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DESIGN OF MACHINERY SOLUTION MANUAL 11-2-1

&S PROBLEM 11-2

Statement: Draw free body diagrams of the links in the sixbar linkage shown in Figure 4-12 and write the
dynamic equations to solve for all forces plus the driving torque. Assemble the symbolic
equations in matrix form for solution.

Solution: No solution is provided to this algebraic exercise.
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&S PROBLEM 11-3a

Statement:

SOLUTION MANUAL 11-3a-1

Table P11-1 shows kinematic and geometric data for several slider-crank linkages of the type and

orientation shown in Figure P11-1. The point locations are defined as described in the text. For
row a in the table, solve for forces and torques at the position shown. Also, compute the shaking
force and the shaking torque. Consider the coefficient of friction pu between slider and ground to

be zero.
. 2. -1
Units: blob = Ibf-sec -in
Given: Link lengths:
Link 2 (O, to 4) a:=4.00-in Link 3 (4 to B) b:=12.00-in
Offset ¢:= 0.00-in Friction: pi=0
Crank angle and motion: 95 := 45-deg w7 = 10-rad-sec” ! 63 := 166.40-deg
Coupler point: Rp3:=0.0-in Orp3:= 0.0-deg
Mass: m2 := 0.002.blob m3 := 0.020-blob my = 0.060-blob
Moment of inertia: I = O.I(J-blob-in2 I3 = 0.2()-blob~in2
Mass center: RcGg2 :=2.00-in 87 := 0-deg RcG3:=5.00-in 83 :=0-deg
Force and torque: Fp3:=0-Ibf OFp3 = 0-deg T3 :=20-Ibf"in
Accelerations:  q := 20-rad-sec 2 agy = 203.96.in-sec 2 84G2 = 213.69-deg
o3 = ~2.40-rad-sec 2 ag3 = 371.08-in-sec 2 04G3:=200.84-deg
ag4:=357.17-in-sec 2 04G4:= 180.0-deg
Solution: See Figure P11-1, Table P11-1, and Mathcad file P1103a.

1. Calculate the x and y components of the position vectors.

Ri2x = Reg2-cos(82 + 180-deg)

Ri2y = ReG2-sin(82 + 180-deg)

R32x = Rccz'COS(Bz)

R32y = Rccz~sin(02)

R)3x = RCG3-COS(9 3)

R23y = RCGJ-sin(es)

Ry3x = (b - Rcg3)-cos(03 + 180-deg)
Ry3y = (b - RcG3)-sin(03 + 180-deg)
Rp3x = Rp3-cos(83 + 180-deg + &gp3)

Rp3y = Rp3-sin(93 + 180-deg + 5Rp3)

Ryye=-1414in
Rj2y=-1414in
R30x = 1414in

=1414in

g
~
I

R23x = —4.860in
R)3y = 1.176in
Ry3x = 6.804 in
Ry3y = -1.646in
Rp3x = 0.000in

Rp3y = 0.000in
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SOLUTION MANUAL 11-3a-2

2. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate

system (GCS).
aGax = an-COS( 9AG2)
aGy = acz~sin( 6’AG2)
aGg3x = aG3-COS(0AG3)

aG3y = 0G3'Si"( 9AG3)

aG4x = a(;4-cos( 9AG4)

agax = —169.705 in-sec” 2

aGay = -113.136 in-sec 2

G 3x = ~346.803 in-sec >

aG3y = —-132.015 in-sec 2

aG4x = -357.170 in-sec 2

3. Calculate the x and y components of the external force at P on link 3 in the CGS.

Fp3x = FP3'COS(5FP3)

Fp3y = FP3-sin(5FP3)

Fp3yx = 0.000 /bf

Fp3y = 0.000 15f

4. Substitute these given and calculated values into the matrix equation 11.10g, modified for this problem. Note
that Mathcad requires that all elements in a matrix have the same dimension. Thus, the matrix and array in
equation 11.10g will be made dimensionless and the dimensions will be put back in after solving it.

1 0 1 0
0 1 0 1
-R R -R R
12y K]2x 32y 32x 0 0 |
in in in in
-1 0 1 0
C:=
0 0 -1 0 1
R23y —R23x —Ry43y Ry3
0 0 . y . x - y - x 0
in in in in
0 0 -1 0
0 0 -1
( -1
m2-aG2x Ibf
-1
my-aG2y Ibf
-1.-1
Igo-0r-Ibf  -in
-1
F = (m3‘aG3x - FP3X)'Ibf R:= C_ 1.

(m3-aG3y - Fpyy)-lbf ™"

-1 .
(IG3-a3 — Rp3x-Fp3y + Rp3y-Fp3x - T3)-1bf -in

-1
my-aG4x Ibf
0

-1
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F32x = Ry-Ibf
Fy3x:= R lbf
Fl4y:= RyIbf

Tip:= R8-Ibf -in

Fiox = —28.71bf
F3py = 28.41bf
Fy3x =21416f
Fr4y = -8.741bf

T2 = 99.61bf-in

Fi2y = R, Ibf
F32 = R4-Ibf
Fq3y = R6-Ibf

5. Calculate the shaking force and shaking torque using equations 11.15.

F21:=-Fi2x - J-Fi2y

Fy:=F21 + Fqq

Magnitude:

Angle:

Ts:=-T;2

Fy:= |Fy|

OFs = arg(Fs)

Fq1:=-j-F14y

Fg = 28.706 + 2.867j ibf
Fg = 28.848 Ibf
Ors = 5.703 deg

Tg = ~99.6 Ibf-in

SOLUTION MANUAL 11-3a-3

Fiay = 58716f
F32y = —6.101bf

Fy3y = -8.741bf
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&S PROBLEM 11-4a

Statement: Tables P11-1 and P11-2 show kinematic and geometric data for several slider-crank linkages of the
type and orientation shown in Figure P11-1. The point locations are defined as described in the
text. For row a in the table, solve for the input torque on link 2 using the method of virtual work at
the position shown. Consider the coefficient of friction p between slider and ground to be zero.

Units: blob := Ibf -secz-in_ !

Given: Link lengths:

Link2 (0,t04)  a:=4.00-in Link 3 (4 to B) b :=12.00-in
Offset ¢ :=0.00-in Friction: p:=0
Crank angle and motion: @, := 45-deg 03 := 166.40-deg
Coupler point: Rp3:=0.0-in Orp3:=0.0-deg
Mass: m) = 0.002-blob m3 = 0.020-blob my := 0.060-blob
Moment of inertia: I = 0.10~blob-in2 Igs = ().20-b10b-in2
Mass center: RcGy:=2.00-in 83 := 0-deg RcG3:=5.00-in 63 :=0-deg
Force and torque: Fp3:=0-Ibf OFp3 = 0-deg T3:=20-Ibf-in
Accelerations:  a := 20-rad-sec 2 ag2 = 203.96.in-sec 2 04G2 = 213.69-deg
a3 := -2.40-rad-sec 2 ag3:= 371.08-in-sec 2 04G3 = 200.84-deg
ag4:=357.17-in-sec 2 04G4:= 180.0-deg
Velocities: @y := 10-rad-sec ! vG2 = 20.0-in-sec ! OyG2:= 135.0-deg
w3 :=-2.43-rad-sec ! vG3 = 35.24-in-sec ! OyG3:= 152.09-deg
vG4 = 35.14-in-sec ! OyG4 = 180.0-deg
vp3:=35.24.in-sec ! Oypz = 152.04-deg
Solution: See Figure P11-1, Table P11-1, Table P11-2, and Mathcad file P1103a.

1. Calculate the x and y components of the velocity vectors.

. -1
VG2x = VGZ'COS( 3VG2) vG2x = —14.142 in-sec

-1
vG2y = vGZ-sin(0V(;2) vG2y = 14.142 in-sec

. -1
VG3x = vG_;'cos(BVG_;) vG3x = —31.141 in-sec

-1
VG3y = vG3-sin(49V(;3) vG3y = 16.495 in-sec

. -1
VGix = vg4-cos( 9VG4) VG4x = —35.140 in-sec

. -1
Vp3x = vP3-cos(0Vp3) vpix = —31.127 in-sec
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vp3y = vp3-sin(0Vp3) vp3y = 16.522in-sec !

2. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

agax = a(,‘z-cos(HAcz) aGax = —169.705 in-sec 2
. . -2

aGay = agz-szrl(OAgz) aG2y = —-113.136 in-sec
. -2

aG3x = a(;3-cos(6,4(;3) aG3x = —346.803 in-sec
, . -2

aGg3y = a(;3-s1n( 0AG3) aG3y = —132.015 in-sec
. -2

aG4x = aG4-cos( 9AG4) aG4x = =357.170 in-sec

3. Calculate the x and y components of the external force at P in the CGS.
Fp3yx = Fp3-cos(8Fp3) Fp3x = 0.000 /bf

Fp3y = Fp3-sin( 5rp3) Fp3y = 0.000 bf

4. Substitute these given and calculated values into equation 11.16c¢ and solve for the input torque.

1
Tj2:=—-: m2‘(aG2x'VGZx + aGZy'VGZy) + m3‘(aGSX'VG3x + aG3y'VG3y)
[0
2 +m4'(aG4x'VG4x) + (Iaz-az'coz + IG3-a3-w3)
+‘(FP3x'VP3x + FP3y“’P3y) - T3-03

Ti2 = 99.687 lbf-in
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&S PROBLEM 11-5a

Statement: Table P11-3 shows kinematic and geometric data for several pin-jointed fourbar linkages of the
type and orientation shown in Figure P11-2. All have 8, = 0. The point locations are defined as
described in the text. For row a in the table, solve for forces and torques at the position shown.
Also, compute the shaking force and the shaking torque. Work in any units system you prefer.

Units: blob := Ibf -secz-in— !
Given: Link lengths:
Link 2 (O, to 4) a:=4.00-in Link 3 (4 to B) b:=12.00-in
Link4 (BtoO;) ¢ := 8.00-in Link 3 (0,10 04)  d:=15.00-in
Crank angle and motion: 9, := 45-deg o7 :=20-rad-sec !

Other link angles: 03 := 24.97-deg ®3 := —5.62-rad-sec ! 04:= 99.30-deg ®4:=3.56-rad-sec

Coupler point: Rp3:=0.0-in Orp3:= 0.0-deg

Rocker point: Rpy:=8.0-in Orp4 = 0.0-deg

Mass: m> = 0.002-blob m3 := 0.020-blob my = 0.100-blob

Moment of inertia: /5 := 0.10~blob~in2 13 := O.20-blob-in2 Igy4:= ().50-bIob-in2
Mass center: RcG2 :=2.00-in 83 := 0-deg RcG3=5.00-in  83:=0-deg

Rcgy :=4.00-in 84 := 30-deg
Force and torque: Fp3:= 0-1bf Orp3 = 0-deg Fpy:= 40-Ibf Orp4 = —30-deg
T3:= —15-Ibf-in Ty :=25.1bf in
Accelerations: 5 := 20-rad-sec 2 aG2 = 801.00.in-sec 2 04G2:=222.14-deg
a3 1= 7529 -rad-sec > ag3i= 1691.49.insec > 64G3 = 208.24-deg

a4 := 24443 .rad-sec 2 ag4 = 979.02-in-sec 2 84G4 = 22227-deg

Solution: See Figure P11-2, Table P11-3 and Mathcad file P1105a.

1. Calculate the x and y components of the position vectors.
Ri2x := ReGa-cos(82 + 82 + 180-deg) Ry2x = —1.414in
Ry2y = ReG-sin(62 + 82 + 180-deg) Rizy = -1414in

2 2 .

R3:= \[(Rcc;z-sin(Sz)) + (a - RCGQ-cos(Sz)) R32=2.000in
337 := atanZ(a - chz-cos(Sz), Rccz-sin(&z)) 832 = 0.000deg
R3ox = R32-cos(62 - 532) R3ox=1414in

R32y = R32-sin(62 - 632) R32y = 1.414in
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Rp3x = RCG3-cos(03 + 83+ 180-deg)

R23y:= RC(;_;-sin((-)g, + 83 + 180-deg)

Ry3:= J(RC63-sin(53))2 + (b - RCG3'COS(83))2

843 := atan2(b — RcG3-cos(83), Reg3-sin(83))
Ry3x = R43-COS(63 - 543)

Ry3y = Ry3-sin(03 - 843)

Ry4x = ReGa-cos(04 + 84 + 180-deg)

Rigy = RCG4-sin(64 + 04 + 180-deg)

R34:= J (Rcc;4-sin(54))2 + (C - RCG4'COS(54))2

834 := atan2(c - RcGy4-cos(84), ReGy-sin(34))
R34x = R34-COS(64 - 834)

R4y = R34sin(04 - 534)

Rp3x = RP3-COS(93 + 5RP3)

Rp3y := Rpy-sin(03 + 5gp3)

Rpyx := Rpg-cos(04 + ORp4)

Rpyy = Rp4-sin(94 + 5Rp4)

SOLUTION MANUAL 11-5a-2

R23, = —4.533in

R23y=-2.11lin

Ry3=17.000in

843 = 0.000 deg
Ry3x = 6.346in
Ry3y =2.955in
Rjyx =2.534in

Riqy=-3.095in

R34=4957in
834 = 23.794 deg
R3gx=1241in
R34y = 4.799 in
Rp3x = 0.000in
Rp3y = 0.000in
Rpyxy = -1.293in

Rpgy = 7.895in

2. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

aGay = ac;z-cos(HAGz) aGay = —593.948 in-sec 2

aGy = aGQ-sin(BAcz) agay = —537.427 in-sec 2

aGiy:= aG3-cos(9Ag3) aG3y = —1.490 x 10% in-sec” 2

aGg3y = a(;3-sin( 9AG3) aG3y = —800.355 in-sec 2

-2
aG4x = aG4-cos( 9AG4) aG4x = —124.459 in-sec

aG4y = aG4-sin( 9,4(;4) aG4y = —658.513 in-sec 2
3. Calculate the x and y components of the external force on links 3 and 4 in the CGS.
Fp3x = Fp3-cos(5pp3) Fp3x = 0.000bf

Fp3y = Fp3-sin{ 57p3) Fp3y = 0.000 Ibf

Fpy =F p4-cos(5pp4) Fpyx = 34.641 Ibf

Fpgy = Fpyg-sin( 5pp4) Fpygy = ~20.000 Ibf
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SOLUTION MANUAL 11-5a-3

4. Substitute these given and calculated values into the matrix equation 11.9, modified for additional terms. Note
that Mathcad requires that all elements in a matrix have the same dimension. Thus, the matrix and array in
equation 11.10g will be made dimensionless and the dimensions will be put back in after solving it.

1 0 1 0
0 1 0 1 0
-Ri2y Ri2x -R3zy R32
e A A | 0 0 0 1
n in n mn
0 -1 0 1 0
0 0 0 -1 0 1
€= R R Ry, R
0 '23y ‘23x .43y 4.13x 0 0
n in n n
-1 0 1 0
0 0 0 -1 0
R34y -R3yx -Rigy Ry
0 0o 0 0 2 =y
in n n mn
_ . -
m2-aG2x Ibf
-1
m2-aG2y Ibf
-1.-1
IGo-ap-lbf -in
-1
(m3-aG3x - Fpax)-ibf
) -1 )
-1.-1
(103-a3 — Rp3xFp3y + Rp3y-Fp3x — T3)-1bf -in
-1
(myagss — Fpax)-Ibf
-1
(ms-agay - Fray)-ibf
-1, -1
_(164'(14 — Rpyx'Fp4y + Rpgy Fpyx — T4)-1bf -in
Fyog:= Rl-lbf F1ay = -124.0I6f Fiay:= R2-lbf Fry=—6231bf
F3ox = R3-Ibf F325 = 122.81bf F32y = R4-Ibf F32, = 61210bf
Fige= RgIbf  Fy3x=93.00f Fygy:=RoIbf  Fy3y=4521bf
Frgg:= RyIBf  Flep=-14.100f Flay:=Rglbf  Flgy =-0.6761bf

Tip:= R9‘1bf-in

Ti2= 176.41bf-in

5. Calculate the shaking force and shaking torque using equations 11.15.

F21:=-Fi2x —j-Fr2y

Fq1:=F14x +j-Fley
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Fg:=Fa1 + Fq1
Magpitude: Fy:= |Fy|
Angle: Ors = arg(Fs)

Ts:=-Tj2

SOLUTION MANUAL 11-5a-4

Fs = 109.868 + 61.581j /bf

Fg = 125.949 [bf

OFs = 29.271 deg

T, = ~176.4 Ibf-in
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S PROBLEM 11-6a

SOLUTION MANUAL 11-6a-1

Statement: Tables P11-3 and P11-4 show kinematic and geometric data for several pin-jointed fourbar linkages
of the type and orientation shown in Figure P11-2. All have 8; = 0. The point locations are defined
as described in the text. For row a in the table, solve for input torque on link 2, using the method
of virtual work, at the position shown. Work in any units system you prefer.

Units: blob := Ibf-sec>-in” |

Given: Link lengths:

Link 2 (O, to A) a:=4.00-in Link 3 (4 to B) b:=12.00-in
Link 4 (B to Oy) c = 8.00-in Link3(0,t004)  d :=15.00-in
Link angles: 07 := 45-deg 03 :=24.97-deg 04 := 99.30-deg
Coupler point: Rp3:=0.0-in Orp3:= 0.0-deg
Rocker point: Rpy:=8.0-in ORp4 := 0.0-deg
Mass: m3 = 0.002-blob m3 = 0.020-blob my := 0.100-blob
Moment of inertia:  Igy:= 0.10-blob-in° I3 := 0.20-blob-in>  Ig4 := 0.50-blob-in"
Mass center: RcG2 :=2.00-in 83 := 0-deg RcG3 :==5.00-in 83 := 0-deg
RcG4:=4.00-in 84 := 30-deg
Force and torque: Fp3:= 0-Ibf Orp3:= 0-deg Fpy:=40-I6f Orp4 = -30-deg
T3:=-15-Ibf-in Ty :=25-1bf-in
Accelerations: o := 20-rad-sec 2 ag2 = 801.00-in-sec 2 04G2 = 222.14-deg
a3 :=75.29-rad-sec 2 a3 = 1691.49.in-sec 2 04G3 = 208.24-deg
a4 :=244.43.rad -sec 2 aGg4 = 979.02-in-sec 2 04G4 = 22227-deg
Velocities: o7 :=20-rad-sec ! vG2 = 40.0-in-sec . OvGo = 135.0-deg
®3:= -5.62-rad-sec ! vG3 = 54.44-in-sec ! OyG3 = 145.19-deg
W4 := 3.56-rad-sec ! VG4 = 14.23-in-sec ! OvG4 = 219.30-deg
vp3:= 80.00-in-sec ! Oyp3:= 135.00-deg
vpyg = 28.45-in-sec ! Oypy .= 189.30-deg
Solution: See Figure P11-2, Table P11-3, Table P11-4, and Mathcad file P1106a.

1. Calculate the x and y components of the velocity vectors.

VG2x = vcz-COS(Bvcz)

VG2y = vaz-sin(ﬁvc;z)

-1
vG2x = —28.284 in-sec

vGoy = 28.284 in-sec !
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VG3x = VG3-COS( 0Vc:3)

VG3y = VG3'Si"(0VG3)

VGex = VG4-COS(9VG4)
vGy = vG4-5in{ 0¥Gs4)
VP3x = VP3'COS(9VP3)
Vp3y = VP3-Sin( 0VP3)

VP4x = VP4-00S(6’VP4)

vp4y = vpy-sin Ovpy)

SOLUTION MANUAL 11-6a-2

VG3x = —44.698 in-sec” |

-1
vG3y = 31.077 in-sec

VGax = -11.012 in-sec” !
vG4y = -9.013 in-sec !
vp3x = —56.569 in-sec !
vp3y = 56.569 in-sec !
vpyx = —28.076 in-sec !

vpyy = —4.598 in-sec !

2. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate

3.

4.

system (GCS).
aG2x = aG2-cos(04G2)

agy = acz-sin( HAGz)
aG3x = acs-COS( 0A03)
aG3y = aG3-sin( 9AG3)
aG4x = aG4'C‘05(9AG4)

aG4y = aG4-sin( 9AG4)

agax = —593.948 in-sec 2
-2
agy = 537427 in-sec
3. -2
aGix = —-1.490 x 10™ in-sec
aG3y = —800.355 in-sec 2
aGg4x = —724.459 in-sec 2

aG4y = —658.513 in-sec 2

Calculate the x and y components of the external force on links 3 and 4 in the CGS.

Fp3x = FP3-CGS(5FP3)
Fp3y = FP3-sin(5FP3)
Fpyx = Fpg COS( 6FP4)

Fpyy:=F P4’5i"(5FP4)

Fp3x = 0.0001bf
Fp3y = 0.00075f
Fpyx = 34.641 Ibf

Fpygy = -20.000 Ibf

Substitute these given and calculated values into equation 11.16¢ and solve for the input torque.

1
Ty2:= —[mz(aG2xvG2x + aG2yvG2y) + m3(aG3xvG3x + AG3yVG3y) -
@21+ m4‘(“G4x'VG4x + aG4y-VG4y) + (Iaz-az-wz + Ig3-a3-03 + IG4-a4-w4) -
+~(Fp3ax-vp3x + Fp3yvp3y) — (Fpax-vpex + Fpgyvpay) -

+-T303 — T4m4

Ti2 = 1663 Ibf-in
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&5 PROBLEM 11-7a

SOLUTION MANUAL 11-7a-1

Statement: For row a in Table P11-3, input the associated disk file to program FOURBAR, calculate the linkage
parameters for crank angles from zero to 360 deg by 5 deg increments, and design a steel disk
flywheel to smooth the input torque using a coefficient of fluctuation of 0.05. Minimize the
flywheel weight.

Units: blob := Ibf-sec>-in” |

Given: Link lengths:

Link 2 (O, t0 4) a:=4.00-in Link 3 (4 to B) b:=12.00-in
Link 4 (B to Oy) c:= 8.00-in Link3(0O5t004) d :=15.00-in
Crank angle and motion: 95 := 45-deg ©7 :=20-rad-sec !
Other link angles: 63 := 24.97-deg ®3 := —5.62-rad-sec ! 04:= 99.30-deg ®4:=3.56-rad-sec
Coupler point: Rp3:=0.0-in Orp3:= 0.0-deg
Rocker point: Rpy:=8.0-in Orp4:= 0.0-deg
Mass: m3 = 0.002-blob m3 := 0.020-blob my := 0.100-blob
Moment of inertia:  Igp = 0.10-blob-in>  Ig3:= 0.20-blob-in°  IG4 := 0.50-blob-in”
Mass center: RcGg2:=2.00-in 87 :=0-deg RcG3:=5.00-in  83:=0-deg
RcGq:=4.00-in  84:= 30-deg
Force and torque:  Fp3:= 0-16f O6Fp3 = 0-deg Fpyg:=40-1bf OFp4 = -30-deg
T3:= -15-Ibf-in Ty:=25.Ibf-in
Accelerations: = 20-rad-sec 2 ag2 = 801.00-in-sec 2 04G2 = 222.14-deg
a3 :=75.29-rad-sec 2 aG3 = 1691.49.in-sec 2 04G3:=208.24-deg
04 :=244.43.rad-sec 2 ag4 = 979.02-in-sec 2 04G4:=222.27-deg
Coefficient of fluctuation: k:=0.05
Desired average speed: @ayg = 02
Solution: See Figure P11-2, Table P11-3 and Mathcad file P1107a.

1.

Enter the above data into program FOURBAR and determine the energy change from minimum to maximum
speed. The input torque vs crank angle graph is shown on the next page. The linkage balance screen is shown
just below the input torque graph. A table of torque pulse areas is shown on the balancing screen. Use the
data from it and equation 11.22 to determine the required system mass moment of inertia.

E
I = —
k-wgyg

E = 402.9-1bf-in Iy =20.1 blob-in2

The moment of inertia of the input crank and the motor armature can be subtracted from this value to obtain the
required flywheel moment. There are an infinity of possible size/shape solutions for this problem.
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SOLUTION MANUAL 11-7a-2

rLinkage Data———
Link 1 (Ground)

(T

Referenced to Non-Rotating Global Coordinate System

TInitial Conditions —
Circuit

Link 2 (Crank)
s -
Link 3 (Coupler)
[gmee
Link 4 (Rocker)
e6ee
Dist. from 12,3 to
Coupler Pt

aeea
Angle from Link 3
to Coupler Pt

N o

%0/ Torque 12
Mag Ib-in

Start Theta

[ -
End Theta
.. o
Delta Theta

I oo

Omega2
I s

- I_E_I_UI_'I_DA_H {qr_h'ffint:_lows by R. L. Norton - Cop}llighl_J 95_]_9 :

Meeded for Complete L

___I__iﬂkqgc_a_l_?fal_ancmg

Radius

Mass
|I1025 bl
MR Product IIJ.051

lz—— :

~Balance Mass and Radius for Link 27

Mass Radius
jo1s w4

MR Product ||1455

[ Balance Mass and Badius for Link 4 |

0 I- I“ I‘I‘I ‘” .ﬂ .ﬂ
Crank Angle (Deg)

- Flywheel Coefficient of Fluctuation

Shaking Torgue

/ Unbalanced
Magibkin

S Balanced
Magibin

TITIIN)

Areas of Crank Torque
Pulses in Order over 1 cycle

in Energy Units of :
Ib-in - Radians

Order NegAuea Pos Area

-131.3 483.1
-402.9 4055
-252 0
0 0

Average Torque:
-8.78 lbin




DESIGN OF MACHINERY SOLUTION MANUAL 11-8-1

&S PROBLEM 118

Statement: Figure P11-3 shows a fourbar linkage and its dimensions. The steel crank and rocker have uniform
cross sections 1 in wide by 0.5 in thick. The aluminum coupler is 0.75 in thick. In the
instantaneous position shown, the crank 0,4 has ® = 40 rad/sec and o = -20 rad/sec2. There is a
horizontal force at P of =50 Ib. Find all pin forces and the torque needed to drive the crank at

this instant,
Units: blob = Ibf-sec>-in" |
Given: Link lengths:
Link2 (O,t04)  a:=5.00-in Link 3 (4 to B) b= 4.40-in
Link4 (BtoOg)  c¢:=5.00-in Link 1 (O;t004)  d := 9.50-in
Coupler point: Rpa = 8.90-in 83 := 56-deg F :=50-16f Ty:=0-Ibf-in

. -1 -
Crank angle and motion: 9, := 50-deg ®2 = 40-rad-sec oy := -20-rad-sec 2
Link cross-section dims:

wy := 1.00-in t7:=0.50-in t3:=0.75-in wy = 1.00-in t4:=0.50-in

Material specific weight: steel  yg:= 0.3-Ibf-in 3 aluminum Ya = 0.1-Ibf-in 3
Solution: See Figure P11-3 and Mathcad file P1108.
1. Use program FOURBAR to determine the position, velocity, and acceleration of links 3 and 4.
03:=10.105.deg ®3 = —41.552-rad-sec” ! a3 = -335.762-rad -sec 2
04:=113.008-deg ©4 :=26.320-rad-sec ! a4 1= 2963.667-rad-sec 2

2. Determine the distance to the CG in the LRCS on each of the three moving links.
Links 2 and 4: RcG2:=05-a Rcg2 =2.500in RcG4:=05-¢c  Rcge =2.500in

Rpa-cos(Sg) +b

Link 3: RcG3x' = 3 RcGg3x' = 3.126in
Rpa sim 83
RcG3y = ﬂ# RcG3y =245%in
2 2 .
Rcgs = J ReGsx' + Regsy' RcG3 =3977in

At an angle with respect to the local x’ axis of

833 := atan2(RcG3x', RCG3y') 833 = 38.199 deg

3. Determine the mass and moment of inertia of each link.

Vs 1 Ya Vs
m) = wyt)a-— m3:= —-b-RpgSim83)-13— my = wytyco—
. 3 b Roarsin(83) 15— .

my=1943x 10 3 blob m3=3.153x 10 3 blod my=1943x 10 3 blob



4.

5.
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Iy = 2 (w2+a2)
G2 = 12 2

m3

IG3 = —6—-[b2 + (Rpa-sin(ﬁ:;))z]

I m( 2+ 2)
=W c
Ga:= 5\

P

Y
/
// Rces
3 B
Ak — .
2/
ﬁ/ RCG4
1 CG2 1
(,%—, - -777————”*—@———X
02 04

(d) FBD of Link 4

Calculate the x and y components of the position vectors.

R12x = Regz-cos(02 + 180-deg)
R12y = ReG2-sin(82 + 180-deg)
R32x := Reg2-cos(92)
R32y := RcG2-sin(02)

R23x = RCG3-cos(833 +03+ 180-deg)

SOLUTION MANUAL 11-8-2

1G2 = 4209 x 10~ ° blob-in”
2
I3 = 0.039 blob-in

Ig4=4209x 10 3 blob-in*

Set up an LNCS xy coordinate system at the CG of each link, and draw all applicable vectors acting on the
system as shown in Figure 11-3. Draw a free-body diagram of each moving link as shown in Figure 11-3.

(b) FBD of Link 2

Feriy)

/s [Py
4
L IEEL// F e
Fzsx‘————g"
Y
F23y
(c) FBD of Link 3

Rjox = -1.607in
Rj2y=-1915in
R325 = 1.607in
R32y=1915in

R23x = —2.646 in
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R23,:= ReG3-si(833 + 83 + 180-deg) Ry3y = -2.970in
Ry3x = b-cos(63) - RC(;3-cos(9 3+ 833) Ry3x = 1.686in
Ry3y = —(RC(;3-sin(93 + 833) - b~sin(63)) Ry3y = -2.198in
R34x = RCG4-cos(64) R34x = 0977in
R34y = RCG4-sin(04) R34y = 2.301in
Ri4x = ReGy-cos(04 + 180-deg) Ryigx = 0.977in
Ri4y = ReGa-sin(04 + 180-deg) R4y = -2.30Lin
Rps = Rpgcos(83 + 83) — | Raz Rpx = 0.959in
Rpyi= Rpgsin(83 + 83) — | R23y Rpy=5.167in

6. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

aGgy = Rccg-az-(—sin(ez) + j-cos(ez)) - a-mzz-(cos((-)z) +j -sin(ez))
aGgax = Re(a(;z) agax = -5.104 x 103 _n_
sec2

in
aGy = Im(a(;z) aGgay = —6.160 x 103 ——2-
sec

ap = a-az-(—sin(ez) +j -cos(Bz)) - a-mzz-(cos(ez) +j -sin(ez))

ACG3A == RC(;g.uy(—sin(Bg, + 833) + j-cos((-)3 + 833))
+—-RcGg3-o 32-(cos(93 + 633) + j~sin(03 + 833))
aG3 = aA + aCG3A aG3x = Re(a(;3) aG3x = —8.636 x lO3 —5%
sec

aG3y = Im(ag3) agsy = -1221 x 104—"’—2
sec

aG4 = ch4-a4-(—sin(94) + j-cos(94)) - c-o)42-(cos(94) +j -sin(94))

3 in
aG4x = Re(ags) aG4x = 5466 x 10" —
sec

aGg4y = lm(a(;4) aGg4y = —6.084 x 103 —ln—z
sec

7. Calculate the x and y components of the external force at P in the CGS.

Fpy:=-F Fpy:=0-Ibf
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8. Substitute these given and calculated values into the matrix equation 11.9. Note that Mathcad requires that all
elements in a matrix have the same dimension. Thus, the matrix and array in equation 11.9 will be made
dimensionless and the dimensions will be put back in after solving it.

1 0 1 0
0 1 0 1
-R R —-R32y R32
'IZy ‘IZx .3 y 3 X 0 0 0 0 !
in in in in
-1 0 1 0
0 0 -1 0 1
= R Ro3x —Ry3y R
- - 4
0 %’3y .23x -43y .3x 0 0 o
in in in in
-1 0 1 0o 0
0 -1 0 1
R34y -R -Ri4y R4
0 0 0 0 3 ly .34x : ly : x
in in in in
- . -
m2-aG2x-1bf
-1
my-aG2y Ibf
-1,-1
Ig2-00-Ibf “-in
-1
(m3-aG3x - Fpy)-Iof
- -1 -1
F -— (m3.aG3y — FPy).Ibf R = C ‘F
-1 -1
(Ig303 — RpxFpy + RpyFpg)dbf ™ -in
-1
my-aG4x-1bf
-1
my-aG4y Ibf
(la-cuq - To)-tor ™ Vim™ ! |
Fiox:= Rl-lbf Fjon=-37.10f Froy:= R2-Ibf Fpyy=42410f
F3)x = R3-lbf F3ox = 27210bf F3y:= R4-lbf F33y = -54.41bf
Fy3x = RS-Ibf Fy43x = 50.0/6f Fq3y = R6-lbf Fy3y = -9291bf
Fryx = R7-Ibf Frygx =3930 Fley:= R8-Ibf Frgy = -104.71bf

Typ:= R9-Ibf-in Ti2=2791bf-in
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25 PROBLEM 11.9

Statement: Figure P11-4a shows a fourbar linkage and its dimensions in meters. The steel crank and rocker

have uniform cross sections 50 mm wide by 25 mm thick. The aluminum coupler is 25 mm thick. In
the instantaneous position shown, the crank O,A4 has @ = 10 rad/sec and o = 5 rad/sec?. There is a
vertical force at P of F =100 N. Find all pin forces and the torque needed to drive the crank at this

instant.
Given: Link lengths:
Link 2 (O, to 4) a:==1.00-m Link 3 (4 to B) b:=2.06-m
Link 4 (B to Oy) c:=233m Link 1 (03t004) d:=222-m
Coupler point: Rpq == 3.06-m 83 := -31-deg F :=100-N Ty:=0-N-m

1.

Crank angle and motion: 05 := 60-deg ©7 := 10-rad-sec ! ap = 5-rad-sec 2
Link cross-section dims:

w2 = 50-mm ty:=25mm t3:=25-mm wy = 50-mm ty:=25mm

Material specific weight: steel s = 0.3:-Ibf-in 3 aluminum va:=0.1-Ibf-in 3

Solution: See Figure P11-4a and Mathcad file P1109.
Use program FOURBAR to determine the position, velocity, and acceleration of links 3 and 4.
03 := 44.732-deg ®3 = —3.669-rad-sec : a3 :=55.752-rad-sec 2
04 := 96.322.deg 04 :=1.442-rad-sec ! o4 = 67.103-rad-sec 2

Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcg2 =0.500m Rcg4:=05-¢c Rcgyeg=1.165m

Rpa-cos(83) +b

Link 3: RcG3y = 3 RcGix' = 1.561m
Rpa-sin(33)
'pa 3
Rcgsy = -5 ReG3y = -0.525m
2 2
RcG3 = RcG3x' + Rcgsy RcG3 = 1.647Tm

At an angle with respect to the local x’ axis of

833 := atan2(RcG3x', RCG3y') 833 = —18.600 deg
Determine the mass and moment of inertia of each link.

7s 1 Ya Vs
m2 = wy-tra-— m3:=—-b-|R a-sir4 63} -13-— my = wy-tgy-c-—
g 2 | )l g g

m3 = 10380 kg m3 = 112332 kg my=24.185kg
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Igo == — (wz + az) Igo = 0.867Icg-m2
m3 2

IG3 = ?-[bz + (Rparsin(33)) ] Ig3 = 125.951 kgem”
my

Igyq:= E W42 + c2) Ig4 = 10947 kg-m2

4. Set up an LNCS xy coordinate system at the CG of each link, and draw all applicable vectors acting on the
system as shown in Figure 11-3. Draw a free-body diagram of each moving link as shown in Figure 11-3.

B y
Y y /T\\\ | Fay
3/ g A
] Rp e agy ¢ " Fax
4 RC(/;‘,/ P — P t /R
e — Fray § Agy X
S R
A S -~ o 12
- 4 F
2/ R 12x
G4
(b) FBD of Link 2
/R \
Uk T S
(o) o)

Fsty R34

P R14\,F 14y

F 14x

(d) FBD of Link 4

(c) FBD of Link 3

5. Calculate the x and y components of the position vectors.

R12x = Reg2-cos(2 + 180-deg) Ri2x = —0250m
R12y = ReG2-sir82 + 180-deg) Rjzy=-0433m
R32x = chz-cos(ez) R325 =0250m
R32y = ReG2-sin(82) R32y = 0.433m

R23x == ReG3-cos(833 + 03 + 180-deg) R23x = 1479 m
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R23y = RcG3-sin(833 + 03 + 180-deg) Ry3y = 0.725m

Ry3x = b-cos(03) ~ Reg3-cos(63 + 833) Ry3x = —0.015m
Ry3y = {(Reg3-sin(03 + 833) — b-sin(83)) Ry3y=0.724m

R34x = Rega-cos(64) R34x = —0.128m
R34y = RcG4-sin(04) R34y = 1.158m

Ry4x = ReGy-cos(84 + 180-deg) Risx = 0.128m

R14y = RCG4-si(04 + 180-deg) Rigy=-1.158m

Rps = Rpgcos(83 + 83) — | Ra3] Rps=1494m

Rpy = Rpasin(83 + 83) — | R23)) Rpy=9.865x 10" *m

6. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

aGgy = Rccz-ag-(—sin(ez) +j-cos(92)) - a-(ozz-(cos(ez) +j-sin(92))

aGox = Re(a(;z) agox = -52.165 -LZ
sec

agay = Im(agz) aG2y = —85.353 Lz
sec

an = a-(-sin(02) + j-cos(82)) - a2 (cos(82) + j-5in(82))

ACG3A = RCG3-a3-(—sin(63 + 833) + j-cos(63 + 833))
+—ch3-m32-(cos(93 + 833) + j-sin(93 + 833))

m
aG3 = aA + aCG3A aG3x = Re(a(;3) aGgix = -114.678 ——2
sec

m
aGg3y = Im(aG3) aG3y=—11.429 -
sec

8G4 == Rega-oa(-sin(04) +j-cos(04)) - c-04>-(cos(04) + J-sin(84))

m
aG4x = Re(a(;4) aG4x = —17.166 —2-
sec

m
aGg4y = Im(a(;4) aGg4y = -13424 ——2
sec
7. Calculate the x and y components of the external force at P in the CGS.

Fpy:=0-N Fpy:=-F
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8. Substitute these given and calculated values into the matrix equation 11.9. Note that Mathcad requires that all
elements in a matrix have the same dimension. Thus, the matrix and array in equation 11.9 will be made
dimensionless and the dimensions will be put back in after solving it.

1 0 1 0 0 0 0 0 0)
0 1 0 1 0 0 0 0 o0
—-Ri2y Ri2x —R32zy R32
y D= "By 0 0 0 0 1
m m m m
0 0 -1 0 1 0 0 0
c 0 0 0 -1 0
B Rp3y —Ra3x —Ry3y Rys
0 0 4 ad 24 =0 0 0
m m m m
0 0 -1 0 1 0
0 0 0 -1 0 1
R -R34x —Rp4y Rj
0 0 0 0 34y 34x 3% 4x 0
m m m m
myaGaN -
mz-aGZy-N_
-1 -1
Ig2-ar-N 1-m
-1
(m3-aG3x ~ Fpx)-N
— 1 _ L
F = (m3.aG3y — FPy).N R=C F
-1 -1
(IG3‘(13 — RpyFpy + Rpy Fpx -N -m
my-aGeeN
my-aGey N
-1 -
L (IG4-0L4 - T4)-N -m i
Fiox:= Rl-N Fiox =-13559N Fiay:= R2-N Fay=-12294N
F3ox = R3-N F32x = 13018 N F33y = R4'N F32y=11408 N
Fy3x:= ReN Fy3c = 136N Fg3y:= RN F43y = 10224 N
Fiyx = R7~N Fi4x =—-1731N Figy = R8-N Frqy =9899N

Tip:= R9-N-m Tj2=5587N-m
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&5 PROBLEM 11-10

Statement: Figure P11-4b shows a fourbar linkage and its dimensions in meters. The steel crank and rocker
have uniform cross sections 50 mm wide by 25 mm thick. The aluminum coupler is 25 mm thick. In
the instantaneous position shown, the crank 0,4 has @ = 15 rad/sec and o = -10 rad/sec2. There is
a horizontal force at P of F =200 N. Find all pin forces and the torque needed to drive the crank at

this instant.
Given: Link lengths:
Link 2 (05 t0 4) a:=072m Link 3 (4 to B) b:=0.68-m
Link4 (BtoOs)  c:=0.85-m Link 1 (O2t004)  d:=1.82-m
Coupler point: Rpq :=0.97-m 83 := 54-deg F:=200-N Ty:=0-N-m

Crank angle and motion: 95 := 30-deg o7 := 15-rad-sec ! ay:= -10-rad-sec 2
Link cross-section dims:

wy = 50-mm t):=25mm  t3:=25mm wy = 50-mm ty:=25mm

Material specific weight: steel ¥s = 0.3.Ibf-in 3 aluminum Ya:=0.1-Ibf-in 3
Solution: See Figure P11-4b and Mathcad file P1110.
1. Use program FOURBAR to determine the position, velocity, and acceleration of links 3 and 4.
03 :=23.290-deg o3 :=-16.412-rad-sec ! a3 := -138.628-rad -sec 2
04:= 132.283-deg 04 = 1.570-rad-sec” | ag = 427.881 rad-sec
2. Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcgz =0.360m RcG4:=05-¢c RcGg4=0425m
Ryg-cos{b3) + b
Link 3: RCG3x' = -P"—gi— RCGax = 0417 m
Rpq-sim 83
Rcg3y = Rl 3"( ) RcG3y =0262m
2 2
RcG3 == J RcG3x' + ReGsy RcG3 =0492m

At an angle with respect to the local x' axis of

833 = atanZ(ch3x',RC(;3y') 833 = 32.117 deg

3. Determine the mass and moment of inertia of each link.

Vs 1 Ya Vs
m):=wyit)ra— m3 = —-b-| Rpg-5ihd3)| -£3-— my = wy-tyc-—
. 20 Bparsin33)| 43~ .

my="17474kg m3 = 18.463 kg my = 8.823kg
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Iy = —2 (w2 + az) Ig2 = 0324 kg-m”
m3 2

163 = ?-[bz + (Rpq-sin(33)) ] I3 = 3318kgm’
my

1G4 = E-(w,;z + 02) Ig4 = 0533 kg-m2

4. Setup an LNCS xy coordinate system at the CG of each link, and draw all applicable vectors acting on the
system as shown in Figure 11-3. Draw a free-body diagram of each moving link as shown in Figure 11-3.

Fazy

\; Ri I:—:j "é*'Fa‘Zx

Pt ol b
Regs 4 i 62x
. AN Fix
E\aw (b) FBD of Link 2
B X
04

yi G
| F oy
| bl
) / R ‘%} -—
F R / < F o
34x N\ \34 a4 ‘,' ) /st B
Fay $ Al
T agy F 23
F 14y Fv
R 14 \?i\ 2y
= F 14x X
(c) FBD of Link 3
(d) FBD of Link 4
5. Calculate the x and y components of the position vectors.
Riox = Rcaz-cos(ez + l80-deg) Rizx=-40312m
Ry2y = ReG2-si(82 + 180-deg) Rizy = —0.180m
R30x = Rcc;g-cos(ez) R32x=0312m
R32y = Rcaz-sin(ez) R32y = 0.180m

R23x := ReG3-cos(833 + 03 + 180-deg) Ry3x = -0279m
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R23, = ReG3-sin(833 + 83 + 180-deg) Ry3y = —0.405m
Ry3x = b-cos(83) — Rcg3-cos(03 + 833) Ry3x = 0.345m
Ry3y = {RcG3-sin(03 + 833) — b-5in(63)) Ry3y = —0.136m
R34x = ReGa-cos(84) R34x = —0.286m
R34y := ReGa-sin(84) R34y = 0314m
R14x = ReGy-cos(84 + 180-deg) Rigx = 0.286m
R14y = ReGa-si(84 + 180-deg) Rigy=-0314m
Rpx:= Rpgcos(83 + 83) — | R2za| Rpyx = —0.066m
Rpy:= Rpasin(83 + 83) — | R23,) Rpy=0.541m

6. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

aGg2 = chz-az-(—sin(ez) +J -cos(ez)) - ao 22-(cos(92) +J -sin(eg))

aG2x = Re(agz) aGax = —138.496 lz
sec

aGgy = Im(acz) aGgay=—84.118 12
sec

an = a-az(-sin(82) + j-cos(62)) - arwy -(cos(82) + j -5in(85))

ACG3A = Rcc3-a3-(—sin(93 + 833) +j~cos(63 + 833))
+—ch3-m32-(cos(93 + 833) +j-sin(63 + 833))

m
aG3 = aA + aCG3A aG3x = Re(a(;3) aGix = —155.788 -———2
sec

agsy:= Im(ags) aGsy = -235.056 Lz
sec

aGq == RCG4-a4-(—sin(94) + j-cos(64)) - c-m42-(cos(e4) +j —sz‘n(64))

m
aG4x = Re(aga) aG4x = -133.128—
sec

m
aG4y = Im(a(;4) aGg4y = —123.897 —2

sec

7. Calculate the x and y components of the external force at P in the CGS.

Fpy:=F Fpy:=0-N
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8. Substitute these given and calculated values into the matrix equation 11.9. Note that Mathcad requires that all
elements in a matrix have the same dimension. Thus, the matrix and array in equation 11.9 will be made
dimensionless and the dimensions will be put back in after solving it.

Tiz:= R9-N-m Ti2=~1168N-m

1 0 1 0 0 0 0 0 0)
0 1 0 1 0 0 0 0 o
-Rp2y Ri2x -R32y R32
LA ia 2 0 0 0 0o 1
m m m m
0 0 -1 0 1 0 0 0 0
0 0 0 -1 0
€= R R Ry, R
23y —R23x —Ry3 43
0 0 24 a 24 0 0 0
m m m m
0 0 -1 0 1 0
0 0 0 -1 0
R34y —R3yx —Rigy Ry
0 0 0 0 24 ad >y =
m m m m
m2aGuN -
myaGayN
-1 -1
Ig2a»N m
(m3-aG3x - Fpx)-N~
- -1 1
F = (m3.aG3y — FPy).N R=C F
-1 -1
(IG3-@3 — RpxFpy+ RpyFp N -m
msaGa-N-
myaGay N~
-1 -
i (1(;4~(14 - T4)-N -m |
Fiox:= RI-N Fioy =—-5484N Fiay:= R2-N Fi2y=-5050N
F325 = R3-N F32, =4449N F32y = R4-N F33y = 4422 N
Fy3x = RS-N Fy3x=1373N Fy3y:= R6-N Fy43y = 81.8N
Flax:= RN Flyx = 198N Fl4y:= Rg:N Fi4y=-1011N
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&S PROBLEM 11-11

Statement: Figure P11-5a shows a fourbar linkage and its dimensions in meters. The steel crank, coupler, and
rocker have uniform cross sections 50 mm wide by 25 mm thick. In the instantaneous position
shown, the crank 0,4 has @ = 15 rad/sec and o = -10 rad/sec2. There is a vertical force at P of F =
500 N. Find all pin forces and the torque needed to drive the crank at this instant.

Given: Link lengths:
Link2 (Oyt0d)  a:=0.785-m Link 3 (4 to B) b:=0.356-m
Link 4 (B to Oy) c:=0.950-m Link 1 (O3t004) d:=0544-m
Coupler point: Rpq:=1.09-m 63 := 0-deg F = 500-N Ty:=0-N-m

Crank angle and motion: 0 := 96-deg ~ ®7 := 15-rad-sec ! o= -10-rad-sec 2
Link cross-section dims:

wy:=50-mm t):=25-mm w3 = 50-mm t3:=25-mm wy:=50-mm t4:=25-mm

Material specific weight: ;i 0.3-/bf in "~

Solution: See Figure P11-5a and Mathcad file P1111.

1. Use program FOURBAR to determine the position, velocity, and acceleration of links 3 and 4.
03:=20.261.deg 03 :=—6.830-rad-sec ! a3 := 106.282-rad-sec 2
04 := 107.906-deg 04 :=12.023-rad-sec ! a4 :=49.372-rad -sec 2

2. Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcg2 =0.393m RcG4:=05-¢c RcGge=0475m

Link 3: RcG3:=0.5-Rpg RcG3 =0.545m

3. Determine the mass and moment of inertia of each link.

Vs Vs Ys
m = wyt)a— m3 = w3-13- Rpg-— my:=wygtyc-—
g g g
my = 8.148 kg m3=11314kg my=9861kg
m32
Ig2:= —E-(wgz + az) Ig2 = 0.420 kg-m2
m3
I3 = E—-(mz + Rpaz> I3 =1.123 kg-m2
my
Ig4:= E W42 + c2) Ig4=0.744 kg-m2

4, Setup an LNCS xy coordinate system at the CG of each link, and draw all applicable vectors acting on the
system as shown in Figure 11-3. Draw a free-body diagram of each moving link as shown in Figure 11-3.
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F 23

(c) FBD of Link 3

5. Calculate the x and y components of the position vectors.

Rjox = Rccg-cos(ez + 180-deg)

Rjoy = RCGQ-sin(Bz + 180-deg)

R3)x = Rccg-cos(ez)
R32y = RCGz-sin(ez)
Rj3y = ch3-cos(63 + 180-deg)

R23y = ReG3-sin(03 + 180-deg)

Ry3y = (RCG3 - b)-cos(63 + 180-deg)
Ry3y = (Rcg3 - b)-sin(B3 + 180-deg)
R34y := RCG4-cos(04)

R34y := RCG4-sir(04)

SOLUTION MANUAL 11-11-2

y

F32y

F 3
R,

\ aGZy

-

‘ a
R12\ G2x

F12y
g F 1

(b) FBD of Link 2

Y
|
Fay \a
\b

v

W

(d) FBD of Link 4

Gy

F 14x

Ri2x = 0.041m

Rj2y = -0.390m

R3px = —0.041m
R32,=0390m
Ry3x=-0511m

R23y=-0.189m

Ry3x=—0.177Tm
Ry3y = —0.065m
R34x = 0.146m

R34y = 0.452m
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Ry4x = ReGy-cos(B4 + 180-deg) Rigx = 0.146m
Ry4y = Regy-sin(84 + 180-deg) Rigy=-0452m
Rpx:= (Rpa — RcG3)-cos(83) Rpx=0511m
Rpy:= (Rpa - RcG3)-sin(93) Rpy = 0.189m

6. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

aGy = Rccg-az-(—sin(ez) + j'cos(ez)) - ao 22-(cos(62) +j -sin((—)z))

aGgrx = Re(a(;z) aGgax = 22.366L2
sec
m
aGgay = Im(a(;z) aG2y = -175.247 —2
sec

ap = a-az-(—sin(ez) +j-cos(92)) - a.m22.(cos(82) +j-sin(62))

ACG3A = Rcc3-a3-(—sin(93) +j-cos(63))
+-RcGg3-o 32-(cos(93) +j -sin(Bg))

m
aG3 = a5 + aCG3A aG3x = Re(a(;3) aGs3x = —17.640
sec
m
aG3y = Im(a(;3) aG3y = —-129.301 -—2
sec

aGa = ReGa-oa(-sin(B4) +j-cos(84)) - c-04 -(cos(04) +/-sin(04))

aGx = Re(aga) aGax = 19.906 Lz
sec
aGy = Im(aga) aGyy = -137.884 —’”—2—
sec
7. Calculate the x and y components of the external force at P in the CGS.
Fpx:=0-N Fpy:=-F

8. Substitute these given and calculated values into the matrix equation 11.9. Note that Mathcad requires that all
elements in a matrix have the same dimension. Thus, the matrix and array in equation 11.9 will be made
dimensionless and the dimensions will be put back in after solving it.
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SOLUTION MANUAL 11-11-4

1 0 1 0 0 0
0 1 0 1
—-Ri2y Ri2x -R32y R32
> = 24 = 0 0 0 0 1
m m m m
0 0 -1 0 1 0 0
0 0 0 -1 0 1 0
€= R R Ry, R
23 —R23x —KY43 43
0 0 24 ad > = 9 0 0
m m m m
0 0 0 -1 0 1 0
0 0 0 0 -1 0 1 0
R34y —R34x -Rigy R4
0 0 0 0 4 ol > =
m m m m
m2aGaN
m2aGay N~
Ig2arN~ L !
-1
(rn3'aG3x - FPx)-N
— —1
F:= (m3'aG3y_ FPy)’N 1 R=C .F
-1 -1
(f3-@3 ~ RpxFpy+ RpyFp) N~ -m
myaG N
m4~ag4y-N_
-1 -1
(lgsaa- TN~ m |
Fiog = Rl-N Fiox=-231N Fi2y:= R2-N Fioy=-2231N
F3ox = R3-N F32, =413N F3y:= R4-N F32y = 803N
Fy3x = RS-N Fy3y=214N Fy3y = R6-N Fy3y = 160N
Frgx = R7-N Frgx = 410N Frey = Rs-N Fi4y = -1519N
Tio:= R9-N-m Ti2=372N-m
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2 PROBLEM 11-12

Statement: Figure P11-5b shows a fourbar linkage and its dimensions in meters. The steel crank, coupler, and
rocker have uniform cross sections of 50 mm diameter. In the instantaneous position shown, the
crank 0,4 has @ = -10 rad/sec and o = 10 rad/sec?. There is a horizontal force at P of =300 N.
Find all pin forces and the torque needed to drive the crank at this instant.

Given: Link lengths:
Link 2 (O; to A) a:=0.86-m Link 3 (4 to B) b:=185m
Link 4 (B to Oy4) c:=0.86:m Link 1 (O3t004) d:=222-m
Coupler point: Rpq:=1.33-m 83 := 0-deg F :=300-N Ty:=0-N-m

Crank angle and motion: 05 := —36-deg @7 := —10-rad-sec ! ay = 10-rad-sec 2

Link cross-section dims:
dlink = 50-mm

Material specific weight: ¥s = 0.3-Ibf-in 3

Solution: See Figure P11-5b and Mathcad file P1112.

1. Use program FOURBAR to determine the position, velocity, and acceleration of links 3 and 4.
03 := 46.028-deg o3 :=3.285-rad-sec ! a3 :=-109.287-rad-sec 2
04 := 106.189-deg w4:=11417-rad-sec ! 04 1= —43.426-rad -sec” 2

2. Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcgy =0430m RcGg4:=05.¢c RcGge=0430m

Link 3: RcG3=05-b RcGg3 =0925m

3. Determine the mass and moment of inertia of each link.

2 2 2
ndlink ¥s T-dlink | ¥s ndink ¥s
my) = —-aq— m3 = ————-b-— my:=—————:—
4 g 4 4 4 g
m) = 14.022 kg m3 = 30.164 kg my=14.022 kg
mz (3
Ig2 = —- —'dlink2 + a2 Ig2 = 0.866 kg-m2
12 \ 4
m3 (3
I3 = —| 2-dppmic” + B IG3 = 8.608 kg-m”
12 \ 4
my (3
Igq:= E-(Z-dl,-,,f + c2) Ig4 = 0.866kg—m2

4. Set up an LNCS xy coordinate system at the CG of each link, and draw all applicable vectors acting on the
system as shown in Figure 11-3. Draw a free-body diagram of each moving link as shown in Figure 11-3.
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SOLUTION MANUAL 11-12-2

Calculate the x and y components of the position vectors.

Rioy = RCG2-cos(92 + 180'deg)

Rpzy = RCGZ-sin(Gz + 180-deg)

R32x = Rccz-COS(Oz)

R3y = RCGz-sin(ez)

R23x = RCG3-cos(93 + 180-deg)

R23y = ReG3-si(83 + 180-deg)

Ry3x = (RCG3 - b)-cos(93 + 180-deg)

Ry3y = (RCG3 - b)-sin(93 + 180-deg)

Rjox = -0.348m

Rj2y=0253m

R32x =0.348m
R32y = 0.253m
Ry3x = 0.642m

R)3y = ~0.666 m

Ry3x =0.642m

Ry3y = 0.666m

y
Y|
Fon—a 1
Fa |00
y Rav Ay .
P \
\F
,/ﬂ R“\\ ‘ﬂy
e © X
. /
o} %062 //3 % (d) FBD of Link 4
2 B /‘/// RCG3
A‘ o1
Fay
(a) The complete linkage with GCS bk N
Y )é'—"
d . p  Rg
F 47’3
F 12y Aoy
I Rp
‘f-L Fa o — X
‘ agy - a6
R,, -
12 N 4%'_8 6x x R23 e
b \ F 32 ’/"
R \i ,
2% F 32 s
F 23x
(b) FBD of Link 2 F 2
(c) FBD of Link 3
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R34x = ReGy-cos(04) R34x = —0.120m
R34y = ReG4-sin(04) R34y = 0413m
R14x = ReG-cos(04 + 180-deg) Rige = 0.120m
Ri4y = ReG4-sin(B4 + 180-deg) Ri4y=-0413m
Rpx = (Rpa - RcG3)-cos(03) Rpy=0281m
Rpy:= (Rpa — RcG3)-sin(63) Rpy=0291m

6. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

ag2 = Rccg-az-(—sin(ez) +j -cos(eg)) -ao 22-(cos(62) +j -sin(ey_))

m
aGax = Re(acz) aGox = —67.048 —2
sec
m
aGgy = [m(a(;z) aG2y = 54.028 —
sec

ap = a-az'(—sin(ez) +j-cos(62)) - a-m22_(cos(62) +j.sin(92))

aCG3A = RCG3-a3-(—sin(93) + j-cos(eg))
+-Rcgzo 32-(c0s(9 3) +j -sin(e 3))

m
aG3 ‘= aA + ACG3A aGix = Re(a(;3) aG3x = 1.302——2
sec
m
aGg3y = Im(n(;:,) aG3y = -19.864 ——2
sec

aGgq = ch4-oc4-(-sin(64) + j-cos(94)) - c-m42‘(cas(64) +j -sin(04))

aG4x = Re(a(;4) ac4x = 49.187 _m_2
sec
m
aG4y = Im(aG4) aGg4y = —102.448 —5
sec

7. Calculate the x and y components of the external force at P in the CGS.

Fpy:=F Fpy:=0-N

8. Substitute these given and calculated values into the matrix equation 11.9. Note that Mathcad requires that all
elements in a matrix have the same dimension. Thus, the matrix and array in equation 11.9 will be made
dimensionless and the dimensions will be put back in after solving it.
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1 0 1 0
0 1 0 1
-Ri2y Rp2x —R3zy R32
> = > = 0 0 0 1
m m m m
0 0 -1 0 1 0
c 0 0 0 -1 0 1 0 0
; Ry3y —Razx —Rezy Ry3
0 0 Y = 2 == 0o 0 o
m m m m
0 0 -1 0 1 0
0 0 0 0 -1 0
R3gyy -R3sx —Rjgy Riy
0 0 0 0 24 ad z =
m m m m
myaGa N~
mg-aGZy-N_
Ig2axN~ ]-m_ !
-1
(m3-aG3x - Fpx)-N
- -1 —c L
F = (mj.aG3y — F})y).N R=C F
-1 -1
(I(;3-a3 - Rerpy + pr-pr)-N -m
myaG N
my-aGey N
-1 -1
(IG4-a4 - T4)-N -m |
Fiox:= Rl-N Fiox=—-1246 N Fiay = R2-N Fr2y=940N
F32x:= R3-N F335 =306N F32y:= R4-N F33y=-183N
Fy3x:= RS-N Fy3x = 451N Fy3y = R6-N F43y=-782N
Fryx = R7-N Firyx=735N Fi4y = Rs-N Frgy = -2219N

Tjy:= R9-N-m Ti2=714N-m
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&S PROBLEM 11-13

Statement: Figure P11-6 shows a water jet loom laybar drive mechanism driven by a pair of Grashof crank
rocker fourbar linkages. The crank rotates at 500 rpm. The laybar is carried between the
coupler-rocker joints of the two linkages at their respective instant centers /3 4. The combined
weight of the reed and laybar is 29 1b. A 540-1b beat-up force from the cloth is applied to the reed
as shown. The steel links have a 2 x 1 in uniform cross-section. Find the forces on the pins for
one revolution of the crank. Find the torque-time function required to drive the system.

Units: blob = Ibf: -secz-in_ ! rpm:= 2-n-rad-min !
Given: Link lengths:
Link 2 (4 to B) a:=2.00-in Link 3 (Bto C) b:=8.375-in
Link 4 (C to D) c:=7.187-in Link 1 (4 to D) d :=9.625-in
Coupler point: Rpq :=0.0-in 83 := 0-deg
Crank angle and motion: @3 := 500-rpm ay := 0-rad-sec 2
Link cross-section dims:  w := 2.00-in t:=1.00-in

Material specific weight: steel  y:=03-Ibf-in 3
Solution: See Figure P11-6 and Mathcad file P1113.

1. Determine the distance to the CG in the LRCS on each of the three moving links. All three are located on the x’
axis in the LRCS and their angle is zero deg.

RcGg2:=05-a Rcgz=1.000in RcG3:=0.5-b Rcgz=4.188in

RcGg4:=05-¢c Rcge=3.594in

2. Determine the mass and moment of inertia of each link.

mp:= w-t-a-l m3:= w-lf-b-l my:= w-t-c-l
g
my=3.108x 10 ° blob m3 = 0.013 blob my = 0.011 blob
m
Ig2= ]—22-(w2 +d) IG2 = 0.00207 blob-in
m
I3 = 1—22-(w2 b)) IG3 = 0.01920 blob-in”

Include one half of the mass of the laybar as a lumped mass at the end of link 4.

my 14.5-1b
IG4:= —-(w2 + 02) + RCG42'—"—£

- 1G4 = 0.53677 blob-in”

3. Define any external forces, their locations and directions.
Beat-up force F :=590-lbf acting on link 4 at a distance R:=c+3.75in

The angle in the CGS is 180 deg. R=10.937in

4, Enter the above data into program FOURBAR and solve for the pin forces and driving torque. The dynamic
input screen is shown below followed by a plot of dynamic pin forces..
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_h___!:(]!_.IH_I_BAFI lp_l \_i{ir_ldows by . L. Norton -_E:np_wighl 19?9 51 __D_yn_ami,:s_ﬁcleen

Link 2 3

" Mass Properties

Massof Link [0.00311 0013  [0.011
Mass Moment of Inettia sbout CG  [0.00207 00192  [0.537
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5. The input torque is plotted below.

w FOURBAR for Windows by R. L. Norton - Copynght 1998

~Linkage Data—
Link 1 (Ground) Referenced to Non-Rotating Global Coordinate System Circutt
o825 [ Open
Start Theta
— 2000 P -
Link 3 (Coupler) . "/\ ikl
' \ / R
B 1000 , e
Lk %o - / [FERRE v
[7i87 /
0 \‘ i / Torque 12 %m
M-m""ﬁfb o[ |[60f [120 |18 [240 [30p |360 Mo~
[ 0600 e /
Angle from Link 3 -1000. \
to Coupler Pt \ /
. ceo
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2 PROBLEM 11-14

Statement: Figure P11-7 shows a crimping tool. Find the force Fj,,,needed to generate a 2000 Ib F.,;,,,. Find
the pin forces. What is the linkage's joint force transmission index (JFI) in this position?

Given: Link lengths:
Link2(4t0B) a:=0.80-in Link3(BtoC) b:=123.in
Link2 (CtoD) c¢:=1.55-in Link2 (AtoD) d:=2.40-in
Link 2 angle: 07 1= 49.deg
Distance to crimp force from pivot D: Rpy:=1.00-in 84 := 0-deg
Crimp force: Fpy:=2000-Ibf (perpendicular to link 4)
Distance to hand force from pivot 4: Rp):=4.26-in 82 = 0-deg
Solution: See Figure P11-7 and Mathcad file P1114.

1. Enter the above data into program FOURBAR to determine link 3 and 4 angles and calculate the angle that the
crimping force makes with respect to the fourbar coordinate frame..

03 := 34.039-deg 04 :=123.518-deg
OFp4:= 04 + 90-deg Orpg = 213.518 deg

2. Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcg2=0400in RcG4:=0.5.¢c  Rcgqe=0.775in
Link 3: RcGg3=05-b Rcg3 =0.615in

3. Calculate the x and y components of the position vectors.

Rjox = RCG)'COS(92 + 180-deg) Rjox = 0.262in
Ri2y = ReGa-sin(82 + 180-deg) Rj2y = 0.302in
R325 = RCGQ-cos(ﬁg) R325x = 0.262in
R32y = RC(;z-sin(Gz) R32y = 0.302in
Ro3x = RC(;3-cos(93 + 180-deg) Ry3x = 0510in
R23y = Reg-sin(03 + 180-deg) Ra3y = —0.344 in
Ry3x = (b - ch3)-cos(93) Ry3x = 0.510in
Ry3y = (b6 — Rcg3)-sin(03) Ry43y = 0344 in
R34 = RCG4-cos(64) R34x = 0.428in
R34y = ReGa-sin(84) R34y = 0.646 in
Ri4x = ReGa-cos(64 + 180-deg) Rj4x = 0428 in
Ry4y = ReGy-sin(04 + 180-deg) Ri4y = —0.646in

Rp2y = (Rp2 + RcG2)-si(02 + 180-deg) Rpyy = -3.517in
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Rpoy = (sz + Rc(;z)-cos(ﬁz + 180-deg) Rpoy = -3.057in
Rp4x = (RP4 — RcG4)-cos(04) Rpyx = —0.124 in
Rpgy = (Rpg - Rcga)-sin(B4) Rpgy = 0.188 in

4. Calculate the x and y components of the external crimp force at P on link 4 in the CGS.
Fp4x = Fpgcos(Opp4) Fpyx = —1667.4 Ibf

Fpgy = Fpy-sir{ OFps) Fpgy = -1104.4 Ibf

5. Substitute these given and calculated values into the matrix equation 11.9 modified to omit all mass and inertia
terms. Note that Mathcad requires that all elements in a matrix have the same dimension. Thus, the matrix and
array in equation 11.9 will be made dimensionless and the dimensions will be put back in after solving it.

1 0 1 0 0 0 0 0 1 0
0 1 0 1 0 0 0 0 0 1
-R Rixx —-R32y R32 Rp2 —-Rp2
-12y . x . y - x 0 0 0 0 . x . y
in m n n n mn
-1 0 1 0
0 -1 0 1
Rz3y  -R23x —Ry3y Ry3
C=| o0 0 Y ad 24 ) 0 0 0
in in in in
-1 0 1 0
0 0 -1 0
R34y -R34x -Ri4y Ry4
0 0o 0 0 =y =2 = 0 0
n n in mn
0 0 0 0 0 0 0 0 tan(e2 + %) -1
_ o .
0
0
0
0
F= 0 R=C 'F
-1
~Fp4x-1bf
-1
~Fpy4y-Ibf
-1._-1
(~Rpax-Fpay + RP4y-FP4x)-lbf -in
L 0 i
Fiox = Rl-lbf Fioy = 1029 Ibf Fioy:= R2~Ibf Fi2y = 7571bf

F3yx = R3-Ibf F32x = —-1069 Ibf F32y:= R4~Ibf F32y = -1221bf
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Fy3x = Rsnlbf Fy3x = -1069 Ibf
Fryx:= R7-1bf F4x = 598 Ibf

Fhandx = R9-Ibf Frandx = 40.11bf

6. Calculate the pin forces.

. 2

Pin at A4: F12:=,’F12x +F]2y2
L 2 2
Pin at B: F33:=F3x +F32

. 2
Pinat C: Fy3:= | Fy3x +F43y2

. 2 2
Pin at D: Fry=JF14x +Flgy

7. Calculate the hand force.

2 2
Fhand = \thandx + Frandy

8. Use equation 11.23a to calculate the joint force index.

F32
JFI = 22 JFI = 0.645

Fpy

SOLUTION MANUAL 11-14-3

Fq3y:= R6-lbf Fy3y = =7221bf
Firqy:= Rs-lbf Frqy = 3820bf

Fhandy = Ry 1bf  Fhandy = -34.91bf

Fip=12781bf
F3) = 1290 Ibf
Fy3=12901bf

Frq="T1006f

Fpand = 53.11bf
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&S PROBLEM 11-15

Statement: Figure P11-8 shows a walking beam conveyor mechanism that operates a slow speed (25 rpm). The
boxes being pushed each weigh 50 |b. Determine the pin forces in the linkage and the torque to
drive the mechanism through one revolution. Neglect the masses of the links.

Solution: No solution is given for this problem, which is suited to solution using the Working Model
program.
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@S PROBLEM 11-16

Statement: Figure P11-9 shows a surface grinder table drive that operates at 120 rpm. The crank radius is 22
mm, the coupler is 157 mm, and its offset is 40 mm. The mass of the table and workpiece combined
is 50 kg. Find the pin forces, slider side loads, and driving torque over one revolution.

Solution: No solution is given for this problem, which is suited to solution using the Working Model
program.
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@S PROBLEM 11-17

Statement: Figure P11-10 shows a power hacksaw that operates at 50 rpm. The crank is 75 mm, the coupler is
170 mm, and its offset is 45 mm. Find the pin forces, slider side loads, and driving torque over one
revolution for a cutting force of 250 N in the forward direction and 50 N during the return stroke.

Solution: No solution is given for this problem, which is suited to solution using the Working Model
program.
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2 PROBLEM 11-18

Statement: Figure P11-11 shows a paper roll off-loading station. The paper rolls have a 0.9-m OD, 0.22-m ID,
are 3.23 m long, and have a density of 984 kg/m3. The forks that support the roll are 1.2 m long.
The motion is slow so inertial loading can be neglected. Find the force required of the air cylinder

to rotate the roll through 90 deg.

Solution: No solution is given for this problem, which is suited to solution using the Working Model
program.
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&S PROBLEM 11-19

Statement: Derive an expression for the relationship between flywheel mass and the dimensionless parameter
radius/thickness (7/f) for a solid disk flywheel of moment of inertia /. Plot this function for an
arbitrary value of / and determine the optimum #/# ratio to minimize flywheel weight for that /.

Solution: No solution is provided to this algebraic exercise.
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4 PROBLEM 11-20

Statement: Figure P11-5a shows an oil field pump mechanism. The head of the rocker arm is shaped such that

the lower end of a flexible cable attached to it will always be directly over the well head regardless
of the position of the rocker arm 4. The pump rod, which connects to the pump in the well casing,
is connected to the lower end of the cable. The force in the pump rod on the up stroke is 2970 1b
and the force on the down stroke is 2300 Ib. Link 2 weighs 598.3 1b and has a moment of inertia of
11.8 blob-in?; both including the counterweight. Its CG is on the link cenerline, 13.2 in from O,.
Link 3 weighs 108 Ib and its CG is on the link centerline, 40 in from A. It has a mass moment of
inertia of 150 blob-in2. Link 4 weighs 2706 Ib and has a moment of inertia of 10700 blob-in2: both
include the counterweight. Its CG is on the link centerline where shown. The crank turns at a
constant speed of 4 rpm CCW. At the instant shown in the figure the crank angle is at 45 deg with
respect to the global coordinate system. Find all pin forces and the torque needed to drive the
crank for the position shown. Include gravity forces.

Units: blob := Ibf -sec2-in‘ ! rpm:= 2-n-rad-min !
Given: Link lengths:
Link 2 (O, to 4): a:=14.0-in Link3(AtoB):  b:=80.0-in
Link 4 (B to Oy): c:=51.3-in Link 1 (0210 O4): d := 79.7-in
Link 1 offsets: dy = -47.5-in dy := 64-in
External load data: F :=2300-Ibf Ty:=0.Ibf-in
Crank angle and motion: @)y, := -81.582-deg @7 := 4-rpm ay = 0-rad-sec 2
Link CG positions: RcGg2:=13.2-in  RcGg3:=40.0-in  Rcgyq:=79.22-in
Link weights: Wy :=598.3-1bf W3:=108-Ibf W4 :=2706-1bf
Moments of inertia: gy := 11.8-blob-in>  Ig3 = 150-blob-in>  Ig4:= 10700-blob-in"
Angle between OB and CG,B: o :=143.11-deg R34:=32.00-in
Angle between OB and CG404: B := —14.03-deg Ry4:=179.22-in
Angle between O4B and CG4P: 8:=156.62-deg Rp:=124.44-in
Solution: See Figure P11-12 and Mathcad file P1120.

1.

Use Problems 6.84¢ and 7.70b with ®, = 4 rpm to determine the position, velocity, and acceleration of links 3 and
4. The angles are calculated in the xy coordinate system and then rotated into the XY coordinate system after
calculating accelerations.

Coordinate rotation angle: ¥i= atanz(dX,dy) v = 126.582 deg

03xy := 332.475-deg o3 := —0.0214-rad-sec ! a3 := —0.0250-rad-sec” 2
- -2

O4xy = 262.482-deg w4 = 0.0986-rad-sec ! og = —0.0272-rad-sec

Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

aGge = chz-a2~(—sin(62xy) +j -cos(02xy)) - chz-(ozz-(cos(egxy) + j-sin(Bzxy))
agGg2 = Ia(;zl ag2 = 2316 in-sec 2 0aG2 = arg(a(;z) +v 8,G2 = 225.000 deg
aG2x = acz-COS(GaGZ) aGgy:= an-sin( 0an)

- -2
agax = —1.638 in-sec 2 aG2y = —1.638 in-sec
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an = a-og-(-sin{25) + j -cos(82xy)) - @02 (cos(B2x) + j-5i{ 6215))
acG3A = ReGyaz{(—sim03) + j-cos(83)) - Reg303 -(cos(B31y) + j-sir{ B3xy)
aG3 = aA + ACG3A
ag3:= |ags| ag3=1763insec > G63:=arg(aga)+y  6aG3 = 244.955 deg
aGgix = aG3-COS(0aG3) aGg3y = aG3-sin( 9aG3)
aGix = —0.747 in-sec” aGay = —1.598 insec”
aG4 = ReG4-aa-(-si{B4xy + B) + j-cos(64xy + B)) -
+—ReGag (cos( B4y + B) +J-5ir 04y + B))
ags:= |ags| ace=2288insec > Gaga:=arglaga)+Y  OaGs = 265366 deg
aG4x = aG4'COS( 0aG4) aGgy = aG4-sin( 9aG4)
aG4x = —0.185in-sec 2 aG4y = 2281 in-sec 2
Transform the link angles to the global XY system:
02:= O2xy + 7 03 := O35y + ¥ — 360-deg 04:= O4xy + Y — 360-deg
02 = 45.000 deg 03 = 99.057 deg 04 = 29.064 deg

3. Setup an LNCS xy coordinate system at the CG of each link, and draw all applicable vectors acting on the
system as shown in Figure 11-3. Draw a free-body diagram of each moving link as shown in Figure 11-3.

4. Calculate the x and y components of the position vectors.

Rjiox = R(;(;z—cos(ez + 180-deg) Rjox = -9334in
R12y = ReG2-sin(82 + 180-deg) Ri2y = —9.334in
R3)y = (a - Rccg)-cos(ez) R32x = 0.566in

P X Bﬂu_’
—
O:@( a GZy F
| F 12}'1( 32x
\»\\ F X
| R g |1
— X (b) FBD of Link 2

(a) The complete linkage with GCS
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Fay
Ny ,
" F ga
R43 a G3y F F 34x
P R 14y . — X
a . e =L " o
o - or - F 14;\': Hy
\Ro 4 R
\\ F 14
(d) FBD of Link 4
F 23y
(c) FBD of Link 3
R32y = (a - RCG2)~sin(62) R32y = 0.566in
R)3y = Rcc;3-cos(93 + 180-deg) Ry3x = 6.297in
R23y = ReG3-sin(03 + 180-deg) R23y = -39.501 in
Ry3x = (Rcg3 - b)-cos(03 + 180-deg) Ry3x = —6.297 in
Ry3y = (Rcg3 - b)-sin(83 + 180-deg) Ry3, = 39.501 in
R34x = R3ycos(04 + o) R34y = ~31.702 in
R34y = Raysin(84 + o) R34y = 4.357in
Ry4x = Rygcos(84+ B + 180-deg) Ry4x = —76.508 in
Rigy:= Rigsin(Bs + B + 180-deg) R4y = -20.550in
Rpy = (Rp)-cos(64 + 8) Rpy = —-123.828 in
Rpy = (Rp)-sin(84 + 5) Rpy = ~12326in
7. Calculate the x and y components of the external force at P and the weight forces at the CGs. in the CGS.
Fpy:=0-Ipf Fpy:=-F
FGay=-W2 FG3y:=-W3 FGyy:=-Wy

8. Substitute these given and calculated values into the matrix equation 11.9. Note that Mathcad requires that all
elements in a matrix have the same dimension. Thus, the matrix and array in equation 11.9 will be made
dimensionless and the dimensions will be put back in after solving it.

W W3

my:=— m) = 1.55blob m3:= — m3 = 0.28 blob
g g
Wy

my.=— my = 7.01blob

g
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1 0 1 0
0 1 0 1
-Rj2y Rj2x -R32y R32
> = a4 T 0 0 0 0 1
in in in in
0 0 -1 0 1 0
c 0 -1 0 1
B Ry3, -Ry3x —Ry3, Ry3
o o —X = == == 0 0
n m in n
-1 0 1 0
0 -1 0
R3yy -R3yx -Rigy Ry
0 0 0 0 = = 2 =
m m 4] n
i -1
m2-aG2x Ibf
-1
(m2aG2y - FGay)-Ibf
IG2-ap-Ibf l-in_ !
-1
m3-aG3x Ibf
o -1 s
F:= (’"3'aG3y - FG3y)'1bf R=C .F
Igz-a3-Ibf l-in_ !
-1
(m4aGax - Fpx)-Ibf
-1
(m4-aGey — Fpy— FGay)-lof
-1, -1
Ilg4-a4 - (Rpx-F Py — RpyF px)]-lbf -in
Fiox = Rl-Ibf Fjo = -32716f Fioy = Rz-lbf Fiay = 2682 Ibf
F3ox = R3-lbf F32, =324 1bf F3py:= R4-Ibf F3y = -2086 Ibf
Fy35 = RS-Ibf Fy3x = 324 16f F43y = R6-lbf Fq3y = 1978 Ibf
Frgx = R7-Ibf Frgx = 3231bf Flqy = Rs-lbf Frq4y = 3012 1bf

Tjp:= R9-1bf- in

T)2 = 29442 Ibf-in
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&S PROBLEM 11-21

Statement: Figure P11-5a shows an oil field pump mechanism. The head of the rocker arm is shaped such that
the lower end of a flexible cable attached to it will always be directly over the well head regardless
of the position of the rocker arm 4. The pump rod, which connects to the pump in the well casing,
is connected to the lower end of the cable. The force in the pump rod on the up stroke is 2970 Ib
and the force on the down stroke is 2300 Ib. Link 2 weighs 598.3 Ib and has a moment of inertia of
11.8 blob-in?; both including the counterweight. Its CG is on the link cenerline, 13.2 in from O,.
Link 3 weighs 108 b and its CG is on the link centerline, 40 in from A. It has a mass moment of
inertia of 150 blob-in2. Link 4 weighs 2706 Ib and has a moment of inertia of 10700 blob-in2: both
include the counterweight. Its CG is on the link centerline where shown. The crank turns at a
constant speed of 4 rpm CCW. Find and plot all pin forces and the torque needed to drive the
crank for one revolution of the crank. Include gravity forces.

Units: blob := Ibf -secz-in_ ! rpm:= 2-n-rad-min !
Given: Link lengths:
Link 2 (O, to A): a:= 14.0-in Link3 (4t0B): b := 80.0-in
Link 4 (B to Oy): c¢:=51.3-in Link 1 (010 O4): d :=79.7-in
Link 1 offsets: dy:=—-475-in dy = 64-in
External load data: F = 2300-1bf Ty:=0-Ibf-in
Crank angle and motion: 9, := 45-deg ©3:=4-rpm ay := 0-rad-sec 2
Link CG positions: Rcg2:=132-in  RcGg3:=40.0-in  RcG4:=32.0-in
Link weights: Wy:=5983.Ibf W3:=108-Ibf W4 .= 2706-1bf
Moments of inertia:  Igp:= 11.8-blob-in> I3 := 150-blob-in>  IG4:= 10700-blob-in’
Angle between OB and CG,B: o= 143.11-deg R34:=32.00-in
Angle between OB and CG40,: B :=-14.03-deg Rj4:=7922-in
Angle between O48B and CG4P: 8:=156.62-deg Rp:=124.44-in
Solution: See Figure P11-12 and Mathcad file P1121.

1. No solution is given for this problem, which is suited to solution using the Working Model program.
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&S PROBLEM 11-22

Statement: Figure P11-5a shows an oil field pump mechanism. The head of the rocker arm is shaped such that
the lower end of a flexible cable attached to it will always be directly over the well head regardless
of the position of the rocker arm 4. The pump rod, which connects to the pump in the well casing,
is connected to the lower end of the cable. The force in the pump rod on the up stroke is 2970 Ib
and the force on the down stroke is 2300 Ib. Link 2 weighs 598.3 1b and has a moment of inertia of
11.8 blob-inZ; both including the counterweight. Its CG is on the link cenerline, 13.2 in from O,.
Link 3 weighs 108 b and its CG is on the link centerline, 40 in from A. It has a mass moment of
inertia of 150 blob-in2. Link 4 weighs 2706 Ib and has a moment of inertia of 10700 blob-in2: both
include the counterweight. Its CG is on the link centerline where shown. The crank turns at a
constant speed of 4 rpm CCW. At the instant shown in the figure the crank angle is at 45 deg with
respect to the global coordinate system. Find the torque needed to drive the crank for the position
shown using the method of virtual work. Include gravity forces.

Units: blob := Ibf" -secz-in_ ! rpm:= 2-n-rad-min !
Given: Link lengths:
Link 2 (O to 4): a:=14.0-in Link3(4toB).  b:=80.0-in
Link 4 (B to Oy): c:=513-in Link 1 (O3 t0 Oy4): d :=79.7-in
Link 1 offsets: dy:=-475in dy := 64-in
External load data: Fpyy = -2300-1bf
Crank angle and motion: 05 := 45.deg ®y:=4-rpm ay:= 0-rad-sec 2
Link CG positions: RcG2:=132-in RcG3:=40.0-in  Rcgy4 :=32.0-in
Link weights: Wy:=5983-Ibf W3:=108-Ibf W4 := 2706-1bf
Moments of inertia: Igo == 11.8~b10b-in2 I3 := lSO-bIob-in2 Ig4:= 1070()-b10b-in2
Angle between 048 and CG,B: o= 143.11-deg R34:=32.00-in
Angle between O4B and CG4Oy4: B :=-14.03-deg Rj4:=79.22-in
Angle between O4B and CG4P: 3:=156.62-deg Ry = 124.44.in
Solution: See Figure P11-12 and Mathcad file P1122.

1. Use Problems 6.84c and 7.70b with ®, = 4 rpm to determine the position, velocity, and acceleration of links 3 and
4. The angles are calculated in the xy coordinate system and then rotated into the XY coordinate system, which
is used in the remainder of the problem.

Coordinate rotation angle: y:= atan2(dx,dy) y= 126.582 deg
03 :=99.057-deg 03 :=—0.0214-rad-sec ! a3 := —0.0250-rad -sec 2
04 := 29.064-deg 04 = 0.0986-rad-sec ! a4 := —0.0272.rad-sec 2
Accelerations: agy = 2.316-in-sec 2 84G2 = 225.00-deg
aG3 = 1.764-in-sec 2 04G3 = 244.915-deg
aG4:=2.288.in-sec 2 64G4 = 265.366-deg
apy = 1391-in-sec” > O4p4:= 60.394-deg

Velocities: vG2 = 5.529-in-sec ! OyG2 = 135.0-deg
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vG3 = 5.406-in-sec ! OyG3:= 127.628.deg
vG4 = 7.809-in-sec ! OvG4 = 105.034-deg
vpy = 4.753.in-sec ! Oypg = 245.646-deg
2. Calculate the x and y components of the velocity vectors.
-1
VG2x = V(;g-cos( 0VGZ) vG2x = —3.910 in-sec
. . -1
VG2y = vcg-sm(BV(;z) vG2y = 3.910 in-sec
-1
VG3x = vc;g-cos( 9VG3) ‘ vG3x = —3.301 in-sec
. . -1
VG3y = V(;3-sm(0VG3) vG3y = 4.282 in-sec
VGiax = V(;4~cos( BV(;4) VGix = —2.026 in-sec !
. . -1
VG4y = V(;4~sm(0VG4) VG4y = 1.542 in-sec
. -1
VPYx = vp4-cos(0yp4) vpsx = —1.960 in-sec
, . -1
Vpgy = vp4-sm(0Vp4) vp4y = —4.330in-sec

3. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

agax = a(;z-cos( 0,4(;2) aGay = -1.638 in-sec 2
aG2y = acz-sin( 0,4(;2) agay = —1.638 in-sec 2
aG3ix = ag3-cos(0A(;3) aGgix = —0.748 in-sec 2
ag3y = aG3-sin(0A(;3) aGg3y = -1.598 in-sec 2
aAG4x = aG4-cos( 0,4(;4) aG4x = —0.185 in-sec 2
aGg4y = ag4-sin( 6A04) aG4y = —2.281 in-sec 2

4. Calculate the mass of each link.

W2 W3 Wy
my:=— m3:=— my:=—
g g g

5. Substitute these given and calculated values into equation 11.16¢ and solve for the input torque.

1
Tppi=—- m2’(aG2x'vGZx + aGZy'VGZy) + m3‘(aG3x‘VGJx + aG3y“’G3y)
[0
2]+ m4'(aG4x'VG4x + aG4y-VG4y) +Ig2azo2 + Ig3aze3 + IG4'(14“D4)
+(W2vGay + W3vG3y + WevGsy) — (Fpayveay)

Ty2 = 10219 Ibf-in
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&S PROBLEM 11-23

Statemient: Use the information in problem 11-20 to find and plot the torque needed to drive the crank for one
revolution of the crank using the method of virtual work.

Solution: See Figure P11-12 and Mathcad file P1123.

No solution for this problem is provided. This problem is more suitable for a longer-term project than for a
short-term homework problem.
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&S PROBLEM 11-24

Statement:

Units:
Given:

Solution:

SOLUTION MANUAL 11-24-1

In Figure P11-13, links 2 and 4 each weigh 2 1b and there are 2 of each (another set behind). Their
CGs are at their midpoints. Link 3 weighs 10 Ib. The moments of inertia of links 2, 3, and 4 are
0.071, 0.430, and 0.077 blob-in2, respectively. Find the torque needed to begin a slow CCW rotation
of link 2 from the position shown using the method of virtual work. Include gravity forces.

blob = Ibf -secz-in_ !

Link lengths:

Link 2 (O, to 4) a:=9174-in Link 3 (4 to B) b:=12971-in
Link 4 (B to Oy) c:=9573-in Link3(0;t00,) d:=7487-in
Link angles (LCS): 07 :=-26.0-deg 03:=72239-deg 04:=60.491.deg
Weight: Wy .= 4.Ibf W3 .= 10-Ibf W4 .= 4.Ibf

W W3 Wy
Mass: my:=— m3:=— my:=—
g g g

my = 0.010blob m3 = 0.026 blob my = 0.010 blob

Moment of inertia: /5, := 0.07 l-blob-in2 Ig3 = 0.430-blob-in2 Ig4:= 0.077-blob-in2

Mass center: RcGg2 :=4.587-in 83 := 0-deg RcG3 =7.086-in 83 := -23.758-deg

RcG4 :=4.786-in 84 := 0-deg

Force and torque:  Fp3:= 0-/bf OFp3:= 0-deg Fpy:=0-Ibf Orp4:= 0-deg
T3:=0-Ibf-in Ty:=0-Ibf-in
Accelerations: ay := 0-rad-sec 2 ag2 = 0.0-in-sec 2 64G2 = 85.879-deg
a3 := 0.00206-rad-sec 21(;3 := 0.0174-in-sec 2 64G3 = 100.159-deg
a4 = 0.0025-rad-sec 2 ag4:=0.0159-in-sec 2 04G4 = 123.308.deg
Velocities: o2 = 0.010-rad-sec ! vG2 = 0.0459-in-sec ! OvG2 = —41.21-deg

3 = 0.0347-rad-sec ! vG3 = 0.284-in-sec ! OvG3 = 52.251.deg

o4 := 0.0466-rad-sec ! vG4 = 0.0223-in-sec ! OyG4 = 82.367-deg

See Figure P11-13 and Mathcad file P1124.

1. Calculate the x and y components of the velocity vectors (global coordinate system).

VG2x = vc;g-cos( ovG 2) vG2x = 0.035 in-sec !

VG2y = vG2-sin(c9Vc;2) vG2y = -0.030 in-sec !
VG3x = vg3—cos(0yg3) vG3x = 0.174 in-sec !

-1
VG3y = vG3~sin(0VG3) vG3y = 0.225 in-sec
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- -1
VG4x = vG4-cos( Byg,;) VG4x = 2.962 x 10 3 in-sec

-1
VGay = vG4-sin( 9VG4) vG4y = 0.022 in-sec
2. Calculate the x and y components of the acceleration of the CGs of all moving links in the global coordinate
system (GCS).

4G2x = aG2 'COS(BAGZ) agax = 0.000 in-sec 2

-2
aGy = ac;z-sin( 9A62) aG2y = 0.000 in-sec
-3 -2
aGix = ag3-cos(9Ag3) agix = —3.069 x 10 ~ in-sec
-2
aG3y = aG3-sin(9Ag3) aG3y = 0.017 in-sec
-3, -2
aAG4x = ag4-cos(0Ag4) aGg4x = —8.731 x 10 " in-sec
-2
aG4y = ag4-sin( 9AG4) aG4y = 0.013 in-sec

3. Substitute these given and calculated values into equation 11.16c and solve for the input torque.

1
T12:=—{ ma(aG2xvG2x + aG2yvG2y) + m3(aG3xvGax + aG3yvG3y) -
(0]
2| +my(aGaxvee + aG4y‘VG4y) +\UG2a2o2 + Ig3az-e3 + IG4-a4-w4)
+-T303 - Trog+ (WrvGy + W3vGsy + Weviey)

T12=221.321bfin
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E———
PROBLEMS
11-3 AND 114
Row T,

a 99.69

b -56.59

c -84.01

d -133.69

e 13.13

f -2612.7

-574.90

]

PROBLEMS

11-5 AND 11-6

Row T,

a 176.37
b -1266.0
c 1245.2
d 266.02
¢ 58.56
f 21137
g 34.23

11-A-1



