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e11-1. The 200-kg crate is on the lift table at the position
6 = 30°. Determine the force in the hydraulic cylinder AD
for equilibrium. Neglect the mass of the lift table’s
components.

Free - Body Diagram: When 6 undergoes a positive virtual displacement of 88, the dash line configuration
shown in Fig. a is formed. We observe that only the force in hydraulic cylinder 45, acting at point D and the
weight of the crate W; do work when the virtual displacements take place.

Virtnal Displacement: The position of F 4y acting at point D and the point of application of W} are specified by
the position coordinates y, and y ;, measured from the fixed point B.

yp =2.4sin8 dyp = 24005666 0]

¥y =2(24sin0)+ b 8y = 4.8c0s 658 (2)

Virtual Work Equation: Since F ) acts towards the positive sense of its corresponding virtual displacement, its
work is positive. The work of W is negative since it acts towards the negative sense of its corresponding virtual
displacement.

=0 Fapdyp +[-2009.81)8;] =0 3
Substituting Egs. (1) and (2) into Eq. (3),

Fyp (2.400s 666) - 200(9.81)4.8c0s 658 )= 0

c0s 660(2.4 Fyp — 9417.6)=0
Since cos 656 # 0, then

24Fyp - 94176=0

Fyp =3924 N =392kN Ans.

Note F4p remains constant regardless of angle 6.

WJ=ZOOC4'5’) N

——— — -

\\ %J_

¢ &
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11-2. The uniform rod OA has a weight of 10 Ib. When the
rod is in a vertical position,# = 0°,the spring is unstretched.
Determine the angle 0 for equilibrium if the end of the spring
wraps around the periphery of the disk as the disk turns.

0.5 ft

k =30 Ib/ft

Free Body Diagram : The system has only one degree of freedom defined by
the independent coordinale 8. When 8 undergoes a positive displacement 56,
only the spring force and the weight of rod (10 Ib force) do work.

Virtual Displacements : The 10 Ib force is located from the fixed point &
using the posinon coordinate yg, and the virtual displacement of point C is dx..

yop =1lcos @ By, =-sin 656 (1
bxc = 0580 (2]

Virtual - Work Equation : When points B and C undergo positive virtual
displacements 8y and Sxc, the 10 1b force and the spring force £, do !?ﬂiw:
work.

sU=0; -IOSy,-i-F;,&x,,_-:O [31

Substmang Eqgs.[1] and [2] into (3] yields

(- 10sin 6 #0.5F,,) 56 =0 (4

However, from the spring formula, ), = kx = 30(0.56) = 156. Substiuting
this value into Eq.[4] yields

(- 10sin 8.27.56) 58 =0

Since 50 # 0, then
~10sin §=17.56=0

Solving by trial and error .
A=0° and 6=73.1° Ans
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11-3. The “Nuremberg scissors” is subjected to a
horizontal force of P = 600 N. Determine the angle 6 for
equilibrium. The spring has a stiffness of £ = 15 kN/m and
is unstretched when 6 = 15°.

Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 89, the dash line configuration
shown in Fig. a is formed. We observe that only the spring force Fg, acting at points A and B and the force P do work
when the virtual displacements take place. The magnitude of Fgj, can be computed using the spring force formula,

Fyp = kx = 110° [ 20.25in 6) - 20.2sin15°)] = 600Q(sin6 — 0.2588)N.

Virtual Displacement: The position of points A and B at which Fg;, acts and point C at which force P acts are specified by
the position coordinates y4, yg, and yc, measured from the fixed point E, respectively.

y4 = 0.2sin6 8y4 = 0.200s 650 )
yg = ¥0.25in0) dyp = 0.6cos 650 2)
yc = 8(0.2sin8) dyp = 1.6c0s050 3

Virtual Work Equation: Since F, at point A and force P acts towards the positive sense of its corresponding virtual
displacement, their work is positive. The work of Fg, at point B is negative since it acts towards the negative sense of its

corresponding virtual displacement. Thus,
8U =0, Fipya +(~Fpdyp) +Poyc =0 4

Substituting Fyp =6000(sinf - 0.2588), P =600 N, Egs. (1), (2), and (3) into Eq. (4),
6000(sin® — 0.2588)(0.2 cos 866 — 0.6 cos 868 ) + 600(1.6 cos 859 ) = 0
008036[—2400(si119 - 0.2588) + 960] =0

Since cos 866 # 0, then
—2400(sin8 — 0.2588)+960 =0
6 =412° Ans.
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*11-4. The “Nuremberg scissors” is subjected to a
horizontal force of P = 600 N. Determine the stiffness k of
the spring for equilibrium when 6 = 60°. The spring is
unstretched when 6 = 15°.

Free - Body Diagram: When 8 undergoes a positive virtual angular displacement of 58, the dash line configuration
shown in Fig. a is formed. We observe that only the spring force Fyp acting at points A and B and the force P do work
when the virtual displacements take place. The magnitude of Fg, can be computed using the spring force formula.

Fyp = kx = §2(0.25in0) - 2(0.25in 15°)] = (0.4)k(sin6 — 0.2588) N

Virtnal Displacement: The position of points A and B at which Fgp, acts and point C at which force P acts are specified by
the position coordinates y4, ¥, and yc, measured from the fixed point E, respectively.

ya = 02sin@ 894 = 0.2c08 668 )
yg = X0.25in6) 8y = 0.6005 856 @
yc = 8(0.25in0) dyg = 1.6c0s060 (€]

Virtual Work Equation: Since Fg; at point A and force P acts towards the positive sense of its corresponding virtual
displacement, their work is positive. The work of Fsp at point B is negative since it acts towards the negative sense of its
corresponding virtual displacement. Thus,

sU=o Fepya +(~Fspdyp ) + Pyc =0 @

Substituting Fy, =Kk(sin@ - 0.2588), P= 600N, Egs. (1), (2), and (3) into Eq. (4),
(0.4)k(sind — 0.2588)(0.2 cos@ — 0.6.cos 856) + 600(1.6cos 656) = 0
cos B86[ 0. 16k (sin@ — 0.2588) + 960] = 0

Since cos 858 # 0, then
—0.16k(sin@ — 0.2588)+ 960 =0

(o 6000
sinf - 0.2588
When 8 = 60°,
6000

ke e e = 988IN/m=988kN /m Anw:
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e11-5. Determine the force developed in the spring
required to keep the 10 Ib uniform rod AB in equilibrium
when 6 = 35°.

k = 15 Ib/ft
ARy

M=101b- ft

6 ft

Free - Body Diagram : The system has only one degree of freedom defined by
the independent coordinate 8. When 6 undergoes a positive displacement 56,
only the spring force £, , the weight of the rod(10 Ib) and the 101b- ft couple

moment do work.

Virtual Displacements : The spring force F,, and the weight of the rod
(10 1b) are located from the fixed point A using position coordinates x5 and
x¢. respectively.

xg =6cos 8  Oxy =~6sin 56 [
ye=3sin@ yc = 3cos 658 (2l

Virtual - Work Equation : When points B and C undergo positive virual
displacements 8xgand Sy, the spring force F,and the weight of the rod
(101b) do negative work. The 10 Ib - ft couple moment does negative work
when rod A B undergoes a positive virual rotation §6.

§U=0. ~FE,éxy-108y.-1066=0 (31

Substituting Eqgs.{1] and (2] into (3] yields

6F,,sin 8~-30cos 8~10) 66 =0 [4]
»

Since 48 = 0, then
6F,,sin 8~-30cos 6-10=0
F = 30cos 68+ 10
F 6sin 8

Al the equilibrium position, 6 = 35°, Then

_ 30cos 35°+ 10

= ———————=10.01b Ans
” 6sin 35°
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11-6. If a force of P = 51b is applied to the handle of the
mechanism, determine the force the screw exerts on the cork
of the bottle. The screw is attached to the pin at A and passes
through the collar that is attached to the bottle neck at B.

Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 86, the dash line configuration
shown in Fig. a is formed. We observe that only the force in the screw F and force P do work when the virtual displacements
take place.

Virtual Displacement: The position of the points of application for F; and P are specified by the position coordinates y4 andyp,
measured from the fixed point B, respectively .

Y4 = 2(3sinB) &y, = 6cos 666 ()]

yp = 63sind) dyp =18cos 660 (2

Virtual Work Equation: Since P acts towards the positive sense of its corresponding virtual displacement, it does positive work.
However, the work of F is negative since it acts towards the negative sense of its corresponding virtual displacement. Thus,
8U=0 Péyp +(—F@A)=0 3

Substituting P = 5 Ib, Egs. (1) and (2) into Eq. (3),
5(18.c0s 689 ) - F (60s6660) = 0
cos 689(90 - 6F,) = 0

Since cos 856 # 0, then
90-6F,=0
F,=151b Ans.
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11-7. The pin-connected mechanism is constrained at A by
a pin and at B by a roller. If P = 10 1b, determine the angle
0 for equilibrium. The spring is unstretched when 6 = 45°.
Neglect the weight of the members.

x = | cosd A
e

Fo=ks; F = 50(lcos @ - lcos 45°)

V=0 -F&k+P&=0
~50(lcos 8 - lcos45°) + 10 = 0

8 =249° Ans
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*11-8. The pin-connected mechanism is constrained by a
pin at A and a roller at B. Determine the force P that must
be applied to the roller to hold the mechanism in
equilibrium when 6 = 30°. The spring is unstretched when
0 = 45°. Neglect the weight of the members.

x = lcos8 ) N 69 (
=0, P&-Fa =0 Np
N,

p=F F \\
When 8 = 45°, x = Icos 45° = 0.7071 ft A F
When 8 = 30°, x = lcos 30° = 0.86602 fi \ ‘,’/ "'ch_
F s ki F = 50(0.86602 - 0.7071) = 7.95 b v
P=795b Ans x
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*11-9. If a force P = 100 N is applied to the lever arm of
the toggle press, determine the clamping force developed in
the block when 6 = 45°. Neglect the weight of the block. .
200 mm
N
~-200 mm
500 mm

Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 58, the dash line configuration shown in Fig.
a is formed. We observe that only force P and the clamping force Fg do work when the virtual displacement takes place.

Virtual Displacement: The position of point Dat which F acts is specified by the position coordinate yp.
¥p =2A02c0s8) dyp = -0.4sin 650 1)

Since 8@is very small, the virtual displacement of point A at which force P acts is

dya = 0.556 2
Virtual Work Equation: Since Fg and Pact towards the negative sense of their coresponding virtual displacements, their work is
negative. Thus,

U=0 -Péyp +(-Fg&p)=0 (©)

Substituting P = 100N, Egs. (1) and (2) into Eq. (3),
~100(0.550 ) — Fg(—~0.4sin 658) = 0
86(~50+ 0.4F g 5inf)=0

Since 88 # 0, then
-50+ 04Fg sin=0
125
==

sin@

Arf =450,

125
= = 176.78N =1TIN Ans.
Fe sin 457 :

mT]

Tt % g o

«)
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11-10. When the forces are applied to the handles of the P=5N P=5N
bottle opener, determine the pulling force developed on
the cork.

Free - Body Diagram: When the handle undergoes a virtual angular displacement of 88, only forces P and F do work,
Fig. a.

Virtoal Displacement: Since §8is very small, the virtual displacements of forces P and F can be approximated as
8p = 0.0956 )
8 =0.01560 ’ (2)

Virtual Work Equation: Since P acts towards the positive sense of its corresponding virtual displacement, its work is
positive. However, force F does negative work since it acts towards the negative sense.
8U =0, 2AP3p)+(-F8F)=0 3

Substituting P = 5 N and Egs. (1) and (2) into Eq. (3),
2[5(0.0936 )| - F(0.01556) = 0
86(0.9-0.015F) = 0

Since 86 # 0, then
09-0.015F =0
F=60N Ans.

1043



11 Solutions 44918 1/29/09 12:42 PM Page 1044 CE

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

11-11. If the spring has a stiffness £ and an unstretched
length /,, determine the force P when the mechanism is in
the position shown. Neglect the weight of the members.

y=Uce @ Sy = —-2Usin® 50
x = [gimf, &x = |cos8 50
U=0: -P&-F&=0
~P(lcos@ 58) + F,(2sin6 56) = 0

~Pcos@ + 2F, sn@ = 0

F, = Ko - &)

P=imO(Uceb - k) Ans

*11-12. Solve Prob. 11-11 if the force P is applied
vertically downward at B.

" = | eosd, &y = —~13inb &P
7 = Ueosd, &y = -Usind 50

& =0 P&I-E&=o

P(~15in6) 88 - F,(~Usin8) §6=0
P = 1F,

F, =k F=4cosd~b)

P=2coed - &) Ams
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¢11-13. Determine the angles 6 for equilibrium of the
4-1b disk using the principle of virtual work. Neglect the
weight of the rod. The spring is unstretched when § = 0° and
always remains in the vertical position due to the roller guide.

k = 50 1b/ft

TR

Free Body Diagram : The system has only one degree of freedom defined by
the independent coordinate . When 6 undergoes a positive displacement 56,
only the spring force F;, and the weight of the disk (4 Ib) do work.

Virtual Displacements : The spring force F, and the weight of the disk
(4 Ib) are located from the fixed point B using position coordinates ycand y, ,
respectively.

ye=1sin8  Jyc=cos 856 [
yy=3sin@ 8y, = Icos 656 (2

Virtual - Work Equation : When points C and A undergo posiﬁw: virmal
displacements Jy.and 8y, . the spring force £, does negative work while the
weight of the disk (4 Ib) do positive work.

SU=0; 48y, =FE,8yc=0 (3)

Substiwtng Egs.[1] and (2] into (3] yiclds

(12-F,) cos 856 =0 [4]

However, from the spring formula, F,, = kx = 50(1sin 8) = 50 sin 8.

»

Substimtng this value inw Eq.[4] yields
(12~ 50sin 8)cos 866 =0

Since §6 = 0, then
12-50sin =0 6=13.9° Ans

cos =0 6=90° Ans
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11-14. The truck is weighed on the highway inspection
scale. If a known mass m is placed a distance s from the
fulcrum B of the scale, determine the mass of the truck m, if
its center of gravity is located at a distance d from point C.
When the scale is empty, the weight of the lever ABC
balances the scale CDE.

§U=0;. (W)s868)- Wadd=0 w{'
(Ws - W,a)56 = 0 Sw=558 S A

W= w(3) — ==
or, 5wt=a<§9
v B’J
wooft) rm "
B
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11-15. The assembly is used for exercise. It consists of four
pin-connected bars, each of length L, and a spring of
stiffness k£ and unstretched length a (< 2L). If horizontal
forces are applied to the handles so that 6 is slowly
decreased, determine the angle 6 at which the magnitude of
P becomes a maximum.

Free Body Diagram : The system has only one degree of freedom defined by
the independent coordinate 8. When 6 undergoes a positive displacement &6,
the spring force £, and force P do work.

Virtual Displacements : The spring force E, and force P are located
from the fixed point D and A using position coordinates y and x , respectively.

y=Lcos 8 5y=-Ls‘m659 1
x =Lsin @ 8x = Lcos 860 (2]

Virtual - Work Equation : When points A, C, B and D undergo positive

virmal displacement Jy and 8x, the spring force F, and force P do negative

work. '
§U=0; -2F,8y-2P6x=0 3]

Substiruting Egs.[1] and (2] into [3] yields

(2E,sin 8-2Pcos 6) L&6 =0 (4]

From the geometry, the spring swretches §= 2Lcos8 —a Then, the spring
force F, = k= k(2Lcos8- ) = 2kLcos® - ka Substituting this value into

Eq.(4] yields

(4kLsin 6cos 8- 2kasin - 2Pcos 8) L&6 =0

Since L&8 » 0, then

4kLsin Bcos 8 = 2kasin 6~ 2Pcos 6=0
P = k(2Lsin 8- atan 6)

dP
In order o obtain maximum P, E=0'

dP
E:k(llnosO—asu:’B)*:O
i
ax’
8= "(—) Ans
cos 3
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*11-16. A 5-kg uniform serving table is supported on each 250 mm 150 mm,
side by pairs of two identical links, AB and CD, and springs \
CE. If the bowl has a mass of 1 kg, determine the angle 6
where the table is in equilibrium. The springs each have a

stiffness of k& = 200 N/m and are unstretched when § = 90°. ° BE
Neglect the mass of the links. /\A C\ * =
250 mm
) 6 St
Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 66, the dash line configuration shown in Fig. 7"0B . D
a is formed. We observe that only the spring force Fyp, the weight W, of the table, and the weight W), of the bowl do work when | ":
the virtual displacement takes place. The magnitude of Fy, can be computed using the spring force formula, - : ' 150 mm

Fyp = kx = 200(0.25c058 )= 50cas ON.

Virtual Displacement: The position of points of application of W, W;, and Fg, are specified by the position coordinates yg, . G, »
andxc, respectively.Here, yg, and yg, are measured from the fixed point B while xc is measured from the fixed point D.

¥G, =025sin0+ b 8y, = 0.25005650 )
¥G, =0.25sinf + a 9y, = 0.25c0s056 2)
xo =0.250080 &xp = -0.25sin 6560 3

Virtuaal Work Equation: Since W, W,, and Fy;, act towards the negative sense of their corresponding virtual displacement, their
work is negative. Thus,

w=e Wy, +(-Wedvg, )+(~Fplic) =0 @)

Substituting W}, =(%}(9Asi) =4905N, W, =(§}9.s:) =24.525N, Fy, = 50c0s6N, Egs. (1), (2), and (3) into Eq. (4), we have

~4.9050.25 cos 659 ) ~ 24.525(0.25 005636 — 5000s6(—0.255in658) = 0
86(~7.3575c08 + 12.5sin 8 cos 6) = 0

Since 86 # 0, then
=7.35750088 + 12.5sin6 cosf = 0
cos 8(—7.3575+ 12.5sinf )= 0

Solving the above equation,
cos@=0 6=9° Ans.
~7.3575+12.55in6 = 0
8 =36.1° Ans.
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*11-17. A 5-kg uniform serving table is supported on each 250 mm 150 mm,
side by two pairs of identical links, AB and CD, and springs \

CE.If the bowl has a mass of 1 kg and is in equilibrium when
0 = 45°,determine the stiffness k of each spring. The springs Y
are unstretched when 6 = 90°. Neglect the mass of the links. ° B E
/\A C k :
250 mm
) 6 i
Zt Yo - Yo D 5
Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 58, the dash line configuration shown in Fig. B > &P

ais formed. We observe that only the spring force Fyp,, the weight W, of the table, and the weight W, of the bowl do work when
the virtual displacement takes place. The magnitude of F,p can be computed using the spring force formula,
Fp=he= £(0.25c058 ) = 0.25k cos6.

Virtual Displacement: The position of points of application of W), W, and F, are specified by the position coordinates g, . )G, »
and xc, respectively. Here, yg, and yg, are measured from the fixed point B while x¢ is measured from the fixed point D.

¥G, =0.25sin6 + b Gygb = 0.25c086050 m
Y6, =0.255in0 + a 86, = 0.25008650 @
xc = 0250058 8xc = -0.255in 050 €}

Virtual Work Equation: Since Wy, W,, and F, act towards the negative sense of their corresponding virtual displacement, their
work is negative. Thus,

-0 Wi, +( Wi )+(Fplic) =0 @

Substituting W, =[%)(9.81) =4905N, W, =[%}9‘31) =24.525N, Fy, = 0.25kos ON, Egs. (1), (2), and (3) into Eq. (4), we have

—4.9050.25 cos 856 ) — 24.525(0.25 008856 ) — 0.25k cos8(—0.255in658 ) = 0
88(~7.35750050 + 0.0625ksinf cosf )= 0

Since 88 # 0, then
—7.3575c088 + 0.0625k sinfcos 6 = 0
117.72
k=——
sin@
When 8 =45° then

s 1_17,72
sin

=166 N/m Ans.

45°

(@)
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11-18. If a vertical force of P = 50N is applied to the P=50N
handle of the toggle clamp, determine the clamping force

exerted on the pipe.

Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 38, the dash line configuration shown in Fig. a
is formed. We observe that only force P and the clamping force F do work when the virtual displacement takes place.

Virtoal Displacement: Since 66is very small, the virtual displacement of point C can be appoximated by é¢ = 40.045% m. From
the geometry shown in Fig. b, the horizontal and vertical components of 8¢ are given by (6¢), =8¢ siné = -5.045 sin@& and
bc)y =8¢ cosb = J0.045 cos050, respectively. By referring to Fig. a, we notice that 84 = (8¢ ) = J0.045 sin630. Also,

= g_*"l = :_75 or 8f = 0666754 = 0.6667J0.045 5in636
and
goo 80y _ J0045 0os056 _ 3.333.J0.045 cos 050
03 03
and

8p =058 +(80)y = us{ 3.333J0.045 cos650 )+ J0.045 c0s850 = 2.6667J0.045 cos 656

Virtual Work Equation: Since Facts towards the positive sense of its corresponding virtual displacements, its work is positive.
However, P does negative work since it acts in the negative sense of its corresponding virtual displacement. Thus,
U=q Fép +(-P8p)=0

Substituting P = 50 N and the results of 57 and 8p into the above equation
F(0.666740.045 5in656 ) — 50(2.666740.045 cos686 ) = 0
J0.04550(0.6667F sind — 133.33c0s8) =0

Since 4004536 # 0 then
0.6667F sin6 — 133.33 cos =0
_ 200088

F
sinf

At =45°,

_ 20000845°
sin45°

= 200N Ans.

A0.045 M
46

(b)
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11-19. The spring is unstretched when 6 = 45° and has a
stiffness of k = 1000 Ib/ft. Determine the angle 6 for
equilibrium if each of the cylinders weighs 50 Ib. Neglect the
weight of the members. The spring remains horizontal at all
times due to the roller.

Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 8, the dash line configuration shown in Fig.
a is formed. We observe that only the spring force F, and the weight W of the cylinder do work when the virtual displacement
takes place. The magnitude of Fy, can be computed using the spring force formula,

Fyp = kx = 1000(2sin 45° —25in@) = 2000(0.7071 - sin6) Ib.

Virtual Displacement: The positions of the points of application of W and F, are specified by the position coordinates yy and xg,

measured from the fixed point A.
yw =4c0s8 +b Syw = —4sin 656 )
xg = 2sin@ 8xg = 2008660 2)

Virtual Work Equation: Since W and Fg, act towards the positive sense of their corresponding virtual displacements, their work is
positive. Thus,
8U =0 2Wayy + Fpdcp = 0 €

Substituting W =501Ib, Fy, =2000(0.7071 - sin@), Egs. (1), and (2) into Eq. (3),
2(50)(—4 sin858 )+ 2000(0.7071 — sin@ }(2cos656 )= 0
56(—4005in6 + 2828.43c0s 8 —4000cos Bsiné ) = 0

Since 88 # 0, then
—400sin@ + 2828.43 cosf — 4000 cosf sinf =0

Solving by trial and error,
6 =38.8° Ans,
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*11-20. The machine shown is used for forming metal B
plates. It consists of two toggles ABC and DEF, which are late
operated by the hydraulic cylinder. The toggles push the P
moveable bar G forward, pressing the plate into the cavity.
If the force which the plate exerts on the head is P = 8 kN,
determine the force F in the hydraulic cylinder when < P
0 = 30°.
L f
Free - Body Diagram: When 0 undergoes a positive virtual angular displacement of 86, the dash line configuration shown in Fig.
a is formed.
Virtual Displacement: The position of points of application of F, and P are specified by the position coordinates yg, ¥, »
and x, respectively.
¥yg = 0.2siné Syg = 0.2c0s 066 ()]
yp = 0.2sind dyp = 0.2c0s 656 2)
xG = 2(0.2c050) 8xg = 0.4 5in050 3
Virtual Work Equation: Thus,
U =0 ~Féyg +(~Féyg)+(-Pd)=0 )
Substituting Egs. (1), (2), and (3) into Eq. (4), we have
08(—0,4F cos@ + 0.4Psin€) = 0 ;”
Since 80 # 0, then x 50 <)
—0,4F cos@ + 0.4Psinf =0 ‘yﬁ
F = Ptanf ~d a
F ]
When 8 =30°, P= 8kN then i
s " s -
F =8tan30° =4.62 kN Ans. ys %
Ac ~0%
r Edl
A |
L)
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¢11-21. The vent plate is supported at B by a pin. If it weighs
15 1b and has a center of gravity at G, determine the stiffness
k of the spring so that the plate remains in equilibrium at
0 = 30°.The spring is unstretched when 6 = 0°.

Free Body Diagram : The system has only one degree of freedom defined by

the independent coordinate 8. When 6 undergoes a positive displacement 8,
only the spring force £, and the weight of the vent plate (15 Ib force) do work.

Virtual Displacements : The weight of the vent plate (15 Ib force) is located
from the fixed point B using the position coordinate y . The horizontal and
vertical position of the spring force £, are measured from the fixed point B using
the position coordinates x, and y, . respectively.

yg=05¢cos 8  Jyg=-0.5sin 656 n
¥4 =lcos 8 8y, =-sin 856 [2)
x, =lsin8 8x, = cos 6568 3

Virtual - Work Equation : Whenyg, y,and x, undergo positive virmal
displacements 8y, 8y, and 5x,, the weight of the vent plate (15 Ib force),
horizontal component of £, F,,cos ¢ and vertical componentof £, F,,sin ¢
do negative work.

SU=0; ~FE,cos ¢ 8x, ~ F,sin 98y, - 158y5=0 (4]

Substituting Eqgs. (1], [2] and [3] into [4] yields

(=F,, cos Bcos ¢+, sin 8sin ¢ +7.5sin 8) 56 =0
(~E,cos(8+¢) +7.5sin 6) §6=0

Since 56 # 0, then
~F,,cos(6+¢)+7.55in 6=0
7.5sin 6

K res)

lcos 30°
At equilibrium position 8 = 30°, the angle ¢ = nn"( cos

4+ 1sin 30')= 10.89°

F o 1Ssin30°
? "~ cos(30°+ 10.89°)

=49611b

Spring Formula : From the geometry, the spring stretches
x =43+ 12-2(4) (1) cos 120°~ /P + 17 = 0.4595 fL.

F,=ks
4.961 = k(0.4595)

k=108 Ib/ft Ans
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11-22. Determine the weight of block G required to
balance the differential lever when the 20-l1b load F is
placed on the pan. The lever is in balance when the load and
block are not on the lever. Take x = 12 in.

Free - Body Diagram: When the lever undergoes a virtual angular displacement of §6 about point B, the dash line configuration
shown in Fig. a is formed. We observe that only the weight W of block G and the weight W of load F do work when the virtual
displacements take place.

Virtual Displacement: Since dy is very small, the vertical virtual displacement of block G and load F can be approximated as
dyg = (12+4)56 =1650 1)
Sy = 250 1))

Virtual Work Equation: Since Wy acts towards the positive sense of its corresponding virtual displacement, its work is positive.
However, force Wr does negative work since it acts towards the negative sense of its corresponding virtual displacement. Thus,

U =0 WgdyG +(-Wrdyp) =0 3

Substituting W = 20 Ib and Egs. (1) and (2) into Eq. (3),
Wg(lGSB)— 20(2668) =0
80(16Wg —40)=0

Since 86 # 0, then
16Wg —40="0
Wg =2.51b

@)

1054



11 Solutions 44918 1/29/09 12:42 PM Page 1055 CE

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

11-23. If the load F weighs 20 1b and the block G weighs 4 in.»‘« 4in. x |
2 Ib, determine its position x for equilibrium of the T C ‘ G
differential lever. The lever is in balance when the load and AGE) — ,:‘m

block are not on the lever.

Free - Body Diagram: When the lever undergoes a virtual angular displacement of 5@ about point B, the dash line configuration
shown in Fig. a is formed. We observe that only the weight W of block G and the weight W of load F do work when the virtual
displacements take place.

Virtual Displacement: Since dyg is very small, the vertical virtual displacement of block G and load F can be approximated as

&G = (4+x)08 M
Oy = 200 (2

Virtual Work Equation: Since W acts towards the positive sense of its corresponding virtual displacement, its work is positive.
However, force Wy does negative work since it acts towards the negative sense of its corresponding virtual displacement. Thus,

5U=ﬁ, WGc‘in +(~Wf.6yp)=0 (3)

Substituting Wi = 20 Ib, Wg = 21b, Egs. (1) and (2) into Eq. (3),
2(4+x)59 — 200269) = 0
86[A4+x)- 40| =0

Since 68 # 0, then
2(4+x)—40=0
x=16in. Ans.

@)
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*11-24. Determine the magnitude of the couple moment
M required to support the 20-kg cylinder in the
configuration shown. The smooth peg at B can slide freely
within the slot. Neglect the mass of the members.

Free - Body Diagram: When 6 undergoes a positive virtual angular displacement of 58, the dash - line configuration shown in
Fig. a is formed. We observe that only the couple moment M and the weight W of the cylinder do work when the virtual
displacement takes place.

Virtual Displacement: The position of the point of application of Wg is specified by the position coordinate yg , measured from the
fixed point C.
Yg = b—2.5sin8 Syg = ~2.5¢c05 650 1))

From the geometry shown in Fig. b, we obtain

Virtual Work Equation: Since Mand W act in the positive sense of their corresponding virtual displacements, their work is positive.
Thus,
U =0 M&¢ +Wgdyg =0 3

Substituting W = 20(9.81) N and Egs. (1) and (2) into Eg. (3),
M(280)+20(9A8])( —2.5c05 6560) = 0
39(2M —490.5¢c0s6)=0
Since 80 # 0, then
2M —490.5¢c0s0=10
M =245.25¢c0s0

At =30°,
M =24525c0s30°=212N-m Ans.

69( o 253In@
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e11-25. The crankshaft is subjected to a torque of
M = 501b-ft. Determine the vertical compressive force F
applied to the piston for equilibrium when 6 = 60°.

5in.

&

Free Body Diagram : The system has only one degree of freedom defined by the
independent coordinate 6. When 6 undergoes a positive displecement 58, only the
force F and couple moment M do work.

Virtual Displacements : Force F is located from the fixed point A using the
positional coordinate y .. Using the law of cosines.

5% = y¢ +37~2(yc) (3) cos(90° - 6) (1

However, cos(90° - 6) = sin6. Then Eq.[1] becames 25 = y} +9— 6y_siné.
Differentating this expression, we have

0= 2yc 8y ~68y,sinf - 6y cos 650
6yccos 8

"Iy ~6sin 6 (2

Ye

Virtual - Work Equation : When point C undergoes a positive virmal displacement
Syc, force F does negative work. The couple moment M does positive work when
link AB undergoes a positive virmal rotation §6.

SU=0; ~Fy.+M56=0 (3

Substituting Eq.(2] into [3] yields

6yccos 8
[ 2—-—---—?c —6in 6F+M)59 =0

Since §8 # 0, then

6yocos 8
—_— F+M=
2y —6sin eF M=0

poDe=bsing

6yccos (41

1

At the equilibrium position, 8 = 60°. Substituting into Eq.[1], we have

5% =y% +3* = 2(ye) (3) cos 30°
Ye=7.368in.

900

Substituting the above results into Eq. [4] and setting M = 50 Ib- ft, we have

2(7.368) - 6sin 60° _
[W} 50(12in.)/ft =2591b  Ans.
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11-26. If the potential energy for a conservative one-
degree-of-freedom system is expressed by the relation
V = (4x> — x? — 3x + 10) ft - Ib, where x is given in feet,
determine the equilibrium positions and investigate the
stability at each position.

Vade -2 2+ 10
Equilibrium Position :
dv
E-u:’-z:-sao
ra 21{(—2}:-4(12)(—3)
24
x20.590R and -0.424R1 Ans
Stability :
v
@ = %2
- &av
At x=0.590 ft 73 2240.590)-2=122>0 stable Ans
- av
At x=-0.424f 27 “(-0.424)-2=~122<0  unstable Ans

11-27. If the potential energy for a conservative one-
degree-of-freedom system is expressed by the relation
V = (24sin 6 + 10 cos 20) ft-1b, 0° = 6 = 90°, determine
the equilibrium positions and investigate the stability at
each position.

V= 243in 8+ 10cos26

Equilibrium Position :
dv
— =24 - i
yr 24c0s6-120sin28 =0
24cos8-40sinfcos 8 =0
cos (24 - 40sin8) =0
cos8 =0 8=90° Anms
24-403in@ =0 8=136.9° Ans
Stabiliry :
g: -40cos26~24sin 8

At §=9%0° §=-40mlw-24:inm'-16:0 stable Ans

At 0=369° :;::—m;‘&‘r‘-ﬂ:iﬂﬁ&'w-zs.ﬁ-:ﬂ unstable Ans
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*11-28. If the potential energy for a conservative one-
degree-of-freedom system is expressed by the relation
V = (3y> + 2y® — 4y + 50) J, where y is given in meters,
determine the equilibrium positions and investigate the
stability at each position.

Potential Function:
V=33 +2y2 _4y+50

Equilibrinm Configoration: Taking the first derivative of V,

av 2
2 =09y244y-4=0
-5 = +4y

Thus,
y=048Im, y=-925m Ans

Stability: The second derivative of Vis
2
2V 1gy+a
de?

4y
Aty =0.481 m, d—9-2-=12.‘7>0 Stable Ams,

Aty=-925m, %=—12.7<0 Unstable Ans.
de
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¢11-29. The 2-Mg bridge, with center of mass at point G, is
lifted by two beams CD, located at each side of the bridge.
If the 2-Mg counterweight E is attached to the beams as
shown, determine the angle 6 for equilibrium. Neglect the
weight of the beams and the tie rods.

Potential Fanction: With reference to the datum, Fig. a, the gravitational potential energy of the bridge and counterweight
are positive since their centers of gravity are located above the datum. Referring to the geometry shown in Fig. b,

G = (03 cos8 + 2.5sin@)mand yg =(2- 2sinf) m

Thus,

V= Vg =Emgy= 20[KK9.8lKO.3003 e+ 2‘58i.n8)+ 2000(9.81}2 - 2sinf)
= 5886c0s@ + 9810sinf + 39240

Equilibrium Configoration: Taking the first derivative of V,

%: —5886sin6 +9810cos @

Equilibrium requires % = 0.Thus,

—58865in6 +9810c0s 0 = 0
6 = 59.04° = 59.0° Ans.

Z-5pm
(b)
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11-30. The spring has a stiffness k& = 600 Ib/ft and is M
unstretched when 6 = 45°.If the mechanism is in equilibrium
when 6 = 60°, determine the weight of cylinder D. Neglect
the weight of the members. Rod AB remains horizontal at all
times since the collar can slide freely along the vertical guide.

Potential Function: With reference to the datum, Fig. a, the gravitational potential energy of the cylinder is positive
since its center of gravity is located above the datum. Here, y = (5 cosf — b)ﬂ. Thus,

Vo = Wy =Wp (500560 —b)=§Wp cos6 — iWph

The elastic potential energy of the spring can be computed using V, =
Thus,

Is? , where s =(5sin8 Jsin45°) ft =(5sin@ — 3.5355) ft.

=

V, = -;-(600)(53in6 ~3.5355)2 = 7500sin26 — 10606.60sin0 + 3750

The total potential energy of the system is
V=Vg+V, =-5Wp cosb + 75005in26 — 10606.60sin 6 — “Wpb + 3750

Equilibrium Configuration: Taking the first derivative of V,

dav 3 0
<5 =~ WpSWe + 1500fin6 cosé — 10606.60cos

Equilibrium requires % = 0.Thus,

~5Wp $946 + 15005in6 cos® — 10606.60cos 6 = 0
_ 15005in 6 cos 8 — 10606.60 cos6

Wp =
3 Ssin®
When 6 = 60°,
1500f5in 60° cos 60° — 10606.60 c0s 60°
W R =2751b
2 5sin 60° Ant.
L |
| “\
» :
o) g b
-
/
12 e ]
” ‘\ ! r- .1l
“
e 71) &z.ms
D wp

@)
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11-31. If the springs at A and C have an unstretched
length of 10 in. while the spring at B has an unstretched
length of 12 in., determine the height / of the platform
when the system is in equilibrium. Investigate the stability
of this equilibrium configuration. The package and the
platform have a total weight of 150 Ib.

T A ky =20 1b/in.

! /

ki=201bjin.  k,=301b/in.

Potential Fanction: With reference to the datum, Fig. @, the gravitational potential energy of the package and the platform is
positive since their center of gravity is located above the datum. Here, y = h + b where b is a constant. Thus,
Ve = Wy =150(h+b)= 150h + 150b

The elastic potential energy for the springs can be computed usingV, = —;- ks2.Here, the compressions of the springsare 54 = =
(10— h) in. and sg = (12— h) in. Thus,
1
V, = 2{3(20)( 10— h)2]+%(30)(12 -h)?
=35h% ~ 760 + 4160

The total potential energy of the system is
V=Vy+V, =35h2 — 760k + 4160+ 150k + 150b

Equilibrium Configuration: Taking the first derivative of V,

av
T =70k - 610

Equilibrium requires % = 0.Thus,
70h-610=0 h=8714in. =871 in. Ans.

Stability: The second derivative of Vis

2
4V 2050 stable Ans.
w,z

1501b
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*11-32. The spring is unstretched when 6 = 45° and has a
stiffness of k& = 1000 Ib/ft. Determine the angle 6 for

equilibrium if each of the cylinders weighs 50 1b. Neglect the
weight of the members.

Potential Fonction: With reference to the datum, Fig. a, the gravitational potential energy of the cylinders is negative
since their centers of gravity are located below the datum. Here, y = 4 cos@ + b, where b is constant. Thus,

V = EWy = -2[50(4 cos0 + b)) = ~(400cos6 + 100b)

The elastic potential energy of the spring can be computed using V, = -lfhz , where 5 = 25in45° —2sin 0 = 1.414 - 2sin 6. Thus,

v, =—;(I000)(I.4l4—2ain9)2 = 2000sin2 6 — 2828.435in6 + 1000

The total potential energy of the system is
V=Ve+V, = 2000sin? 6 — 2828.43 sinf — 400 cos@ — 1006 + 1000

Equilibrinm Configaration: Taking the first derivative of V,

:V_ﬂ = 4000sin@ cos@ — 2828.43cos 6 + 400sin8

Equilibrium requires -j—:- = 0. Thus,
40005in6 cos@ — 2828.43c0s 6 + 400sinf = 0

Solving by trial and error,
8 =388° Ans.

501b 501b
)
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*11-33. A 5-kg uniform serving table is supported on each 250 mm 150 mm
side by pairs of two identical links, AB and CD, and springs |

CE. If the bowl has a mass of 1 kg, determine the angle 6
where the table is in equilibrium. The springs each have a
stiffness of k& = 200 N/m and are unstretched when 6 = 90°.
Neglect the mass of the links.

Potential Function: With reference to the datum, Fig. q, the gravitational potential energy of the bowl and the table
are positive since their centers of gravity are located above the datum. Here,
¥t =(0.255in8 + a)mand yg; = (0.25sin6 + b)m. Thus,

Vo =Emgy = §(9.81I0.7_Ssin o +a)+-;-(9.8l10.253in8 + b)
= 7.3575sin8 +24.525a + 4.905b
The elastic potential energy of the spring can be computed using V, = % ks2, where s = 0.25c0s 6 m. Thus,

V, ==(200X0.25¢c0s 8)% = 6.25c0s2 6

N -

The total potential energy of the system is
V=V, +V, = 6250520 + 7.3575sin6 +24.525a +4.905b

Equilibrium Configuration: Taking the first derivative of V,

%: ~12.50088 sinf +7.3575c0s 8

Equilibrium requires % = 0.Thus,
—12.5¢0s8 sinf +7.3575¢c0s0 =0
08 0(-12.5sin8 +7.3575) =0
cosf@=0 @ =90° Ans,
-12.55in8 +73575=0 8 =36.1° Ans,

L
=(780N 2) 0

+ a
o/ )

e Kot

025

ON 0255M0m =
(@)
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11-34. If a 10-kg load I is placed on the pan, determine the 50 MM 100 mm 100 mm |
position x of the 0.75-kg block H for equilibrium. The scale is ‘
in balance when the weight and the load are not on the scale. a2 E
=—o ©)
e o i

Potential Function: With reference to the datum, Fig. a, the gravitational potential energy of block His positive since its center
of gravity is located above the datum, while the gravitational potential energy of load / is negative since its center of gravity is
located below the datum. Here, yy = [(0 l+.t)sin9] mand y; =(0.1sin@ +b) m where b is a constant. Thus,
V=V, = Zmgy=0.75(9.810.1+x)sin@ + [~10(9.81)0.1sin6 + b)]
=7.35750.1+ x)sin6 — 9.81sin6 — 98.1b

Equilibrinm Configuration: Taking the first derivative of V,

av
—_—, . =9,
= 3575(0.1+x )cos 6 —9.81 cosf

Equilibrium requires % = 0. Thus,
7.3575(0.1+x )oos 6 — 9.81 cosf = 0

cos 8[7.3575(0.1+ x)-9.81] = 0
cosf@=0 8 =90°

7.3575(0.1+x)-9.81=0
x=123m Ans.

07 (9-8)N

@)

/oc%fguﬂ
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11-35. Determine the angles 6 for equilibrium of the
200-1b cylinder and investigate the stability of each position.
The spring has a stiffness of k& = 3001b/ft and an
unstretched length of 0.75 ft.

Potential Function: With reference to the datum, Fig. a, the gravitational potential energy of the cylinder is positive since its
center of gravity is located above the datum. Here, y = (3sin @ — b) ft, where b is a constant. Thus,
Vg = Wy = 200(3siné — b) = 6005in@ — 2005

The elastic potential energy of spring BC can be computed using V, = %hz . where 5= X1.5c080 )—0.75 = (3 cosf — 0.75)ft. Thus,
V= -;(300)(3 cos8 - 0.75)*

[.5Cos
=1350c0s2 6 — 6750050 + 84.75 fe 5058 ft

The total potential energy of the system is
V=V, +V, =1350c0s 8 675008 6 +600sin 6 +84.375 — 2000

Equilibrium Configuration: Taking the first derivative of V,

%-:—2700::059 sin@ +675sin 8 +600c0s

=—1375sin20 + 675sin0 + 600 cos®

3sing ft

patum

Equilibrium requires .‘:—‘; = 0.Thus,
~13755in26 + 6755sin 6 +600cos 6 = 0

Solving by trial and error,
@ =17.1° and 6 =70.9° Ans.

Stability: The second derivative of Vis
2
iiy— = -2700c0s28 + 675c0s6 — 600sin®
ae
At the equilibrium configuration @ = 17.1°,
2
i—t = -2700c0s34.2° + 675¢c0817.1° - 600sin 17.1°
a0l 7.0

=-1764 <0 unstable Ans.

At the equilibrium configuration 8 = 70.92°,

2
d_!L = ~2700c0s 141.84° + 675¢0570.92° — 600sin79.2°
dzs =70.92°
=1776.67> 0 stable Ans.
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*11-36. Determine the angles 6 for equilibrium of the
50-kg cylinder and investigate the stability of each position.
The spring is uncompressed when 6 = 60°.

Potential Fanction: With reference to the datum, Fig. a, the gravitational potential energy of the cylinder is positive since its
center of gravity is located above the datum. Here, y = {! sinf — b} m, where b is a constant. Thus,
Vg =mgy = 50(9.81)(sinf — b) = 490.5sin6 — 490.5b

The elastic potential energy of the spring can be computed using V, = %hz. where s = 2(1 cos@ — c0s60°) =(2c0s 6 — 1) m. Thus,

v, =—;(900)(2ms6— 1)? = 1800c0s 20 — 1800cos 6 +450

The total potential energy of the system is
V =V, +V, =1800cas> 6 — 1800cos6 + 490.5sin6 + 450~ 490.5

Equilibrinm Configuration: Taking the first derivative of V,
%:-Msm8m8+ 1800sin8 + 490.500s0

=—1800sin26 + 1800sin @ +490.5c0s 6

Equilibrium requires % = 0. Thus,
~1800sin20 + 1800sinf + 490.5c0s8 = 0

Solving by trial and error,
# =16.55= 166" and#@ =52.9° Ans,

Stability: The second derivative of Vis
d*v
-;5; = =3600cos28 + 1800cos 6 —490.5sin 6
At the equilibrium configuration 8 = 16.55°,
d2v
— = —3600c0s33.10° + 1800 cos 16.55° — 490.5sin 16.55°
405 916°
=-1430<0 unstable Ans.

At the equilibrium configuration 8 = 52.92°,

d?y .

—2; = -3600cos 105.84° + 1800 cos 52.92° ~ 490.55in 52.92°
d =52.916°

=167622>0 stable Ans.
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¢11-37. If the mechanism is in equilibrium when 6 = 30°,
determine the mass of the bar BC. The spring has a stiffness
of k = 2 kN/m and is uncompressed when 6 = 0°. Neglect —_—
the mass of the links.

600 mm

Potential Function: With reference to the datum, Fig. a, the gravitational potential energy of block E is negative since its center
of gravity is located below the datum. Here, y = (0.45sin8 + b) m, where b is a constant.
Vg = —mgy=~m(9.81(0.455in6 +b)= —(4.4145Kf g sin6 + 9.81m gb)

The elastic potential energy of the spring can be computed using V, = ksz, where s = 0.45 — 0.45 cos 6. Thus,

ta | —

V, = —;(2000)(0.45— 0.45¢0s6 )

= 202.5+ 202.5c0s26 — 405 c0s

The total potential energy of the system is
V =Vg+V, = -44145m g sind +202.5c0s> 6 — 405005 0 —9.81m b + 202.5

Equilibrium Configuration: Taking the first derivative of V,

% = —4.4145m; cos 6 — 405 cos O5ind + 4055in6

Equilibrium requires —j% = (.Thus,
—4.4145m [, cos 6 — 405 cos 6 sin@ + 405sin6 = 0

405 sin8 — 405 cos Osin 6
mg=

4.4145c0s 0
When 6 = 30°,
=405$in30°—405w530 sin 30 =7.10kg Raia:
4.4145c0s 30°
(0-4-55&19""
Datum

Y4
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11-38. The uniform rod OA weighs 20 1b, and when the rod
is in the vertical position, the spring is unstretched.
Determine the position 6 for equilibrium. Investigate the
stability at the equilibrium position.

Potential Function : The spring stretches 5 = 12(6) in,, where & is in radians.

1
Val+Y = i(zmzo)‘no[l.sm)ma]

= 1446% + 360cos 8
. tion: o
Equilibrium Position : % 0
dav
ﬁszasa-seouno =0
8=1.1311 rad = 64.8° Ans
=0 Ans WS‘ZO”D
p— . [5(12) ™
14
E=m-mm0 \h
d*v e =
At 8=64.8°, —— =288 ~360c0s64.8°= 135>0  stable Ans \a'
& 5 050 in, N
1.502)Co8@ in i‘! Datum
A G=0°, 3?;-288-3ﬁhu0'-—72<0 unstable Ans h

11-39. The uniform link AB has a mass of 3 kg and is pin
connected at both of its ends. The rod BD, having negligible
weight, passes through a swivel block at C. If the spring has a
stiffness of £ = 100 N/m and is unstretched when 6 = 0°,
determine the angle 6 for equilibrium and investigate the
stability at the equilibrium position. Neglect the size of the
swivel block.

53 (0.4 +(0.4)* =2(0.4) cosd 0,4.;1)N I
. = 8.1 ;
=(0.4)¢/2(1-cos6) W=3(9
vV =y+¥

. 1
= - (0.2(s6)3(9.81)+ 30100[ O’ A1 - cos8)]

g = —(5.886)cos0 + 16(sin@) = 0 (1)

9 =202° Ans

g = 5.886sin0 + (16)c0s@ = 17.0 > 0 suble Ams
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*11-40. The truck has a mass of 20 Mg and a mass center at
G. Determine the steepest grade 6 along which it can park

without overturning and investigate the stability in this
position.

Potential Function : The datum is established at point A. Since the center of
gravity for the truck is above the datum, its potential energy is positive. Here,
y = (1.5sin &+ 3.5cos 8) m.

V=V, =Wy=W(l.5sin #+3.5c0s )

dv
Equilibrium Position : The system is in equilibrium if rria 0

&V o W(1.5cos 8-3.5sin 6) =0

de

Since W = 0,
1.5cos 8—-3.5sin 8=0
0=2320°=23.2° Ans

Stability :

v

_— -1.5sin@- 3.5cos

i W(-1.5sin8 8)
- ﬂ = W(=1.5sin 23.20° - 3.5cos 23.20°) = -3.81W <0
d6? | g=13.20°

Thus, the truck is in unstable equilibrium at 6=23.2° Ans

*11-41. The cylinder is made of two materials such that it
has a mass of m and a center of gravity at point G. Show
that when G lies above the centroid C of the cylinder, the
equilibrium is unstable.

r
Potential Function : The datum is established at point A. Smnsﬂumof
gravity of the cylinder is above the datm, its potential energy is positive. Here,
y = r+dcos 6.

ng‘ =Wy=mg(r+¢i:os 9)

LdV
Egquilibrium Position :Thesysmisinqlﬁlibrinmzfﬁsw.

v
— i 0 = 0
a6 -~ menn

sind =0 6=0°

v

—— = —-mgacos 0
de

%XL-D- =—mgdcos 0° = -mga <0

Thus, the cylinder is in unstable equilibrium at =0° (Q.E.D.)
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11-42. The cap has a hemispherical bottom and a mass .
Determine the position £ of the center of mass G so that the
cup is in neutral equilibrium.

Potential Function : The datum is established at point A. Since the center of
gravity of the cup is above the daum, its potential energy is positive. Here,
y =r—hcos 8.

v=V, = Wy = mg(r- hcos 8)

L dV
Equilibrium Position : The system is in equilibrium if Tl =0.

%=msﬁsino=0

sin@ =0 6=0°

. ibiama 00 2 =0
Stability : To have neutral equilibrium at 6= 71 PP

— (2]
dalﬂmghcos

d?

— = 0°=0
dé? | geo* mgheos

h=0 Ans

n“VI ]
: ilibri i —— =mghcos 0°>0|.
l'«lot.e.Slalal:e'.Equ.lhlmu.mcmmlrnflu»l][dls2 - mghcos
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11-43. Determine the height £ of the cone in terms of the T
radius 7 of the hemisphere so that the assembly is in neutral
equilibrium. Both the cone and the hemisphere are made
from the same material.

Potential Fanction: The mass of the cone and hemisphere are mc = ;{Eln:rzh) = %pwrzk andmg = p(%xrs) = %pﬂrs.

where pis the density of the homogeneous material. With reference to the datum, Fig. a, the gravitational potential
energy of the cone and hemisphere are positive since their centers of gravity are located above the datum. Here,

Yc =r+%msﬂand V5= r—-%roosﬂ.Thus,

SV ald oot .3 e |
V_ngbngy—(3pxr h)(g{r+4ms8]+3pnr {g{r Srmse)

2
= %pjvzg(rh+%-ms9+ bz-%rzwsﬂ]

Equilibrium Configuration: Taking the first derivative of V, we have

2 2

av 1 2 | 3 2. 1 o h 3 2
A ] 8 2 Zia, g ——+ =
20 smrg[ y sm0+4r smO] 3P gsin [ T T }

Equilibrium requires % = 0.Thus,
1 om? sin »h—z+1r2 =0
3PP 8 a8 I
sin@ =0 8=0°

Stability: The second derivative of Vis

2 2
:i__V =.I..parzgcm9 —-’.‘-.4- E-rz
de? 3 4 4

2
For neutral equilibrium at 8 = 0°, i.‘.’.L = 0.Thus,
=0°

de?
2
Er.wzgms —-—+-§rz]=0 ?C
i 1 2
Since -s-pw g#0, then
2
h® 3 2
—— . — =0
a4
h=£r Ans.

2
Note The equilibrium configuration of the assembly at 8 = 0° s stable if k <J§{%L >o] and is unstable if
=0°

de
2
,»‘E{%L <0}
docl_»
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*11-44. A homogeneous block rests on top of the
cylindrical surface. Derive the relationship between the
radius of the cylinder, r, and the dimension of the block, b,
for stable equilibrium. Hint: Establish the potential energy
function for a small angle 6, i.e., approximate sin # ~ 0, and
cosf ~ 1 — 6%/2.

b

e —

Potential Function : The daum is esmblished at point O. Sm lhe center of
gravity for the block is above the damm, its potential energy is positive. Here,

y= [r+ g)m 8+ r¥sin 6.

v=w,=w[(r+§)m 9+ résin o] (m

ol
For small angle 6, sins-hndcoss-l——z-.'l'hmﬁq‘[l]hemm

-2

=W[—'gl-—b—?—+r+2]

4 2

Equilibrium Position : The system is in equilibrium if == =0

dv b
—_— - g = 8=0°
T W(r 2)6 0

—_ d’VI
Stability : To have suble equilibrium , 71 >

% one = W(r- ;) >0

(s

b<2r Ans
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V=W[i(h—3d)m8]_

Egquilibrium Position :

Stability : To have ncutral equilibrium at 8 = 0°,

d*v W(h-3d)
= ———

7507 g=0* 4 0s0°=0
_W(k;Bd) =0
h
4=3

¢11-45. The homogeneous cone has a conical cavity cut
into it as shown. Determine the depth d of the cavity in
terms of & so that the cone balances on the pivot and
remains in neutral equilibrium.

4

Thesysmishuquﬂihriumif:—;—,=0

dV W(h-3d) .
i —:‘--——-mnﬂ—ﬂ

8=0 @8=0
d*V

d*V  W(h-3d)
=- cos

@ cosh

W(h-3d)
= e COS

36l omor

Potential Function : The damm is established at point A. Since the center of
gravity of the cone is above the datum, its potendal energy is positive. Here,

1
y = (7-d)cos 6=[3(am —d}cos 9= zl(h-—:idjcos .

L. h
Note : By substituting d = 3 into Eq.(1], one realizes that the fulcrum must be at
the center of gravity for neutral equilibrium,

e
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11-46. The assembly shown consists of a semicylinder and
a rectangular block. If the block weighs 8 Ib and the
semicylinder weighs 2 b, investigate the stability when the
assembly is resting in the equilibrium position. Set # = 4 in.

W,=81b

4(4) . ;
d-?;:l.mln. %:@--‘-‘2 9)”1
V=¥, = 2(4 - 1.698 cos6) + 8(4 + 2 cosh) b 2in
6 g =/.698in.

&V - 3395 5in6 - 16 5in = 0 \ d=/.698i
46

sin@ = 0 -

4in. (8]
Jbriam posi Datum
@ = 0°  (equilibrium position)

:;; = 3.395 cos@ - 16 cos@

7; (4-/698¢os8) .

atv
At8 = 0°, 7 = =126 <0 Unswble Ane
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11-47. The 2-1b semicylinder supports the block which has
a specific weight of y = 80 Ib/ft>. Determine the height 4
of the block which will produce neutral equilibrium in the
position shown.

We=[80(753) (R)(8>(10))

d= 3 | 1e98in %7-(4'-%%6059);?;.
Ix
L h
V2V, = 24 - 1.698 cosf) + [W(E;)h(ﬁ(m)](“ 2"‘“”) i Z& 1698
—
4V _ 3195 ind ~ 1.852A sin@ = 0
“ din.
sind = 0 :Dd"'um
9 =0° (cquilibrium position) LN,
&'V _ 3395 cos8 - 1.852 4% cos® = 0 'M;" (4‘ -1-696¢058)Tn.
=23 _135in Ams
1.852
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*11-48. The assembly shown consists of a semicircular
cylinder and a triangular prism. If the prism weighs 8 Ib and
the cylinder weighs 2 1b, investigate the stability when the
assembly is resting in the equilibrium position.

Wp=Dlb

Yp=(412¢056) n. w,=2 b

2in.

- .
9 _ 0 / - I70m.
OB = ?‘— = 1.70in.

0A = 36 = 2

o
V=V = 84 + 2c0s8) + 24 - 1.70c0s8) ' Datum

V = 40 + 12.6 cos@

dav

4V o —12.65in8 = 0 rﬂsz (4.-/.794;91‘9)91.
6
@=0 Ans (forequilibrium)

Y 12.6c0s0
a8

A8 =0,

:._:: 2 -12.6 < 0 unstable Ans
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11-49. A conical hole is drilled into the bottom of the
cylinder, and it is then supported on the fulcrum at A.
Determine the minimum distance d in order for it to remain
in stable equilibrium.

=
1

Potential Function: First, we must determine the center of gravity of the cylinder. By referring to Fig. a,

h, o, df1 2)
—(pmr“h)——| — pmr<d
2 )4[3

_ 6h%-d?

ycm _ "
4(3h - d)

Zm

S M

pnr?'h - %pﬂrzd

With reference to the datum, Fig: a, the gravitational potential energy of the cylinder is positive since its center
of gravity is located above the datum. Here,

2 2 2 2
= o 6h” —d P oz 6h* — 12hd + 3d
y = (¥ —d)cosb [4{3h—d) d:| e [——4(3“_@ :|oes9

Thus,

2 2
6h“ —12hd +3d
V=V ='W]-*=W—--——-——-005
& [ 4(3h - d) ] 9

Equilibrium Configuration: Taking the first derivative of V,
av 6h2 —12hd +3d? | .
—_—=— sinf
de 43h-d)

Equilibrium requires j"_e =0.Thus,

_ | 6h%=12hd +34°
4(3h-d)
sinf =0 6=0°

]sine =0

Stability: The second derivative of Vis

a?v _ I 6h%—12hd+ 34>
d% 4(3h~d)
" "y v
o have neutral equilibrium at 8 = 0°, = 0. Thus,
L] -
2 2
6k~ — 12hd +3d
W = °=
[ 4(3h-d) }oosﬂ 0

6h2 - 12hd+3d%=0

o1t ¥12h)2 ~4(3(6h2)

) = 0.5858h = 0.586h Ans.
Note If we substitute d = 0.5858% into Eq. (1), we notice that the fulcrum must be at the center
of gravity for neutral equilibrium.
1078
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11-50. The punch press consists of the ram R, connecting
rod AB, and a flywheel. If a torque of M = 50 N-m is
applied to the flywheel, determine the force F applied at the
ram to hold the rod in the position 6 = 60°.

Free Body Diagram : The system has only one degree of freedom defined by the
independent coordinate 8. When 8 undergoes a positive displacement 56, only
force F and 50 N - m couple moment do work.

Virtual Displacements : The force F is located from the fixed point A using the
position coordinate x, . Using the law of cosines,

0.4 =x3 +0.1* = 2(x, ) (0.1)cos & [
Differendating the above expression, we have
0= 2x, x, -0.25x, cos8+0.2x, sin 656

0.2x,5in 6
& —_—A 58 2
*4 = 0.2c0s 0-2x, (21

Virtual - Work Equation : When point A undergoes positive virtual displacement
éx, , force F does negative work” The 50 N - m couple moment does negative work
when the flywheel undergoes a positive virtual rotaton 58.

8U=0; ~-Fbx,-5080=0 (3

Substituting Eq. [2] into [3] yields

0.2x, sin 0
("o.zm e r-so)ss=o
Since 50 # 0, then
__02x,sin 0
0.2c0s 6-2x,
50(0.2cos 8-2x,)
T 02x,sin0

F-50=0

F= (4)

Al the equilibrium position, 6 = 60°. Substituting into Eq.[1], we have
Substimting the above results into Eq. [4], we have
0.4* =x} +0.1> ~2(x, ) (0.1) cos 60°
%, =0.4405 F= 50(0.2cos 60° - 2(0.4405))

=512N A
0.2(0.4405) sin 60° ns
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11-51. The uniform rod has a weight W. Determine the
angle 6 for equilibrium. The spring is uncompressed when
0 = 90°. Neglect the weight of the rollers.

Potential Function : The datum is established at point A. Since the center of
gravity of the beam is above the datum, its potential energy is positive . Here,

y=§siﬂ8mdﬂ|espmsomupm"sax=lms3.

V=V, +V,
1 1
—kx"+ W
1 2 ofL .
= 56 (Leos 8)"+ W(-ism s)
kL? WL

= Toos'0+—é—sin )

dv
Equilibrium Position : The system is in equilibrium if B 0.

W,
%=-H.lsin cos s+—;ims =0

W,
cos o(—u.‘m 6+ —2£)= 0

Solving,

w
8=90° or sin"(-ﬁ-i) Ans
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*11-52. The uniform links AB and BC each weigh 2 1b
and the cylinder weighs 20 Ib. Determine the horizontal
force P required to hold the mechanism at 6 = 45°. The
spring has an unstretched length of 6 in.

Free Body Diagram : The system has only one degree of freedom defined by
the independent coordinate 8. When @ undergoes a positive displacement 586,
only the spring force F,, the weight of links (2 Ib), 20 Ib force and force P do
work.

Virtual Displacements : The positions of points B, D and C are measured
from the fixed point A using position coordinates y, , yp and xrespectively.

yg = 10sin @ 8y = 10cos 656 [n
Yo = Ssin 8 Sy,, = Scos 8580 (21
xc=2(10cos )  &x = -20sin 050 (3)

Virtual - Work Equation : When points B, D and C undergo positive
virmal displacements 8y, , Sypand 8xc, spring force 5, that acts at point C,
the weight of links (2 Ib) and 20 Ib force do negative work while force P does
positive work.

SU=0; -F,8x;~2(28yp) =208y, +Plxc =0 (4]
Substiruting Egs. (1, (2] and (3] into (4] yields
(20, sin 8~ 20Psin §~-220cos 8 ) 56 =0 (51

However, from the spring formula, K, = kx = 2[2(10cos6) - 6]
= 40cos 6~ 12. Substituting this value into Eq.[5] yiekls

(800sin Bcos 6~ 240sin 8- 220cos 8—20Psin §) 56 =0
Since 50 # 0, then

800sin fcos 8- 240sin 8 - 220cos 8- 20Psin =0
P=40cos 8- 11cot 6~ 12

At the equilibrium position, & = 45°. Then

P=40cos 45°~11cot45°~12=5.28 b Ans
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¢11-53. The spring attached to the mechanism has an
unstretched length when # = 90°. Determine the position 6
for equilibrium and investigate the stability of the
mechanism at this position. Disk A is pin connected to the 1.25 ft
frame at B and has a weight of 20 Ib.

k =16 1b /ft
SRRy

Potential Function : The dam is established at point C. Since the center of

gravity of the disk is below the datum, its potential energy is negative. Here,

¥ =2(1.25cos ) = 2.5cos 8 ftand the spring compresses x = (2.5~ 2.5sin 6) ft
V=V, +V,

(16)(2.5=2.5sin 8)* —20(2.5cos 8)

= 50sin’ 6~ 100sin 8- 50cos 6+ 50

Equilibrium Position : The system is in equilibrium if :—; =0,

dv
~= = 100sin 8cos @~ 100cos 8+ 50sin 6= 0

de
dv -
25 = S0sin 26~ 100cos 6+ 50sin 6=0
Solving by trial and ertor,
8=37.77°=37.8° Ans
Stability :
2y
— = 100cos 28+ 100sin 6+ SOcos 8
der
d‘V]
- = o .
75| ousy g7 = 10008 75.54° + 100sin 37.77° + S0cos 37.77°
=1257>0
Thus, the system is in stable equilibrium a1 §=37.8° Ans
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11-54. Determine the force P that must be applied to the
cord wrapped around the drum at C which is necessary to
lift the bucket having a mass m. Note that as the bucket is
lifted, the pulley rolls on a cord that winds up on shaft B and
unwinds from shaft A.

5

Ce2zzzzz22722

As shaft rotates 56

& =0 me-?wun?uwho

p-f;jm Ans
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11-55. The uniform bar AB weighs 100 1b. If both springs o
DE and BC are unstretched when 6 = 90°, determine the B k=41b/in. &

s . L . Wh—
angle 6 for equilibrium using the principle of potential
energy. Investigate the stability at the equilibrium position.
Both springs always remain in the horizontal position due
to the roller guides at C and E.

Potential Function : The daum is established at point A. Since the center of
gravity of the beam is above the datum, its potential energy is positive. Here,
y =(3sin 8) fi, the spring at D stretches xp, = (2cos 8) ftand the spring at B
compreeses x = (6cos @) ft

V=V,+V,

=Lk’ + Wy

dv
Equilibrium Position : The system is in equilibrium if % =0.

% = —1824sin fcos 6+ 300cos =0

%:-lein 20+300cos 8=0

Solving,
8=90° or 0=9467°=947° Ans
Stability :
oy 1824cos 26 -300sin 8
de -
Lild 18 80° i
2@ louser = 24cos 180° - 300sin 90° = 1524 > 0
Thus, the system is in stable equilibrium at 8 = 90° Ans
d’b’l .
262 | gms.egye = ~ 1824005 18.933° - 300sin 9.467° = ~1774.7< 0

| m mg P
Thus, the system is in unstable equilibrium at 6= 9.47° Ans 2
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*11-56. The uniform rod AB has a weight of 10 Ib. If the
spring DC is unstretched when 6 = 0°, determine the angle
0 for equilibrium using the principle of virtual work. The
spring always remains in the horizontal position due to the
roller guide at D.

k = 50 Ib/ft

¥e = L.5cos8 8y, =—1.5sin8 50
xp=1s5in8 &y = cos 050
U=0, -Wo,-F&s=0
=10(-1.55in858) - F, (cos 8 58) =0
59(15sin8 —F, cos8) =0
Since 86=0
15sing -F,cos0=0 (1)
F=kx where x=1sin8 (Z)

F, = 50(sin8) = 50sin &

Substituting Eq. (2) into (1) yields :
155in8 —(50sin8)cosd = 0 AX_
sin6(15-50cos 8) = 0
sin@=0 8=0 Ans
15-50cos6=0 @=72.5° Ans
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¢11-57. Solve Prob. 11-56 using the principle of potential
energy. Investigate the stability of the rod when it is in the
equilibrium position.

k = 501b/ft

Vey+Y, =%(50){sin9)’+10(1.5m0)

= 25sin® @+ 15c0s @

dv
-0

dv . .
% = 50s5in8:0s8-15s5in8 =0

%ﬁ 1.5¢0504%

sin@(50cos§-15) =0

Datum
siné =0 =0 Ans
50cos8-15=0 8=72.5° Ans

Jl_ya 50cos28—15¢cos8

de
d*v
Al 8=0°, b3 = 50c0s0°-15¢c0s0° =35>0  stable Ans
d*v
At 8=T2.5°, FE:SOWMS'-IS:N?ZS" =-45.5<0  unstable Ans
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11-58. Determine the height 4 of block B so that the rod |_|
is in neutral equilibrium. The springs are unstretched when
the rod is in the vertical position. The block has a weight W. I —

Potential Function: With reference to the datum, Fig. a, the gravitational potential energy of block B is positive since its center
92
of gravity is located above the datum. Here, the rod is tilted a small angle 8. Thus, y = k cos@. For a small angle 8, cos6 ~ 1- ="

Thus,

92
Vg =Wy =Wl{l-——-2—)

The elastic potential energy of each spring can be computed using V, = ks2. Since @is small, s = 6. Thus,

V, = 2[%14:9)2]= 1 %0*

1
2

The total potential energy of the system is
2
V=V, +V, =WI{1— 9—]+1a‘202
2
Equilibriaom Configuration: Taking the first derivative of V,

jv—e=—um9+zu29=e(—% +20%)

Equilibrium requires jv—e = (). Thus,

O(-Wh +2d%) =0
6 =0°

Stability: The second derivative of Vis

2
L2~ wn+2u?
de
v
To have neutral equilibrium at 6 = 0°, — = 0. Thus,
do” |o_cp
—-Wh+ 202 =
2
= ZH; Ans.
w

2 2 2 2
Note: The equilibrium configuration of the system at 6 = 0° is stable if h < .?_Ji_ ﬂ > 0 |and is unstable if 4 > 25 ﬂ <0
W | 462 W\ d0?
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