-7 If the crank OAA of the slider-crank mC'ehanism OAAB shown in solid lines 
is rotated with constant angular velocity, the time Atd required for the 
direct stroke (i.e., left to right) will be the same as the time At, required for 
the return stroke (i.e., right to left). In a quick-return mechanism it is 
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desired to have a ratio ll.td! ll.t, greater than unity, and this may be achieved 
by driving the crank OAA at a variable angular velocity. In the present 
problen1, the unknown four-bar linkage OcCA.O,.., shown in broken lines, 
is to be used for this purpose. Find the dimensions OcC and CA for which 
ll.td/ ll.t,. = 2 when the crank OcC i$ rotated at constant angular velocity. 

c ----
q--' 
I 
I 
' 
I 
I 

" 
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FIGURE p 8-7 
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B 
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8-8 The figure shows the principle of a lift truck in which the fork is guided by a 
linkage. The fork must move up and down in nearly rectilinear transla
tion. Determine the dimensions of the required linkage. Note tha.t 
OAABOs is a four-bar linkage, and that point C should have an approxi
mate straight-line path. Link DE maintains the fork in a motion of 
translation: to detern1ine this link, use three positions of accuracy for 
which the fork is to be exactly horizontal at ground level, halfway up. and 
all the way up. The points O,.. and On may be chosen in any convenient 
location within the 4- by 8-ft rectangle. Keep in mind that the truck 
must have maneuverability in close quarters where the headroom is low. 

,- t 
I I 

6" 

I 
I I 
I 

I 4' 

I 
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t'lGlJRE p l:> - 8  
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8-9 The figure shows the principle of the linkage guidance of a mixer motor. 

r 
s· 

The motor must move up and down in nearly rectilinear translation. 
Determine the dimensions of the required linkage for three positions of the 
motor, lowest., midway, and highest. Keep space requirements in mind 
when rhoo�ing your links. 

HGvRE p 8-9 
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8-10 An overhead garage door is to be supported by a four-bar linkage. The 
sketch shows the two positions of the 7-ft-high door. 
a. Lay out the linkage, and show what brackets are necessary, and where. 

Brackets may be fastened directly t.o the 2- hy 4-in. door frame and the 
2- by 6-in. doorpost. 

b. Provide for a helper spring to aid in opening the door and the mainte
nance of the open position. 

f.::r.@tjf�t�llf.Brn%¥Hit.@f%�&f;Ai:��;t.�t.tt��r1£�1.���'Ht.1&::���!:!��;:t�1;t1lM}t.�@MS: 
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8-11 The four-bar linkage O ,.A BOB assumes three positions as shown. Find 
a point C of the coupler AB that will assume three positions Ci, C2, Ca 

equidistant from Oc when the linkage takes its three positions. Locate 
the positions C1, C2, Ca of C. and check your answer. 

1 3.30" 

I 1.87" 1.05· 
23° .--,,o..v -- - - � - � 

1� OA Oc 08 

8-12 

\. 
t'JOtTRE p 8-11 

The level-luffing crane shown is a European type, u:::ed for shipbuilding 
and cargo handling. Note that point. C is a coupler point of the four-bar 
linkage O,.ABOa. Locate the pivot point A so that the coupler point C 
will pa1,s Pxac-tly through posit.ions C 1, C 2, and Ca, 

Water 

FlCICllE p 8-12 
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Chapter 9 

9-1 \\'hich of the quadrilaterals shown are opposite-pole quadrilaterals? For 
those which are, indicate the two pairs of opposite side:-i and the two 
diaionals. 

Ras 

FIGl:RE P \} -] 

Ras 

9-2 Six pole:;; are given, corresponding to four positions of a moving plane. 
Select an opposite-pole quadrilateral, and construct the center-point curve. 

FIGURE P 9 -2 

' 
2.55H 

I 2.63# 

82" i 
1.71H 

I 

i l IE 
.:. 

j 1.89" - -·· 

i � 2.25H 

I 2.72" ' 
I..:--- -- 3.25" 

1"4------- 4,75H 
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9-3 Construct the center-point curve for the relative poles of the sinusoidal
function generator (Sec. 9-4). 

9-4 The figure shows a four-bar linkage 0,1ABOs and four positions of its crank, 
O.tA 1, 0,1A2, 0,1A3, 0,1A.. For these four positions, 
a. Construct five of the poles of the coupler with respect to the fra,me. 
b. Select an opposite-pole quadrilateral, and draw the center-point curve 

in the vicinity of point OB-

e. Using a center point D l in. from OB, and abo,·e OB, determine a coupler 
point C tracing an approximate circular arc as the crank rotates from 
position O ,1A I to position O .tA •. 

OB FHHlRE p 9-4 

9-5 Determine the equation of the center-point curve defined by the opposite
pole quadrilateral P 1zP,8P34P2•• Take a rectangular system with x axis 
along the side P12P13 and origin 1nidway between P12 and P13. 

9-6 Find the following algebraic properties of the center -point curve considered 
in Prob. 9-5: 
a. Degree. 
b. Real and imaginary points of infinity. 
c. Real and imaginary asymptote:,;. 
d. Real intersections of real and imaginary asymptote:,;. 

9-7 Fro1n the results of Prob. 9-6, show that the real asymptote of the center
point curve may be obtained by joining the midpoints 1n' and ml' of the 
diagonals P12P34 and P1�2• of the opposite-pole quadrilateral. 
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Chapter 1 0  

10-1 Design a four-bar linkage to generate the function y = z1 .0 for an interva.l 
in x from 1 to 4. The input link is to start from 30° and is to have a range 
of 90° ; the output link is to start from 90° and is to have a range of 90°. 
Use three-point Chebyshev spacing. 

10-2 Design a four-bar linkage to generate the function y = xt .8 for an interval 
in x from 1 to 5. The input link is to start from 315° and is to have a range 
of 90° ; the output link is to start from 20° and is to have a range of 70°. 
Use three-point Chebyshev spacing. 

10-3 
a. Using Eq. (10-4), develop formulas for the mechanical errors .::1s in s 

due to errors Aa1, Aa2, Aaa in the parameters a,, a2, aa of the slider-crank 
mechanism. 

b. \Vhat is the value of the error As for <I> = 45° in the mechanism defined 
by the parameters 

a, = 5 + 0.004 in. a2 = 10 + 0.004 in. aa = +0.004 in. 

10-4 Design a slider-crank mechanism (Fig. 10-8) in which the translation of B 

parallel to Ox from s; = - 1  in. to s1 = 3 in. is approximately proportional 
to the rotation of OAA around OA from <J,; = 60° to <J,1 = 120°. Use three
point Chebyshev spacing. 

10-5 Design a slider -crank mechanism OAAB (Fig. 10-8) to convert a counter
clockwise 90° rotation into a 4-in. rectilinear translation from left to right. 
The velocity ratio between the translation and the rotation must be kept 
approximately constant. Take the accuracy points at 0, 1 ,  3, and 4 in. 
The initial crank angle q, 1 is to be 70°. Check your result by means of a 
graphical construction. 

10-6 Design a four-bar linkage to meet the following specifications of position, 
velocity, and acceleration: 

Chapter 1 1  

<J, = 900 

w4, = 3 rad/ sec 
Ot4> = 0 

t/1 = 90° 

w.,, = 1.20 rad/sec 
at = 1.62 rad/sec2 

1 1-1 Deter1nine the proportions of a four-bar linkage that will 1n one of its 
positions satisfy the specification;; 

w, = 8 rad/sec 
w2 = 1 rad/sec 
wi = 3 rad/sec 

a, = 0 
a2 = 20 rad/tieC2 

aa = 0 
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11-2 Determine the proportions of a four-bar linkage that will in one of its 
positions have parallel crank and follower and satisfy the specifications 

w1 = 3 rad/sec 
ws = 1 rad/sec 

a1 = 0 
a2 = 1 rad/sec2 

aa = 0 

1 1-3 Devise a method, using complex numbers, to determine the dimensions of 
a slider-crank rnechanism and the positions of its links, for which the 
following are specified: 

w, and a1 

w2 and a2 
v and a 

angular velocity and acceleration of the crank 
angular velocity and ac\,,eleration of the coupler 
linear velocity and acceleration of the slider 

Use the notation shown in the figure, and summarize your findings in 
tabular fashion. 

lmag axis 

I 
•1 1&3 

e 
I 

���- ------'------- 8 
Real axis 

Chapter 1 2  

1-'IGURE p 11-3 

12-1 Evaluate the meehanieal error of the 2R, 2G function generator y = co,- x 
of Se<'. 12-5 at the first accuracy point. Assume deviations as follows: 
Aa2 = 0.001 in., As, = 0.001 in., Aa4 = 6 min. Values of pararneterR 
given in Sec. 12-5 are in inches. 

1 2-2 Extend the method of synthesis of the 4R spherical mechanism (Sec. 12-4) 
to the case of four accuracy points. Take a, = 90°, and use 82 1, crank 
position corresponding to the first accuracy point, as a fourth design 
pararneter. 

12-3 Design a 4R spherical mechanism to generate the function y = cos x in the 
interval -60 < x < 60°. Ranges of variation are to be A81 = 180° and 
A82 = 50°. with accuracy points at :i: = -45, 0, 45°. The maximum 
value of 82 (eorresponding to the second accuracy point) is taken a.s 
8t

2 = 50°. 
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12-4 Determine the displacement equation relating s and () in the R, 2G, P 
mechanism shown. ,vhat choice of parameters will produce a mechanism 
capable of generating symmetrical functions·.> 

z 

y 

G2 rotates in xy plane 

FIGURE p 12-4 

12-5 Develop a method of synthesis of the n1echanism con::::idered in Prob. 12-4 
to generate symmetrical functions with a total of five accuracy points. 
Use s1 (value of s corresponding to the first accuracy point), r, and a as 
design parameters. .-\pply the method to the function y = x2 in the 
interval - 1  < x < 1 ,  with zo = 0, a = 30°. Ranges of ,·ariation a,re to 
be f:l(} = 180° and As = 3 in. 

12-6 Develop a method of ,-ynthesis for the 4R ::;pherical mechanism with four 
accuracy points, using a i, a2, aa, a4 as design parameters. Does this 
synthesis procedure require the use of con1patibility equations? 
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	O.._A = 2.25 

	AB = oBB = o .. oB = 4.5 
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	FIGURE p 4-8 
	(c) 
	a of plane 3 is rnoving so that it traces a curve JI Kon the moviniz 2y2 are fixed to it. The fixed plane 1 is the complex plane with origin at O and axes as shown. The position of plane 2 is defined by x, y, and -./t; and the position of point P3 with respect to 
	4-9 Point P
	plane 2; rectangular axes 0?;X2 and 0

	(Imaginary) 
	(a) B 4 1 A 
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	plane 2 is defined by p and q,. The position of point Pa with respect to the fixed plane (complex plane) is defined by the vector r, which may be written in complex form as 
	Figure
	(1) 
	a. 
	a. 
	Taking the first derivative of Eq. (I) with respect to time, write in a with respect to the reference plane. 
	complex form the velocity of P


	.
	b. 
	b. 
	3 with respect 2 of the moving plane 2. \Yrite the expression for each of these velocities, a-
	This velocity is the sum of two parts: (1) the velocityof P
	to the moving plane; and (2) the velocity of the coincident point P
	and show that their sum equŁ!s the total velocity of P


	c. 
	c. 
	Taking the second derivative of Eq. (1) with respect to time, write in a with respect to the fixed plane. 
	complex form the acceleration of P


	d. 
	d. 
	This acceleration is the sum of three parts: (1) the acceleration of Pa with respect to the moving plane; (2) the acceleration of the coincident 2 of the moving plane 2; and (3) the Coriolis acceleration. Write the expression for each of these accelerations, and show that a. 
	point 
	P
	their sum equals the total acceleration of P


	e. 
	e. 
	Show that the Coriolis acceleration is normal to the trajectory traced by point Ps on the moving plane 2. 

	Chapter 5 
	5-1 Using the Grubler criterion, determine the movability (number of degrees of freedom) of the mechanisms shown. 
	(b) 
	(a) 
	(d) 
	(C) 
	FICilUBE p 5-1 

	PROBLEMS 405 
	PROBLEMS 405 
	Figure
	(h) 
	, 
	(i) 
	(k) 
	FIGURE P 5-1 (continued) 
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	KINEMATIC SYNTHESIS OF LINKAGES 
	5-2 Determine the movability of 
	a. 
	a. 
	The schematic of locomotin• \·al\'e gear. 

	b. 
	b. 
	The schemati<' of ŁIusgrave $team engine. 

	(a) • 
	FIGURE p 5-2 
	a. 
	a. 
	Check the chain for movability. 

	b. 
	b. 
	Identify the links as binary, ternary, and so on. 

	1 
	Jjl
	FIGURE p 5-3 
	5-4 Derive all planar revo)ute kinematic chains that have constrained motion with eight links. Do not consider redundant chains. 
	,;c -Jr-ŁŁ-Ł ,; 

	PROBLEMS 407 
	PROBLEMS 407 
	Demonstrate that the chain is movable. (5, transfer piston; 4, power piston; 10, compressor; 2, crank.) What are your thoughts about the ease of balancing this mechanism? 
	5-5 Shown is the linkage of a Sterling-cycle engine developed in Holland.
	1 

	Product Eng., Aug. 24, 1959. 
	1 

	Figure
	4 
	l'IGURE p 5-5 
	Figure

	PageRoot
	Figure
	KINEMATIC SYNTHESIS OF LII'.KAGES 
	5-6 The essential parts of a folding top (as for a buggy or a conYertible) are shown in two positions: 
	a. 
	a. 
	Folded. 

	Investigate each position by Grtbler's criterion. 
	B 
	Fabric 
	(folded) 
	(a) 
	C 
	--

	fabŁc 
	.A 
	_ 

	__ _ 
	-
	-
	_ 
	--

	III 
	I 
	I

	(b) 
	(b) 
	.c., I

	.:: I 
	-Q
	ŁII
	II 
	I
	I 
	I 
	I 
	Figure
	FIGURE p 5-6 
	a
	a
	. .-\pplŁ· the philo::::ophy that led to the planar Grlibler criterion to :,;patial ('hains ronnE>rted bŁ· lower pair:-; of f = 1, and develop the spatiul-ehuin GrliblPr rriterion. 

	b. 
	b. 
	\\'hat i,; the minimum number of link:,; and pair::-for a ron::;trained sin1ple-clos<>d ehain "? 

	c. 
	c. 
	""hat is the next combination of link:,; and pair:::: for a ('Onstrained chain·? 


	PROBLE:'.\-IS 409 
	PROBLE:'.\-IS 409 
	5-8 A campstool is pictured in the partially folded state. Apply Gri.ibler criterion to three conditions: 
	the 

	a. 
	a. 
	The stool as shown. 

	b. 
	b. 
	The stool with the canvas seat taut. 

	c. 
	c. 
	The stool extended a.nd on the ground. The ground "connections" must be pictured as appropriate kinematic pairs. 

	FIGURE p 5-8 
	Figure
	5-9 
	a. 
	a. 
	Determine three accuracy points a1, a2, a3 in the interval -1 < x < 1 for which the derivative of the error is minirnized according to the first approximation given by the method of Chebyshev polynomials. 

	b. 
	b. 
	Same question, but with five accuracy points a1, a2, a3, a4, a5. 

	5-1 O Approximate the polynomial y(x) = 3x+ l lx+ 20x + 1 i in the interval O x 2 by means of a second-degree polynomial y,.(x) = A.x+ Bx + C. Find the coefficients A, B, C giving the smallest possible value of the maximum error E = y -Ya in the interval specified. ,Yhat is the n1aximum value of this error, and where does it occur? 
	3 
	2 
	< 
	< 
	2 

	5-11 :\pproxiinate the polynomial y(x) = 12x• + 3x+ 4x+ 2x+ 8x + 3 in the neighborhood of x = 0 (i.e., for values of x close to zero) by means of a fourth-degree polynomial y,.(x) = Ax+ Bx+ Cx+ Dx + E. 
	4 
	3 
	2 
	4 
	3 
	2 

	,'>-12 •.\ pproximate the parabola of equation y = xin the interval 0.5 x 1 by means of a straight-line segment defined by the equation Y= Ax + B; find the coefficients A and B giving the smallest possible value of the maximum error in the interval specified. \Vhat is the maximum error under those conditions, and where does it occur? 
	2 
	< 
	< 
	a 

	5-13 
	a. 
	a. 
	Construct graphically three, four, five, six, and seven points with Chebyshev spacing on a 4-in. segment. 

	b. 
	b. 
	Develop a formula for spacing of the form ak = f(h, n, k), where k = 1, ... , n, h is the half interval, and n is the number of accuracy points. 

	c. 
	c. 
	Check answers to (a) by means of (b). 

	Chapter 6 
	a. 
	a. 
	Trace the locus of the coupler point .11 of a ,Yatt-type mechanism .. assuming the proportions of the four-bar linkage to be OAOs = 6.5 in., 
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	o
	o
	..A = OsB = 3 in., Ailf = J.1B = 0.75 in. The curve is of the sixth order. 

	b. 
	b. 
	Change the proportions to o.. oB = AB = v'2 o .. A = v'2 OsB, maintaining A2\f = MB, and trace the curve of M. The linkage ha.5 change points: if it runs as a parallelogram linkage, the coupler curve is a circle, a curve of second degree; if it runs as an anti parallelogram (contraparallelogram), the curve is that known as Bernoulli's lemniscate, a curve of the fourth order. 

	6-2 Trace the locus of the coupler point M of the Roberts type of approximate 60a, and 75a. Note the symmetry, O.. A = A21f = MB = BOs and AB = ½O.. Os. Construct also the circles of foci, zind discuss the intersections of the circles with the coupler curves. 
	straight-line mechanism shown for three cases: 8 = 45,
	0 
	° 
	° 

	A B 
	Figure
	FIGURE p Ł2 
	1lf for the mechanism shown, in which the two links O .tA and BM constitute what is known as a Chebyshev dyad, narnely, O.tA = AB = A1lf. Other dimensions are OsB = 0.4(OAA), and O AO s = 2( 0 sB). Construct the circle of foci and the cognate linkages. 
	6-3 Trace the locus of point 

	M 
	FIGURE p 6-3 
	a. 
	a. 
	Recast the four-bar coupler-curve equation [Eq. (6-1)] by (1) substituting expressions containing k for sin a and sin B and (2) writing the result in the form ij'J. + V= W• 
	2 
	2
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	b. 
	b. 
	Consider the case in which the coupler point M lies on the line AB between A and B. Deterinine appropriate values of 'Y and c, and evaluate U, V, and W. 

	c. 
	c. 
	A special case, reminiscent of the ,,, att linkage, comes with setting r = sand placing 1'1 at the midpoint of AB. Evaluate U, V, and W. 

	d. 
	d. 
	Consider the case in which the coupler point .1'1 lies on the line AB, but beyond either A or B. Evaluate U, V, and W. 

	e. 
	e. 
	Determine the conditions for a coupler curve symrr1etrical with respect to the x axis. 

	6-5 Derive the equation of the lemniscate, and compare with the usual forms of the equation (x+ y)2 = a(x-y) or p= acos 28, where the origin is taken at the node (see page 80). Determine the parameter a in terms of linkage dimensions. 
	2 
	2
	2
	2 
	2
	2 
	2 

	6-6 Determine the four-bar cognates of the linkages shown. 
	Figure
	FIGURE p 6-0 
	FIGURE p 6-0 


	B 
	2.6" (b) 
	Figure
	6-7 6-8 
	6-7 6-8 
	6-7 6-8 
	Determine the six-bar cognates for the linkages of Fig. P 6-6. 

	TR
	TD
	a. 
	Find two other linkages having coupler of M. 
	curves identical with the path 

	TR
	TD
	b. 
	If in the given linkage the member OBB is driven at a constant angular velocity, which frame link of each cognate may be driven at the same velocity to have each cognate's M describe the curve at the same rate as the given M? 


	Figure
	2.85" 
	Figure
	FIGURE p 6-8 
	Figure
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	6-9 
	6-9 
	6-9 
	Show that the locus of point ill of the Free,nantle mechanism is an exact straight line. The dimensions are OA.A = A.B = A..ilf. A modified version of this mechanism came to be known as the Evans ''straight-line" ,notion. 

	M 
	M 
	TD


	Figure
	FIGURE p 6-9 
	6-10 
	6-10 
	6-10 
	Give a direc-t µroof that the Peaucellier mechani:,;m gives an exact straight 

	TR
	TD
	line. 

	6-11 
	6-11 
	The cubic of stationary curvature (see See. 7-2) i::; a C'urve defined in polar 

	TR
	TD
	coordinates by Eq. (7-10). 

	TR
	TD
	a. 
	l)etennine its equation in reetangular coordinates and verify that it i,-; 

	TR
	TD
	of the third degree. 

	TR
	TD
	b. 
	l)eter,nine the direction and location of it.-:-asymptote. 


	Chapter 7 
	Determine the inflection circle for link 3 of the n1echanisms in Fig. P 4-8. Determine the inflection circle for the planetary gear train, the ratio of 
	diameter::, being 1 : 2. 
	Figure
	Jo"IGURE p 7-2 
	OTB (to be read after finishing the problem): A point on the pitch circle of the srnall gear traces a hypocycloid; the arches in this case are two, and they are straight, having reached the limit by becoming diameters of the large gear. In other words, a point on the pitch line of the small gear traces a straight line. This circu1nstance seemŁ to have been first exploited for a true straight-line mechanism by JameŁ \Vhite, an English engineer, who received a medal for this inv0ntion from Napoleon in 1801 on
	X


	PROBLEMS 413 
	PROBLEMS 413 
	7-3 Consider the circular cen trodes of diameter ratio I : 2. construction for the inflection circle. 
	Develop 
	a graphical 

	Figure
	C 11'2 
	+ 

	Figure
	FIGURE p 7-3 
	+o 

	7-4 A Bobillier construction for the inflection circle of a four-bar linkage is as follows: 
	a. 
	a. 
	Locate / from the intersection of O .... A and OBB. 

	b. 
	b. 
	Locate l' from the intersection of OAO» and AB. 

	c. 
	c. 
	Draw I I'; this is called the collineation axis. 

	d. 
	d. 
	Through I, draw a line parallel to l'OAO». 

	e. 
	e. 
	Extend AB to intersect the line of step d in M. 

	f. 
	f. 
	Draw a line through M parallel to II'. 

	g. 
	g. 
	The intersection of the line of step f with AOA (extended if necessary) A. Js is found similarly. 
	marks J


	h. 
	h. 
	Locate the center of the inflection circle from the three point!--/ . .r.Ł,and J»-lying on the circle. 

	Figure
	FIGURE p 7-4 
	Show that this construction satisfies the Euler-Savary relations. 





