Solutions to Chapter 13 Exercise Problems

Problem 13.1

In the mechanism shown, sketch a free-body diagram of each link, and determine the force P that
is necessary for equilibrium if 71,=90 N-m and 6 = 90°.

I, CD =125 mm P
AD = 60 mm
ED = 200 mm ~0 4
EF = 400 mm
AB = 100 mm
BC =150 mm
Solution:

The freebody diagram of each link is shown below.

5
F
~Fgs
F
466 14 480
F
F34 54
909
458 Pp
Fse Fie >
‘P\ Fse 183
D Y 480
—»6\9 F
Fi6
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First sum moments about point A of the free-body diagram for link 2. From this, we get

_ _Tp_ 90 _
T2 =hB; =HF = b =0.099 909N

The force polygon gives the magnitude and direction for each of the vectors. From equilibrium
considerations at each joint, we know:

F32 =-F3 =H3 =-F4

and

Fs4 = -F45 =65 = -Fs6

and

Fi2 =-F3»

By summing forces vectorially on link 4, the magnitudes of all the forces can be determined.
The force summation equation is

Y F=0=Rs+PB4+Fs

By summing forces vectorially on link 6, the magnitudes of all the forces can be determined.
The force summation equation is

EF=0=H6+PD+F56

Then we get

Pp=458 N, to the right.
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Problem 13.2

Draw a free-body diagram for each of the members of the mechanism shown, and find the
magnitude and direction of all the forces and moments. Compute the torque applied to link 2 to
maintain static equilibrium. Link 2 is horizontal.

- 100 N
B
AO,; =4.0cm
D 0402 =8.0cm
A CO4 =8.0cm
3 30° DO4 =8.0cm
C 4 AB =14.0cm
200 N AC =10.0cm
15 30°
A > D) T, 04
Solution:
100N
B
3
c ) Es3
15°
F32
A 2
A
Fa3

Fi2
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The freebody diagram of each link is shown above. From the freebody diagrames, it is clear that
no single free body can be analyzed separately because in each case, four unknowns result.
Therefore, we must write the equilibrium equations for each freebody, and solve the equations as
a set.

To proceed, resolve each force into X and Y components and graphically determine the distances
as shown below .

100 N

For the freebody diagram for link 4, assume initially that all of the unknown forces are in the
positive x and y directions. Then a negative result will indicate that the forces are in the negative
direction. Summing forces in the X and Y directions gives

EFX =0=Fy + P -200c0s30 = 0= Fy, + B, =173.2

EFy =0=F},+F}, +200sin30 = 0= F}, + B}, = -100 1)
and summing moments (CCW positive) about point O4 gives

E Moy =0 = -F}4(6.61)— F§,(4.50) +200(6.62) = 0 = F4(6.61) + F},(4.50) = 1324 (2)
Between links 3 and 4,

F =-F

Now move to the free body diagram for link 3. Summing forces in the X and Y directions gives:

- 509 -



EFX=0=>F5§+F}1‘3—100=0=>F55+F2f3=100 @

EFy =0=E5+F;=0

and summing moments about point A gives
E Ma, =0=> -F}4(6.61) +F)4(7.44) +100(11.69) = 0 = EX(6.61) - E}5(7.44) = 1169 (5)

Now using Egs. (3),

F} - B, =100
F;-F;=0 (6)
—F3,(6.61) + F},(7.44) = 1169

Between links 2 and 3,

Fy =-B;
y Y (7)
Fs, =-F;

For link 2, the equilibrium equations are

EFX=O=>F§§+FI’§=O

8
Y F=0=F)+{)=0 ®)
and summing moments about point O, gives
Y Mo, =0=>-F},(4) +Ti2 =0 )

Now using Eqgs. (7),

Y F=0=-E}+F5=0
EFy =O=>—F2y3+F1yz =0 (10)
EMOZ =O=>Fg3(4)+T12 =0

Equations (1), (2), (6), and (10) can be written in matrix form for solution. This gives,
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10 1 0 0 0 0 0 O(Fy] (1732
o1 0 1 0 0 0 0 O, [-100
00 661 45 0 0 0 0 O|[E,| [1324
00 -1 0 1 0 0 0 O, |100
00 0 -1 0 1 00 O|lEgt=1 0 ¢ (11
00 —661 744 0 0 0 0 O|[E;| [1169
00 0 0 -1 0 1 0 Of|F 0
00 0 0 0 -10 1 0|R, 0
oo o o 0 4 00 1lltna) Lo

Equation (11) can be easily solved using MATLAB. The results are

Fy =1150N
F), =-308.8 N

F§4 = —E}:; = 5816N
F,=-FE,=2088N

F;= -B) =158.2N
F), = -}, =208.8N

% =158.2 N
F, =208.8N

Tio =-835.2N-cm

Problem 13.3

If a force of 1000 1b is applied to the slider as shown, determine the force P required for static
equilibrium.

AB =11.21in
BC =8.6in
DC =8in

ED =3.44in
DF =10.2in

AG =48in

1000 1b
e——
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Solution Using FBDs:

Using the procedures discussed in Chapter 4, we can determine the position information shown
in the picture below,

AB =11.21n
BC =8.6in
DC =8in
ED =344in
DF =10.21in

AG =48in

1000 1b
|- ——

The known information is:

rB/Azll-z; rC/B:8.6; rC/DZS;
I'pE=3.44; Iep=10.2; rga=4.8;

After the position analysis, we get

£ DFE=16"; £ EFD=43"; £ EDF=82°;
£ CDF=25°; £ ABC=122°

The freebody diagram of each member is shown as follows. Then,
Fis6 =F/cos LEFD' =1000/ cos43° =1367.3

and
Fe4 = Fag

and in the force triangular, we use the sine law,

Fea _ By
sin(180°- ZED'F - ZCD'F) sin(ZED'F)

Then,

Fag = Fo4sin(ZED'F)  1367.3sin(82

) _
= SI(LEDF+ ZCDF) ~ sin®2° +259 ~ 14159

and

Fi3 =B34
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~a
P23
¢ P43
D / Pys
E
D' /PIS
P46
C \\ 1b
1000
\334 O| F|e—
D P16T+ G
Psy4
F
\P64
From the equilibrium of link 3, we know that
F23 = Fu3
Summing moments about point A, we get
>Ma =0=>P-15/A8in60° = F52 ‘18/A sin LZABC
Therefore,
_ Fy 1y, SinZABC 1415.9-11.25in122° 32401bs

rg,, SIN60° 4.85in 60°

and P=3240 Ibs in the direction shown.

Solution Using Conservation of Power:

For conservation of power, we need to find the relationships among the velocities, and this can
be done most easily using instant centers of velocity. Power is involved at links 2 and 6;
therefore, we need to find 17, I;6, and I,s. Using the procedures discussed in Chapter 4, the
instant centers are shown in the figure below.
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Al S E SR} =1 _P=10001b
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Vi,
From conservation of power,
Pv, +Q- v, =0 (1)
Also,
VFs = V12r> = V126/112 = 1602 X 1'126/112

Assume that 'wz is clockwise. Then power is put into the system at link 2 and taken out at link
6. Point G on link 2 moves toward the right so that Q also moves to the right. Since the
direction of Q is then known, we need only determine the magnitude. From Eq. (1), the
magnitudes are related by

OV |= Phin 607V, |
or
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[V | Y2 [V,

=0—— =0 =0
lsin60°(| Ve, | |s1n60°||1a)2 |rG/ ,]2| Isin 60°||V126 |/ |1'126/1,2 er, ,lzl

o tunal _ygog 13383510,

[sin607eg. | lsin60°[4.8|

Therefore,

P =3210 [bs generally to the right as shown

Problem 13.4

For the mechanism and data given, determine the cam torque, 7'y,, and the forces on the frame at
points A and C (F,; and F5;). Assume that there is friction between the cam and follower only.

T, = 50 in-Ib W,=16.11b
u=0.13 Wi=3221b

to, T3
AC =84in
AG2 =1.61n
BG2 =3.0in
CG3 =4.6in
Solution

After a position analysis, we get the position data shown in the figure below. This is followed by
the freebody diagrams for links 2 and 3.

Summing moments about point C on link 3 gives,
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>Mc =0=>Ti3 + Wa(4)— N23(5.89) = F23(0.4)= 0
The friction and normal forces are related through

Fr23 = uN23 = 0.13N23
From the two equations above, we get

Tz +Wsd)  50+32.2(4)
N23 =5280704-0.13-5.80404-0.13 -0

Fr3 =0.13N23 = 3.9

Ti3

AC =84in
AG2 =1.61n
BG2 =3.0in
CG; =4.6in
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The free body diagram of cam 2 is shown below. From equilibrium,
N32 =-N23

and
Fr32 = -F23

Assume that T, is CCW. Then sum moments about point A,

S Ma = 0=>Ti2 - Wa(1.6) - N32(1.39) - F32(3.8) = 0

Fr32

Then,
Ti2 = W2(1.6) +N32(1.39) + F32(3.8) =(16.1)(1.6) + (30)(1.39) + (3.9)(3.8) =82.3

Therefore T,,=82.3 in-lb CCW
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Problem 13.5

In the mechanism shown, P = 100 1b. Find the value of the force Q on the block for equilibrium.
Use energy methods.

AC=BC =14in
BE=3.15in

DF =1.61in
BD =0.8in

— 4] 2

Solution:

Because only the force Q is of interest, this problem can be solved easily using energy methods.
For this we need the instant centers I, I46, and I;14. We can get I, and I;4 by inspection. To
find I46, redraw the mechanism to scale and use I;¢ and 14, and I3 and I43. The results are given

below.

From conservation of power,

P-vag+Q-vEy =0 (D
Also,

VE4 = Vig6 = Vis6/T16 = ‘06 X T46 /116

and
VAg = VAg/l16 = 06 XTA6/I16
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Assume that lwe is clockwise. Then power is put into the system at link 6 and taken out at link
4. Link 4 moves toward the right so that Q moves to the left. Since the direction of Q is then
known, we need only determine the magnitude. From Eq. (1), the magnitudes are related by

Pcos5Twelkae/ 6l = Qlloslfit46/116l
or
1 ¥ )
cos STlwsglae/niel p cosS Fae/ el _ pcOSS 1.4 =1.24P

loslus/mel Iue/me]  1.128

Q=P

Therefore,

Q = 1.24P = 1.24(100) = 124 1bs to the left

Problem 13.6

If Ty, is 1 in-Ib, find P4 using energy methods.

AD =0.85 in 221in
AB=1.151in
DE=2.01in
BE=1.48in
CF=2.251in
\
. ¥
Solution:

Draw the mechanism to scale. For conservation of power, we need to find the relationships
among the velocities, and this can be done most easily using instant centers of velocity. Power is
involved at links 2 and 6; therefore, we need to find I, Ij6, and Ips. Using the procedures
discussed in Chapter 4, the instant centers are shown in the figure below.
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From the conservation of power,

Ti2 lw2 +Pi6- vgg =0 (D
From the instant centers,

VF6 = Vo6 = Vize /112 = 02 X Tz6 /112

Arbitrarily assume that w2 is CCW. Then, power is put into the linkage at link 2 and taken out
at link 6. Point Fg is moving to the left so the component of P16 in the direction vgg is to the
right. This direction is indicated in the figure. Given the direction of P16, we need only
determine the magnitude. From Eq. (1),

Ti2lwal= Recos 307wz e/ 1|
or
o To 1
cos30°k6/m2|  0.427cos30°

Pis =2.71bs in the direction shown.
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Problem 13.7

Assume that the force P is 10 Ib. Use energy methods to find the torque 7', required for
equilibrium.

BC=CD
BD =3.06 in

D
A ° - 30
~ s |
e ~ 4

Solution

To solve the problem using energy methods, we need I 5, Ij 4, and I, 4. Only I 4 needs to be
determined. I;; and I; 4 are found by inspection.

From conservation of power,

P-lvgy+Ti2- w2 =0
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I34

To determine the sign of Tiy, assume that the angular velocity of link 2 is counter-clockwise.
Then the velocity of D4 will be generally in the same direction as the force P and power will be
taken out of the system at link 4. Therefore, power will be taken out of the system at link 2, and
the torque T, must be clockwise.
To compute the magnitude of the torque, use:

P cos30T vpy| = [Ti2['on)|
Now,

|1VD4| = |1V124| = |1(02|H24/A|

So, substituting for lvp,

Pcos30T w2k /al=Ti2f w2l

or

2| = Pcos30Tm4/ Al = 10(cos30°)3.104 = 26.88 in — Ibs CW
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Problem 13.8

In the four-bar linkage shown, the force P is 100 Ib. Use energy methods to find the torque T,
required for equilibrium.

D
T,
P

AB=1.0in
BC=1.751in
CD=201in
DE=0.8 in
AD =3.01n

Solution

To solve the problem using energy methods, we need I 5, I 4, and I, 4.
From conservation of power,

P lvg, + T2 w2 =0
To determine the sign of T, assume that the angular velocity of link 4 is counter-clockwise.
Then the velocity of E4 will be generally opposite to the force P and power will be taken out of
the system at link 4. Therefore, power will be put into the system at link 2. Because the instant
center I»4 is outside of the instant centers I}, and 14, the angular velocity of link 2 is in the same

direction (CCW) as that of link 4. Therefore, the torque T, must also be counter-clockwise.

To compute the magnitude of the torque, use:

Pcos307 ves|= T2l

-573 -



Now,

Also,
Fovalrazay @1.0)| = "o 4 /i)
Since,
EI 1 |
Il(l)4| — |10)2| 2,4)/( 1,2)
|1212,4)/(11,4)|
Then
1 /(I
Vil = IVEs Dol = Posahe ol = Pooaf 2202l

k(12,4)/ (I.a )l

So, substituting for lvg,

1 1
Pcos30 Pl R M ) o]
b1, /10|
or

izl = Peos 301222y ) 100(cos 307 231391 009 = 29.672in ~Ibs CCW
Iy @l 4.4583

Problem 13.9

If F141s 100 b, find the force F, required for static equilibrium.

AD=1.81in Fi4
CD =0.75 in )
AE=0.7 in 30
CF=0.451n

FG=1.751n

CB=1.01in

DB =1.65in
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Solution:

Because only the force Fy, is of interest, this problem can be solved easily using energy methods
and instant centers. For this we need the instant centers Iy, Ip4, and I;4. We can get I, and Ij4
by inspection. To find I,4, redraw the mechanism to scale and use Ij» and I14, and I35 and I34.
The results are given below.

30° | 46°
47.9° S J

VB, -
v 4

A Vi

b4

1 o
T2 w0972 A

Assume that link 4 rotates CCW. Then vi4 , VB4, and VH, and will be in the directions shown
above. From conservation of power,

Fi2:vipb + Fia-vey =0 (1)
Also,

VB4 = 1(1)4 XIB4/114 » (2)

VH, =02 x1H2/112, (3)

Vipg = lw2 X MWpq/112 = 104 X114 /114 4)
and

szl _ |1'124/ 114|

sl rroa/mol

If lws is clockwise, then power is put into the system at link 4 and taken out at link 2.
Therefore, the force Fi2 is in the direction shown. Since the direction of F2 is then known, we
need only determine the magnitude. From Eq. (1), the magnitudes are related by

[H2lcos47.9" w2l ru, /115| = Fial cos46° llwal 4/ 114l

o)< Fidl €08 46" ol B4/ 114l _ |4l cOS46" Kba/al Jioay )
00547-9°I1(D2||IHZ/112| C0547-9°|1'Hz/112| |1'124/114|

Then

Then
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_ 100 cos46’ (1.65) 2.7861 _ ) .
2= c0s47.0°(1.1753) 0.9861 ~ 410 Ibs in the direction shown

Problem 13.10

In the eight-link mechanism, most of the linkage is contained in the black box and some of the
instant centers are located as shown. The force P is 100 Ib and is applied to point D on link 8. If

lsz =100 in/s in the direction shown, compute the velocity of point Cg and determine the

torque 7’1, necessary for equilibrium.

Ay 47+ (1.55,1.60 AB = 1.30in
~ (1.55,1.60) AB = 130
Va) =1.
=0.
Black
Ty Box

L67+ (3.32,-0.48)

I>7+ (1.06,-1.0)

Solution

75 in/sec

'vB2 L7 +
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Find instant centers I12, Iig,and Ing. Then use the rotating radius method to find the velocity of
C8. The results are shown on the figure. From the figure,

er/Ilz = 1.2926”
Yrcin g =0.8454"

lvcg/]18 =T75in/sec

Then,

1
1%

ty, < 72l _ o= T1.36rad/ s CCW
|rBz/112| :

and

Ti2 w2 -Pcos41.32°veg 113 =0
or
T, _ Poos41 32%Vey, _ 100(cosd1.32)75
12 T, 77.36

=72.81in - Ibs

Problem 13.11

The mechanism shown is called a vice grip because a very high force at E can be generated with
a relatively small force at G when points A, B, and C are collinear (toggle position). In the
position shown, determine the ratio F 4 /F 3 .

AB =1.65in
BC=0.88in
CD =0.85in
AD =246 in
CE =1.261in
DE =1.161in
BF =194 in

Solution
From conservation of power,
Fi2elvg; +Faelvg, =0

and
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v =lw3x 16/113

lvg, =lwa x1E/114
Because 134 is an instant center,
lo4 x m34/14=1003 X 1134/113

Assume that we are putting power in at A. Then V3 is down. Because of the location of instant
centers I3, I14, and I34, the angular velocity lws; must be CCW which means that 1w4 must be
CW. Then, this makes the velocity of B4 (vp4) generally down and the force F4 generally up as

shown. Knowing the directions of the force and velocity terms, we can deal with magnitudes.
Then,

Fi2¢083.39 w3)(16/113) = Fi4c0s 24.6(1w4) (18 /114)

or
Fi2c083.39%(103)(1G/13) = Fiacos 24.6(103) L4413 (1 1 )
i34 /T14
and finally,

Fiu = F,€083.3916/113 Taa/ia _ 5 0.998 2.77 0.85

05246 T 11y Taa 1n 09091160367 - 123.12 1bs in the direction shown
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Problem 13.12

If Q is 100 in-1b the direction shown, use energy methods to find the torque T'|, required for
equilibrium.

B~ 3 ~~ C (0.875,1.1) 4
77,4R - _ G = _
\
2 Ay
A X
T
12 5
E (3.7,-0.69)
AB = 1.4in
R =18in
DE=12in D
EG =0.75 in
DG = 1.62 in

Solution

We will use instant centers to determine the relationships among the velocities. For this, we
need I;s, [1», 5. These are shown in the figure below. From the drawing, the distances which
will be needed are:

s /Tis = 2.170 in
M5 /112 = 1.562 in
IG5 = 0.751in

Assume that link 2 rotates CCW. Then, because of the locations of 15, 11, and Is, link 5 will
rotate CW. The velocity of point G will then be in the direction shown.

From conservation of power,

Q- vGsms+Ti2-lw2=0 (1)
Also,

VGs/lis = lw5 X IGs/1;5, 2)

Vios = w2 X11ps/11, = los XTp5/115 (3)
and
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-
'
-

I
A C0.875,1.1) 4

——
0.37"

Q =100 lbs

1103_5[ _ |1125/112| “

ool B |1'125 /115|

If > is clockwise, then the component of Q in the direction of vGs/;5 will be negative so that
power is taken out of the system at link 5 and put into the system at link 2. Therefore, the
torqueTi2 is in the direction shown. Since the direction of Ti2 is then known, we need only
determine the magnitude. From Egs. (1) and (2), the magnitudes are related by

[Qlcosp [lws|rGs/ 5| = Mi2lllw:l
Then
M2l= [Qlcosp [@s| G /115l

lowol

From Eq. (4),

Ty < JQICOSBIs /ol ks /mis| _ 100¢0s25°(1.562)(0.75)
ko5 /s 2.170

=48.9 in-lbs, CCW
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Problem 13.13

If O 1s 100 in-1b the direction shown, use energy methods to find T',.

AB=1.16in
BC=0.70 in
B CD=145in
DE=1.16in
AD =1.30in
DF =1.30in

EG =220 in

Solution

We will use instant centers to determine the relationships among the velocities. For this, we
need I;s, [1», I25. These are shown in the figure below. From the drawing, the distances which
will be needed are:

5 /115 = 2.3731in
5 /112 = 0.634 in
IG /s = 2.477 in

Assume that link 2 rotates CCW. Then, because of the locations of I;5, 11, and Is, link 5 will
also rotate CCW. The velocity of point G will then be in the direction shown.

From conservation of power,

Q-vgsms + T2 lw2=0 (1)
Also,

VGs/lis = los X 1G5/, ()

Vs = 102 XTs/12 = 1005 XT1p5/115 (3)
and

Jlews| _ o5 /110| 4)

foal s mis)

If w2 is clockwise, then the component of Q in the direction of vGs/;5 will be negative so that
power is taken out of the system at link 5 and put into the system at link 2. Therefore, the torque
Ti2 is in the direction shown. Since the direction of Ti2 is then known, we need only determine
the magnitude. From Egs. (1) and (2), the magnitudes are related by

IQlc0s82.36°[lws| kG s/115] = Mi2llwz|
Then
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[Qlc0s82.36 [l ol IG5 /115

fial= ool
From Eq. (4),
Mol = [Qlcos82.36°m »5/112|IKGs /1151 _ 100c0s82.36°(0.634)(2.477) _8.80 in-Ibs, CCW

25 /115 2.373

|
Problem 13.14

If the velocity of link 2 is 10 in/s, and the force on link 2 is 100 in-1b the direction shown, find
the torque on link 6 required to maintain equilibrium in the mechanism.

D

AB=1.751in
BC=1in
BD=3m
ED =2.251in

CE=145m

F
A 30°
T 6 o Vay o Ji
2
777777
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Solution:

Because only the force T, is of interest, this problem can be solved easily using energy methods
and instant centers. For this we need the instant centers Iy, I54, and I;6. We can get 1, and I
by inspection. To find I6, redraw the mechanism to scale and locate the instant centers as shown
in the figures below.

I56 QD
I3
L6 S
6
I3
F
28 I34
114 4 145 A 30
1 5
Tis E 0 - C 7 s . v |
2 23
/ T
lwg Iip

If link 2 moves to the right, then lwe will be in the direction shown above (CW). From
conservation of power,

Tie lwe +F-va, =0 (D
Also,
Vg = VA2 =loog x No6/112, ()

From the figure above, the force F is generally opposite to the velocity va,. Therefore, power is
taken out of the system at link 2 and put into the system at link 6. Therefore, Ti¢ and lwe are in
the same direction (CW). Since the direction of Tie is then known, we need only determine the
magnitude. From Eq. (1), the magnitudes are related by

Miellloe| = Flcos30°Vas| = Flcos307melke 11|
Then

Mid— [FIcos30° [l elkizs /112

| =[Flcos30°[Mp6 /11|
[lwel

From the drawing, re/1, = 1.6945 in. Therefore,

CW
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Problem 13.15

In the mechanism shown, point F is a swivel at the midpoint of Link 3 that carries link 5. The
motion of the four-bar linkage causes arm 6 to oscillate. If link 2 rotates counterclockwise at 12

rad/s and is driven by a torque of 20 ft-lb, determine the resisting torque on link 6 required for
equilibrium.

E (2.0 in, 6.0 in)

AB =1.21n
BC =6.0in
CD =3.0in
AD =4.0in
BF =3.0in

Solution:

Because only the torque T is of interest, this problem can be solved easily using energy
methods and instant centers. For this we need the instant centers 15, I, and 1;6. We can get I,
and I¢ by inspection. To find I»6, redraw the mechanism to scale and as indicated in the figure
below. Distances which will be needed in the analysis are

M/ lie = 5.9911in
and

Ny/T2 =0.324 in

Link 2 rotates CCW and power is put into the linkage at link 2. Therefore, T, is also CCW.
From conservation of power,

Ti2-lw2 +Tie - lwe =0 (1)
Also,

Vo = 1002 X M6/112 = 06 X Tne/116 ()
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Power is taken out at link 6, and therefore, Tis and !ws are in opposite directions. Because of
the location of the instant centers 115, Ig, and I;¢ , lwe is CW. Therefore, Tis must be CCW.
Because we know the direction of Tis, we need only determine the magnitude. From Eq. (1),

|T16| — |T12”1032|
ool

and from Eq. (2),

loa] _ Ma6/1i6l

lowsl  M26/12]

Therefore,

el = M2l 26156
|l'126/112|
or

Tyg = Mi2lloe/tiel _ 205.99D _ 340 ¢ 1y 5 cow

h26 /112| 0.324

- 535 -



|
Problem 13.16

Find the torque T, for a coefficient of friction uof 0.0 and 0.2. Assume that the radius of each
pin is 1 in, and consider both pin and slider friction. Link 2 rotates CW.

i 1.0 in 4\OC _| 200Ib

8 in
0 in v

AB =2
BC =8

Solution:
When u = 0.0, the free-body diagram of the zero friction mechanism is shown below.

By summing forces vectorially on link 4, the magnitudes of all the forces can be determined.
The force summation equation is

EF:O =Fi4+P +Fu

The force polygon gives the magnitude and direction for each of the vectors. From equilibrium
considerations at each joint, we know:

F32=-F»3=Fi3=-F34
and

Fi2 = -F3
This gives us the general direction of all forces at the joints. To determine the torque T1i2 for
equilibrium in the non-friction case, sum moments about point A of the free-body diagram for
link 2. From this, we get

Ti2 =hFs2 = (2.76)(213) = 588 in-lbs
By inspection, the torque must be CCW. Therefore,

T12=588 in-lbs, CCW (no friction case)

To analyze the system with friction, we need to compute the friction angle and friction circle
radius for each joint. The friction angle is

¢ =tan~!(v)=tan-1(0.2) =11.31°

and the friction circle radius at each joint is
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Fi2

F34

C

P=200

Ho—> F34

l Fi4

Rf=Rsing =1sin(11.31°) =0.12in

Fi4 74
213

After we determine the relative motion at each joint and the force directions for the non-friction
mechanism, we can draw the free-body diagram of the mechanism with friction, as shown below.

We can sum the forces on link 4 again, and solve for the unknowns as shown in the force
triangle. The magnitude of T12is then given by

Ti2 =hB2 =(2.517)(228) =573 in-lbs

By inspection, the torque must be CCW. Therefore,

T12=573 in-lbs, CCW (friction case)
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F34 P=200 Ib Fa4 6

C | 228 Fua

Problem 13.17

For the position given for the slider crank mechanism, find the torque T, required for
equilibrium. The radius of each pin is 1 in, and the friction coefficient at the pin between links 3
and 4 and between the block and the frame is 0.3. Elsewhere, the coefficient of friction is O.
Link 2 rotates CCW.

B

AB =3.88in

BC =7.0in 10in C _[ 2000
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Solution:

The freebody diagram of the zero friction mechanism is shown below.

B F23 B

3
Fi4
C
\@ P=200 Ib e
, °2¢C |/

To analyze the system with friction, we need to compute the friction angle and friction circle
radius for each joint. The friction angle is

¢ =tan-1(v)=tan-1(0.3)=16.7°
and the friction circle radius at thejoint at point C (the only pin joint with friction) is

R¢f = Rsin¢ =1sin(16.7°) = 0.29in
After we determine the relative motion at each joint, and the force direction of the non-friction
mechanism, we can draw the free-body diagram of the mechanism with friction, as shown below.
Note that friction is involved only at the joints of the slider. The force F34 is located on the

bottom of the friction circle because the force must create a moment about point C which
opposes the relative motion of link 4 relative to link 3.

By summing forces vectorially on link 4, the magnitudes of all the forces can be determined.
The force summation equation is

EF=0 —F4+P +F

The force polygon gives the magnitude and direction for each of the vectors. In particular,
F34 =269 1bs.

From equilibrium considerations at each joint, we know:

F32 =-F3=Fs3=-F34
and
Fi2 = -F3»

This gives us the general direction of all forces at the joints. To determine the torque T, for

equilibrium in the friction case, sum moments about point A of the free-body diagram for link 2.
From this we get
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F34\ﬁﬂ P=200 Ib
e

Ti2 =hB2 = (3.86)(287) = 1108 in-lbs
By inspection, the torque must be CCW. Therefore,

T12=1108 in-lbs, CCW (friction case)

Problem 13.18

If the radius of each pin is 0.9 in and the coefficient of friction at all joints is 0.15, find the torque
T, required for equilibrium in the position shown. Link 2 rotates CCW.

AB =19in
3 BC =4.0in

~<+——1.500 in —

) \o C 2001b_
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Solution:

First perform a force analysis of the mechanism without friction to determine the general
direction of the forces. A free-body diagram of the friction free mechanism is shown below.

F
23 g

F32

2
C

h=1.12 \Fi3
T, A \<
Fia Fa 200 P
Fi4 -
92
F3, ™~ 221
C P=200
4 Hp—— Fig

For the friction case, the friction angle is
¢=tan""(u) =tan"'(0.15)=8.53°
The friction circle radius at each joint is
Rf=Rsin$ =0.9sin(8.53) =0.13 in
To determine the location of the forces relative to the friction circles, we must determine the
direction of the relative motion at each joint. The forces will then be located to create a torque

which opposes the relative motion. Free-body diagrams of each of the links are shown in the
following.
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P=200
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By summing forces vectorially on link 4, the magnitudes of all the forces can be determined.
The force summation equation is

EF=0=F14 +P+Fu

The force polygon gives the magnitude and direction for each of the vectors. From equilibrium
considerations at each joint, we know:

F30 = -Fo3= Fa3 = -F34 = 205 1bs
and
F2=-F»

This gives us the general direction of all forces at the joints. To determine the torque T1i2 for
equilibrium, sum moments about point A of the free-body diagram for link 2. From this we get

Ti2 =hB2 = (1.36)(205) = 279 in-lbs
By inspection, the torque must be CCW. Therefore,

T12=279 in-1bs, CCW
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Problem 13.19

If the coefficient of friction is 0.4 at each pin and each pin radius is 1 in, determine the force F
required for equilibrium. Link 2 rotates CCW.

AB =2.8in
BC =12.72in P =200 Ib
CD =56in

Fi, AD =8in

1.21in

Solution:

The free-body diagrams and force polygons for the zero friction mechanism are shown below.
This gives the approximate directions for each of the forces.

To analyze the system with friction, we need to compute the friction angle and friction circle
radius for each joint. The friction angle is

¢ =tan~!(w) = tan-1(0.4) = 21.8°
and the friction circle radius at each joint is
R¢f = Rsin¢ =1sin(21.8°) =0.37in

After we determine the relative motion at each joint, and the force direction of the non-friction
mechanism, we can draw the free-body diagram of the mechanism with friction.

The relative motion at each joint can be determined by inspection by visualizing how the two
links at each joint move relative to each other when link 2 is rotating CCW. If it is not possible
to determine the relative velocities by inspection, we could do a velocity analysis. It is not
necessary to determine the magnitudes of the angular velocities; we need only determine the
directions.

By summing forces vectorially on link 4, the magnitudes of all the forces can be determined. The
force summation equation is

EF=0 —Fs+P +F4
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The force polygon gives the magnitude and direction for each of the vectors. From equilibrium
considerations at each joint, we know:

F32 F32
/
B /
2
Fi2 F =239
F F12 C_,
Fa3
P =200 1bs
-
F23

P =200 1bs
Fi4

F3o = -Fo3= Fa3= -F34 = 140 1bs

This gives us the general direction of all forces at the joints. To determine F for equilibrium in
the friction case, sum forces vectorially on link 2. From this we get

EF=0 —F2+F +F3

By inspection, the force F must be down and to the left. Therefore,

F=438 1bs in the direction shown.
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F32

F =438

Fi2
4w3

P =200 Ibs

P =200 Ibs

Fi4

F34 =140

Wy Ibs

[
Problem 13.20

Find the torque T, for a coefficients of friction u of 0.0 and 0.2. Consider friction at the slider
only and neglect the masses of the links.
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AB=2n
BC=34m

Solution:

First perform a force analysis of the mechanism without friction to determine the general
direction of the forces. A free-body diagram of the friction free mechanism is shown below.

20 1b

201b

8.18 Ib C Fy
21.611b

By summing forces vectorially on link 4, the magnitudes of all the forces can be determined.
The force summation equation is

EF=0 —F4+P +F4

The force polygon gives the magnitude and direction for each of the vectors. From equilibrium
considerations at each joint, we know:

F=-F3=Fi3=-F34=21.61lbs
and

F2=-F»
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To determine the torque T'12 for equilibrium, sum moments about point A of the free-body
diagram for link 2. From this we get

Tio = h32 =(1.764)(21.61) = 38.12 in-lbs.

By inspection, the torque must be CCW. Therefore,
T12=38.12 in-lbs, CCW

For the friction case, the friction angle is
¢p=tan""(u) =tan"'(0.2)=11.31°

There is friction between the slider and the frame only. The slider is moving to the left. The
new free body diagrams are given in the following.

B
F32
T, 2
Y 1.764"
By Fy;
A \FM
B
\
F 201b
3 34 4\9C .
20 Ib N
9.16 Ib c Fy

23.63 le

By summing forces vectorially on link 4, the magnitudes of all the forces can be determined.
The force summation equation is

EF=0 =Fa4+P+F

The force polygon gives the magnitude and direction for each of the vectors. From equilibrium
considerations at each joint, we know:

F3 = -3 = Fu3 = —F34 =23.631bs
and

F2=-F»
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This gives us the general direction of all forces at the joints. To determine the torque T1i2 for
equilibrium, sum moments about point A of the free-body diagram for link 2. From this we get

Ti2 = hF32 =(1.764)(23.63) = 41.68 in-1bs
By inspection, the torque must be CCW. Therefore,

T12=41.68 in-lbs, CCW

Problem 13.21

The linkage shown is a type I double-rocker four-bar linkage in which the two coupler pivots, B
and C have been replaced by spherical joints. It moves in the horizontal plane and is used to
guide and support a heavy door that is hung from the coupler. The vertical crank shafts are each
supported on a tapered roller bearing that supports both radial and thrust loads. The centers of
these bearings are 1.5 in below the horizontal plane in which the spherical joint centers lie. The
crank shafts are also supported by ball bearings that support only radial loads. The central plane
of the ball bearings is 2 in above the plane of the spherical joint centers. The door weighs 500 1b,
including the weight of the coupler, and its center of mass is directly below the mid-point of the
coupler. Each of the cranks AB and CD weighs 30 1b and can be modeled as a uniform rod. Find
the radial loads carried by the ball bearings and the radial and thrust loads carried by the tapered
roller bearings when the linkage is in the position shown.

AB = CD =18.01in, BC = 14.5 in, AD = 17.0 in. The line AD is at 451 to the x axis.
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Solution:

Free body diagrams
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B C
O )
O N
A B
F
o 2.0"| -
Al 00 & oo (:)
1'5" p. - . .
W =500 1b o Y Fi |
Fy
F,,
Door Arm

For the door:

EFZ =0: Fy+F,

Y My =0: 725F, -725F, =0
Hence Fg=F-=2501b

For either arm:

Y F.=0: F,=250+30=2801b

Y F,=0: F=F,

Y My=0: 35F,=9.0x30+18.0x250
F,=F, =13631b
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Problem 13.22

The robot of Example 13.8 is positioned so that the angle between members A and B is 45(), and
the payload is 30 1b located on the axis of joint 3. Characterize the loads on members A and B in
this position.

Solution:
Configuration:
g O) . -
‘ 20 in
|
3
|
< | LT
| | 30 1b
Free body diagrams:
- 10" B 10" --
/ |
Mz ( 0 5 ?
g
40 1b 301b
F, !
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fr
M, 0, A M, cos 45°
| ; F,
TFI 601b tF>=701b i60 Ib
Problem 13.23

A pair of spur gears with 31 and 57 teeth is cut to standard 20° pressure angle dimensions with
diametral pitch 16. The wheel carries a load torque of 500 Ib ft. Find the reaction loads carried by
the bearings on which the gears turn.

Solution:

Free body diagrams
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For wheel
g -N_
r P, 16
SO

r =20 _17813in
32

Hence

F_ +F sin20°=0

F, +F c0s20°=0
rF.cos20° =500 1b - ft
SO

F.=298.71b

F_=-298.7sin20° =-102.2 1b
F, =-298.7¢c0s20° = -280.7 Ib

For pinion

M =2500=271.9 1b - ft
P57
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Problem 13.24

A helical gear is cut with a standard 25( pressure angle, diametral pitch 8 spur gear cutter at a
helix angle of 30¢). The gear has 50 teeth and transmits 150 hp at a speed of 1500 rpm. Calculate
the radial and thrust loads that must be carried by the mounting bearings. Also, compute the
couple due to the axial component of the tooth loads. If the shaft bearings are to be 5 in apart,
compute the additional radial bearing load from this source.

Solution:
=£=i=3.125in
Po2p 2x8
W - (150x550)12x60 _2017 1

T 1500 % 3.125
tan25" 086 1b

o

W =W, tany, =W, 2% _o017
cosa cos3

W, =2017tan30°=11651b

Component in the plane of the wheel

W =W} + W2 =/1086 +2017° = 2291 1b
T =2017x3.125tan30° = 3639 in-1b

=¥=7281b
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