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&S PROBLEM 4-1

Statement: A position vector is defined as having length equal to your height in inches (or centimeters). The
tangent of its angle is defined as your weight in 1bs (or kg) divided by your age in years. Calculate
the data for this vector and:

a. Draw the position vector to scale on Cartesian axes.

b. Write an expression for the position vector using unit vector notation.

c. Write an expression for the position vector using complex number notation, in both polar and
Cartesian forms.

Assumptions: Height:= 70 weight =160 age:=20
Solution: See Mathcad file P0401.
1. The magnitude of the vector is R:= Height. The angle that the vector makes with the x-axis is

0= atan( we’gh') 0 = 82.875 deg 0 = 1.446 rad
age

a. Draw the position vector to scale on Cartesian axes.

82.875°

b. Write an expression for the position vector using unit vector notation.

cos(B) 8.682
R:=R R= R=8.682i+69.459 j

sin(6) 69.459

c. Write an expression for the position vector using complex number notation, in both polar and Cartesian
Jorms.

Polar form: R:= és.ej' 1446

Cartesian form: R = 8.682 + j-69.459
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@S PROBLEM 4-2

Statement: A particle is traveling along an arc of 6.5 inch radius. The arc center is at the origin of a coordinate
system. When the particle is at position 4, its position vector makes a 45-deg angle with the X
axis. At position B, its vector makes a 75-deg angle with the X axis. Draw this system to some
convenient scale and:

a. Write an expression for the particle's position vector in position 4 using complex number
notation, in both polar and Cartesian forms.

b. Write an expression for the particle's position vector in position B using complex number
notation, in both polar and Cartesian forms.

c. Write a vector equation for the position difference between points B and 4. Substitute the
complex number notation for the vectors in this equation and solve for the position difference
numerically.

d. Check the result of part ¢ with a graphical method.

Given: Circle radius and vector magnitude, R:= 6.5in; vector angles: 84 :=45deg 6p :=75deg

Solution: See Mathcad file P0402.
1. Establish an X-Y coordinate frame and draw a circle with center at the origin and radius R.

2. Draw lines from the origin that make angles of 45 and 75 deg with respect to the X axis. Label the intersections
of the lines with the circles as 4 and B, respectively. Make the line segment OA a vector by putting an
arrowhead at 4, pointing away from the origin. Label the vector R,4. Repeat for the line segment OB, labeling it
Rp.

AAAAA

a. Write an expression for the particle's position vector in position A using complex number notation, in both
polar and Cartesian forms.

. .
J'GA j—
Polar form: = R-
olar form RA = R-e Ry = 65-¢
Cartesian form: R = R(cos(8y4) + j-sir 64)) R = 4.596 + 4.596] in

b.  Write an expression for the particle’s position vector in position B using complex number notation, in both
polar and Cartesian forms.
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i 75-n
i-6, '
Polar form: Rp = R-e i Rp:=6.5-¢ 180
Cartesian form: Rp := R:(cos(p) + j-sir( 6B)) Rp = 1.682 + 6.279j in

c. Write a vector equation for the position difference between points B and A. Substitute the complex number
notation for the vectors in this equation and solve for the position difference numerically.

RBA =R - Ry RBA = 2914 + 1.682jin

d.  Check the result of part c with a graphical method.

On the layout above the X and Y components of R, are equal to the real and imaginary components calculated,
confirming that the calculation is correct.
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25 PROBLEM 4-3

Statement: Two particles are traveling along an arc of 6.5 inch radius. The arc center is at the origin of a
coordinate system. When one particle is at position 4, its position vector makes a 45-deg angle
with the X axis. Simultaneously, the other particle is at position B, where its vector makes a 75-deg
angle with the X axis. Draw this system to some convenient scale and:

a. Write an expression for the particle's position vector in position 4 using complex number
notation, in both polar and Cartesian forms.

b. Write an expression for the particle's position vector in position B using complex number
notation, in both polar and Cartesian forms.

c. Write a vector equation for the relative position of the particle at B with respect to the particle
at A. Substitute the complex number notation for the vectors in this equation and solve for
the position difference numerically.

d. Check the result of part ¢ with a graphical method.

Given: Circle radius and vector magnitude, R:= 6.5-in; vector angles: 84 :=45deg 0p :=75deg
Solution: See Mathcad file P0403.

1. Establish an X-Y coordinate frame and draw a circle with center at the origin and radius R.

2. Draw lines from the origin that make angles of 45 and 75 deg with respect to the X axis. Label the intersections
of the lines with the circles as 4 and B, respectively. Make the line segment O4 a vector by putting an
arrowhead at 4, pointing away from the origin. Label the vector R,. Repeat for the line segment OB, labeling it
Rp.

a. Write an expression for the particle’s position vector in position A using complex number notation, in both
polar and Cartesian forms.

T
164 I
Polar form: =R
olar form RA = Re RA :=6.5-¢ !
Cartesian form: R = R'(COS(HA) +j'Si"(9A)) Ry = 4.596 +4.596jin

b. Write an expression for the particle's position vector in position B using complex number notation, in both
polar and Cartesian forms.
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i 75-©
i8 '
Polar form: Rp = Re B Rp:=6.5¢ 180
Cartesian form: Rp := R(cos(6p) + j-sin( 6p)) Rp = 1.682 + 6.279j in

Write a vector equation for the relative position of the particle at B with respect to the particle at A.
Substitute the complex number notation for the vectors in this equation and solve for the position difference

numerically.

Rpa = Rp - Rp RpA = —2.914 + 1.682jin

d.  Check the result of part c with a graphical method.

On the layout above the X and Y components of R, are equal to the real and imaginary components calculated,
confirming that the calculation is correct.
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@S PROBLEM 4-4

Stéteméht: Apartlcle is fravelfhg alohg the line y = 2x+10. When the particle is at position 4, its position
vector makes a 45-deg angle with the X axis. At position B, its vector makes a 75-deg angle with
the X axis. Draw this system to some convenient scale and:

a. Write an expression for the particle's position vector in position 4 using complex number
notation, in both polar and Cartesian forms.

b. Write an expression for the particle's position vector in position B using complex number
notation, in both polar and Cartesian forms.

c. Write a vector equation for the position difference between points B and 4. Substitute the
complex number notation for the vectors in this equation and solve for the position difference

numerically.
d.  Check the result of part ¢ with a graphical method.
Given: Vector angles: 84 :=45deg 0p :=T75deg
Solution: See Mathcad file P0402.

1. Establish an X-Y coordinate frame and draw the liney = -2x + 10.

2. Draw lines from the origin that make angles of 45 and 75 deg with respect to the X axis. Label the intersections
of the lines with the line in step 1 as 4 and B, respectively. Make the line segment OA a vector by putting an
arrowhead at 4, pointing away from the origin. Label the vector R 4. Repeat for the line segment OB, labeling it
Rp.

Y
10 5
- / y=-2x+10
8 - °
- B
6 {
L R \
4 B A
2 -
RA
| | i | 1 I i X
0 2 4 6
3. Calculate the coordinates of points 4 and B.
xA~tan(9A) =2x4+ 10 X4 = 10 x4 =3.333
2+ tan( OA)

y4:= xA-tan(OA) y4=3333
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xB-tan(HB) = 2.xg+ 10 XB:= THE%C@ xp= 1.745
VB = xB-tan(OB) yp= 6.511

4. Calculate the distances of points 4 and B from the origin.

Ry :=Jx,42 + yA2 R4=4.714
, 2 2
Rp:=.xp + yB Rp = 6.741

a. Write an expression for the particle's position vector in position A using complex number notation, in both
polar and Cartesian forms.

. . T
Polar form: Rp = Ry A a
: A= fge Ry = 4.714-¢
Cartesian form: R := Rg(cos(84) + j-sin( 64)) Ra = 3.333 + 3.333;

b. Write an expression for the particle's position vector in position B using complex number notation, in both
polar and Cartesian forms.

i 75w
j-6 ’
Polar form: Rp := Rp-e g Rp = 6.741-¢ 180
Cartesian form: Rp:= RB-(cos(HB) +j -sin(HB)) Rp = 1.745 + 6.511j
Y
) . 10 ¢
¢. Write a vector equation for the position
difference between points B and A. Substitute -
the complex number notation for the vectors in
this equation and solve for the position 8
difference numerically.
RBA = Rp - Rp
i
Rpa = —1.589 + 3.178j 3.178 -
d. Check the result of part c with a graphical l 4r
method. L
On the layout above the X and Y 2
components of R, are equal to the real and N
imaginary components calculated, \
confirming that the calculation is correct. | | LN | ¢
0 2 4 6 8
- ~— 1.589
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25 PROBLEM 4.5

Statement: Two particles are traveling along the line y = -2x2 - 2x +10. When one particle is at position 4, its
position vector makes a 45-deg angle with the X axis. Simultaneously, the other particle is at
position B, where its vector makes a 75-deg angle with the X axis. Draw this system to some
convenient scale and:

a. Write an expression for the particle's position vector in position 4 using complex number
notation, in both polar and Cartesian forms.

b. Write an expression for the particle's position vector in position B using complex number
notation, in both polar and Cartesian forms.

c. Write a vector equation for the relative position of the particle at B with respect to the particle
atA. Substitute the complex number notation for the vectors in this equation and solve for
the position difference numerically.

d. Check the result of part ¢ with a graphical method.

Given: Vector angles: 84 :=45deg Op =T75deg
Solution: See Mathcad file P0405.

1. Establish an X-Y coordinate frame and draw the line y = -2x2 - 2x +10.

2. Draw lines from the origin that make angles of 45 and 75 deg with respect to the X axis. Label the intersections
of the lines with the line drawn in step 1 as 4 and B, respectively. Make the line segment OA a vector by putting
an arrowhead at 4, pointing away from the origin. Label the vector R,4. Repeat for the line segment OB, labeling
itRp.

10T\

3. Calculate the coordinates of points A and B.

xA-tan(aA) = --2-xA2 ~-2-x4+ 10

I tan{ 64) tan{04) )"
xA:=5-—1+T' + 1+T + 20 x4 =1.608
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V4= xA-tan(GA) yq = 1.608

xB-tan((}B) = —2-;vc15»2 -2-xp+ 10

. |
xB:z.;.. -(Hf%@}j[”i@) +20 xp=1223

2

vB = xp-tan( 6p) VB = 4.564

4. Calculate the distances of points A and B from the origin.

’ 2

Ry:=\xq4 + yA2 Ry =2275
, 2 2

Rp:=.\xp +yB ‘ Rp=4.725

a. Write an expression for the particle's position vector in position A using complex number notation, in both
polar and Cartesian forms.

. . T
Polar form: RA =R )6 J'_4.
' A= foe Ry = 2275-¢
Cartesian form: Ry = RA-(cos(GA) + j-sin(HA)) Rp = 1.608 + 1.608j

b. Write an expression for the particle’s position vector in position B using complex number notation, in both
polar and Cartesian forms.

i 75-n
0'0 *
Polar form: Rp = R-eJ ? Rp = 4.725-¢ 180
Cartesian form: Rp:= RB-(cos( 93) +] -sin( 03)) Rp = 1.223 + 4.564j

c. Write a vector equation for the relative position of the particle at B with respect to the particle at A.
Substitute the complex number notation for the veciors in this equation and solve for the position difference
numerically.

RpaA :=RB - Ryp RBA = —0.386 + 2.955j

d.  Check the result of part c with a graphical method.

On the layout on the next page the X and ¥ components of R, are equal to the real and imaginary components
calculated, confirming that the calculation is correct.
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Y
10 ¢
Y= -2X"2 - 2 + 10
8 B \‘./
6
L B fT
4 - \
2.955 Ro/[|Ry, 2980
Lol
i i‘;A
RIA 'L'.I { t { | X
0 li 4 6 8
——{ = 0.386
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/25 PROBLEM 4-6a
Statement: The link lengths and value of 8, for some fourbar linkages are defined in Table P4-1. The linkage
configuration and terminology are shown in Figure P4-1. For row a, draw the linkage to scale and
graphically find all possible solutions (both open and crossed) for angles 65 and 6. Determine

the Grashoff condition.
Given: Link1 d:=6-in Link 2 a:=2-in

Link3 b:=7-in Link4 ¢:=9.in 02 = 30-deg
Solution: See figure below for one possible solution. Also see Mathcad file P0406a.

Lay out an xy-axis system. Its origin will be the link 2 pivot, O,.

Draw link 2 to some convenient scale at its given angle.

Draw a circle with center at the free end of link 2 and a radius equal to the given length of link 3.
Locate pivot O, on the x-axis at a distance from the origin equal to the given length of link 1.
Draw a circle with center at O4 and a radius equal to the given length of link 4.

AN G

The two intersections of the circles (if any) are the two solutions to the position analysis problem, crossed and
open. Ifthe circles don't intersect, there is no solution.

7. Draw links 3 and 4 in their two possible positions (shown as solid for open and dashed for crossed in the
figure) and measure their angles 65 and 6, with respect to the x-axis. From the solution below,

OPEN 631 := 88.84-deg

041 := 117.29-deg

CROSSED 833 := 360-deg — 115.21.deg 632 = 244.790 deg
049 = 360-deg — 143.66-deg 042 = 216.340 deg
8. Check the Grashof condition. 4

Condition(S,L,P,Q):= |SL<« S+ L

PO« P+ Q

return "Grashof" if SL < PQ

return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(a,c,d ,b) = "Grashof"

A
2
@ o] X
%" L 152110 e 04/

/
/ // A\ 143.660°

/ ~
/ ~

/
./~ CROSSED
e
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&S PROBLEM 4.7a

Statement: The link lengths and value of 6, for some fourbar linkages are defined in Table P4-1. The linkage
: configuration and terminology are shown in Figure P4-1. For row a, find all possible solutions
(both open and crossed) for angles 05 and 6, using the vector loop method. Determine the

Grashof condition.
Given: Linkl d:=6-in Link 2 a:=2-in
Link3 b:=7-in Link4  ¢:=9-in 09 := 30-deg

Two argument inverse tangent
atan2(x,y) == freturn 0.5-x if x=0A y>0)
return 1.5-7 if (x=0A y<0)

return atan((z)) if x>0
x
atan((z)) + 7 otherwise
x

1. Determine the values of the constants needed for finding 6, from equations 4.8a and 4.10a.

Solution: See Mathcad file P0407a.

K} =3.0000 K7 = 0.6667 K3 = 2.0000
A= cos(82) - K1 - Kzcos(82) + K3 A=-07113
Bi=-2-5inf0) B = ~1.0000
C:=Kj — (K2 + 1)-cos(62) + K3 C = 3.5566

2. Use equation 4.10b to find values of 0, for the open and crossed circuits.

Open: 041 := 2-(atan2(2-A,—B - ,/ B - 4-A-C)) 04] = 477.286 deg

041 := 041 — 360-deg 041 = 117286 deg

Crossed: 043 := 2-(atan2(2-A,——B + \/ 32 - 4-A-C)) 047 = 216.340 deg

3. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.

2 2 2 2
d —d —a -
Kg=Z Ks:=< a b Kyq = 08571
b (2-a-b)
K5 = -02857
D = cos(02) - K1 + Ky-cos(82) + K D =-1.6774
E = 2-sin(6>) E = -1.0000

F =K + (K4~ 1)-cos(62) + K5 F = 2.5906
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4. Use equation 4.13 to find values of 65 for the open and crossed circuits.

Open: 031:= 2-(atan2(2-D,-E - JE’Z - 4-D~F)) 031 = 448.837 deg

037 := 031 — 360-deg 031 = 88.837 deg

Crossed: 032 := 2-(atan2(2-D,—E + JEZ - 4.D—F)) 037 = 244.789 deg

5. Check the Grashof condition.
Condition(S ,L,P,Q):= |SL«< S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(a,c,d ,b) = "Grashof"
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/25 PROBLEM 4-8
Statement: Expand equation 4.7b and prove that it reduces to equation 4.7c (p. 157).
Solution: See Mathcad file P0408.

1. Write equation 4.7b and expand the two terms that are squared.

b2 = (—a-sin(ez) + c-sin(94))2 + (—a-cos(ez) + c-cos(94) + d)2 (6.7b)
. W2 2 \2 . : 2 o\t
(—a-sm(Gz) + c-sm(94)) =a -sm(Bz) - 2-a-c-s1n(92)-sm(94) +c -sm(64) (@)
|

(—-a-cos(ez) + c-cos(64) + d)2 = az-cos(eg)2 - 2-a-c-(cos(92)-cos(64)) - 2oa-a'-cos(62)

+2-c-d-cos(94) + cz-cos(64)2 + d2 ®)
2. Add the two expanded terms, equations a and b, noting the identity sin2x + cos2x = 1.

]

b2 = a2 + 02 + d2 - 2-a-d-cos(92) + 2-c-d‘cos(64) - 2-a-c-(sin(92)-sin(64) + cos(Bz)-cos(94))

This is equation 6.7c.
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&S PROBLEM 4-9a

Statement: The link lengths, value of 6,, and offset for some fourbar slider-crank linkages are defined in
Table P4-2. The linkage configuration and terminology are shown in Figure P4-2. For row a,
draw the linkage to scale and graphically find all possible solutions (both open and crossed) for
angles 0, and slider position d.

Given: Link2 g:=14-in Link3 b:=4.in
Offset c:=1-in 09 = 45-deg
Solution: See figure below for one possible solution. Also see Mathcad file P0409a.

1. Lay out an xy-axis system. Its origin will be the link 2 pivot, O,.
Draw link 2 to some convenient scale at its given angle.

2
3. Draw a circle with center at the free end of link 2 and a radius equal to the given length of link 3.
4. Draw a horizontal line through y = c (the offset).

5

The two intersections of the circle with the horizontal line (if any) are the two solutions to the position analysis
problem, crossed and open. If the circle and line don't intersect, there is no solution.

6. Draw link 3 and the slider block in their two possible positions (shown as solid for open and dashed for
crossed in the figure) and measure the angle 05 and length d for each circuit. From the solution below,

031 := 360-deg — 179.856-deg 031 = 180.144 deg

032 := —0.144-deg a’1 = 4.990-in d2 = -3.010-in

d1= \\
4.990

3 (OPEN)

, Lo
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&< PROBLEM 4-10a

Statement: The link lengths, value of 6, and offset for some fourbar slider-crank linkages are defined in Table
P4-2. The linkage configuration and terminology are shown in Figure P4-2. For row a, using the
vector loop method, find all possible solutions (both open and crossed) for angles 65 and slider

position d.
Given: Link 2 a:=14-in Link3 b:=4-in
Offset c:=1-in 07 := 45-deg
Solution: See Figure P4-2 and Mathcad file P0410a.
%
dp= dq=
3.010 4.990

1 |

Bl '\ 3(CROSSED) - A 3 (OPEN) iﬂ 7
! NN
/ 2 | - 1.000
N 5.000° \ 179.856
0.144 , A \ [} x

1. Determine 6, and d using equations 4.16 and 4.17.

Crossed:
032 = asin(ﬁfniz—z—)——:—i) 037 = —-0.144 deg
dy= a-cos(Oz) - b-cos(632) dy=-3.010in
Open:
031:= asin(—Ln(ebz)—:—f) + 031 = 180.144 deg

dj:= a-cos(ez) - b-cos(631) d;=4.990in
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/&S PROBLEM 4-11a

S R B i

Statement: The link lengths and the value of 6, and y for some inverted fourbar slider-crank linkages are
defined in Table P4-3. The linkage configuration and terminology are shown in Figure P4-3. For
row a, draw the linkage to scale and graphically find both open and closed solutions for 65 and 9,

and vector Rg.
Given: Link 1 d:=6-in Link2 g:=2.in

Link4  c¢:=4-in Y := 90-deg 07 := 30-deg
Solution: See figure below for one possible solution. Also see Mathcad file P04011a.

1. Lay out an xy-axis system. Its origin will be the link 2 pivot, O,.
2. Draw link 2 to some convenient scale at its given angle.

3a. Ify=90 deg, locate O, on the x-axis at a distance equal the length of link 1 (d) from the origin. Draw a circle
with center at O4 and radius equal to the length of link 4 (¢). From point A, draw two lines that are tangent to
the circle. The points of tangency define the location of the points B for the open and crossed circuits.

3b. When y is not 90 deg there are two approaches to a graphical solution for link 3 and the location of point B: 1)
establish the position of link 4 and the angle 7y by trial and error, or 2) calculate the distance from point 4 to
point B (the instantaneous length of link 3). Using the second approach, from triangle 0,40,

AO42 = a2 + d2 - 2-a-d-cos(92)

and, from triangle AO4B (for the open circuit)
A042 = b2 + c2 - 2-b-c-cos(n - y)

where a, b, ¢, and d are the lengths of links 2, 3, 4, and 1, respectively. Eliminating 4O, and solving for the
unknown distance b for the open branch,

by:= %-[2-c-cos(n - y) + J(z-c'cos(n - y))2 - 4-(02 - a2 - a!2 + 2-a'd-cos((-)2))]
by =1.7932in

For the closed branch: AO42 = b2 + 02 - 2-b-c-cos(y) and

by:= %»[2-c-cos(y) + J(2-cccos(y))2 - 4-((:2 - a2 - d2 + 2-a-d-cos(92))}

by =1.7932in




DESIGN OF MACHINERY SOLUTION MANUAL 4-11a-2

Draw a circle with center at point 4 and radius 5;. Draw a circle with center at O4 and radius equal to the
length of link 4 (¢). The intersections of these two circles is the solution for the open and crossed locations of
the point B.

4. Draw the complete linkage for the open and crossed circuits, including the slider. The results from the
graphical solution below are:

OPEN  931:=-127.333-deg CROSSED 035 := -79.041-deg
041 = 142.666-deg 049 := —169.040-deg
Rp;:=3.719 at 40.708 deg Rpy:=2208 at -20.146 deg

y
142.666°
a

@ X
0, | -

r\ﬂ T

\ V.._.)f:,,/

B
o /‘ 169.040°
| 79.041°
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&< PROBLEM 4-12a

Statement: The link léngths and the ’\’rél’ue of62 andy for some invertéd fourbar ’s’lider-cfaﬁk linkégés are
defined in Table P4-3. The linkage configuration and terminology are shown in Figure P4-3. For
row a, using the vector loop method, find both open and closed solutions for 65 and 6,4 and

vector Rg. \
Given: Linkl d:=6-in Link2 g:=2-in
Link4 c¢c:=4-in Y := 90-deg 09 := 30-deg

Two argument inverse tangent
atan2(x,y) = Yreturn 0.5-r if (x=0A y>0)
return 1.5-7 if x=0A y<0)

return atan((z)) if x>0
x
atan((ZD + 7 otherwise
B

Solution: See Mathcad file P0412a.

1. Determine the values of the constants needed for finding 0, from equations 4.8a and 4.10a.
P .= a-sin(eg)-sin(y) + (a-cos(ez) - d)-cos(y) P =1.000in
Q= —a—sin(ez)-cos(y) + (a-cos(ez) - d)-sin(y) Q=-4.268in
R:=—csinly)  R=-4.000in T:=2-P T = 2.000in
S=R-0 S =0.268in U=0Q+R U=-8268in

2. Use equation 4.22c¢ to find values of 0, for the open and crossed circuits.

OPEN 041 = 2~atan2(2-S,—T+ \/12 - 4-S-U) 041 = 142.667 deg
CROSSED 04 := 2-atan2(2-S,—T - \/ - 4-S-U) 047 = ~169.041 deg

3. Use equation 4.18 to find values of 0, for the open and crossed circuits.
OPEN 031:=041 +Y 031 = 232.667 deg

CROSSED  033:=642 -7 032 = —259.041 deg

4. Determine the magnitude of the instantaneous "length" of link 3 from equation 4.20a.

_ a-sin(ez) - c-sin((-)41)

OPEN - 1.793i

E oa ) by = 1793 in

CROSSED  by:= @sin02) - osinoao) by=1.793in
sin(942 + y)
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5. Find the position vector R from the definition given on page 162 of the text.

OPEN Rp1 = a-(cos(@z) + j-sin(ez)) -b 1-(cos(931) + j-sin(631))
Rpj = |RB1| Rp;=3.719in
Op1:= arg(RBl) 0p1 = 40.707 deg

CROSSED Rp2 = a-(cos(Bz) + j-sin(Oz)) -b 2-(cos(9 32) +] -sin(e 32))
Rp2:= |Rp;]| Rp2=12.208in

0p2 = arg(Rpa) 0p2 = —20.145 deg
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/Qg PROBLEM 4-13a
Statement | Fmd the traﬁsniiséiéh éngles lof ﬁ;e lmkagem ‘fO\yw‘v aof Table P4-1. o
Given: Link1 d:=6-in Link2  g:=2-in
Link3 b:=7-in Link4 ¢:=9-in 07 := 30-deg
Two argument inverse tangent
atan2(x,y) := freturn 0.5-7 if x=0A y>0)
return 1.5-7 if x=0Ay<0)

return atan((—y-)) ifx>0
x
atan((-y-)) + 7 otherwise
x

1. Determine the values of the constants needed for finding 6, from equations 4.8a and 4.10a.

Solution: See Mathcad file P0413a.

2 2 2 2
K; :=-§- Kz::% K3:= a —.122;_2) +d
K7 = 3.0000 K7 = 0.6667 K3 = 2.0000

A= cos(Gz) - Ky - Kz-cos((-)z) + K3 =-0.7113

B = 2-sin(8>) B = -1.0000

C:=K; - (K2 + 1)-cos(82) + K3 C = 3.5566

2. Use equation 4.10b to find 6, for the open circuit.

041 := 2-(atan2(2~A,—B - J B - 4-A-C)) 041 = 477.286 deg

041 := 041 — 360-deg 041 = 117286 deg

3. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.

2 2 2 2
K=l Kye & —d —a b Kyq= 08571
b (2-a-b)
K5 = —0.2857
D = cos(62) - K; + Kycos(2) + Ks D =-1.6774
E:=-2-5in(87) = -1.0000
F =K+ (Kq~ 1)-cos(02) + K5 F = 2.5906

4. Use equation 4.13 to find 85 for the open circuit.

031:= 2-(atan2(2-D,—E - \/EZ - 4-D-F)) 031 = 448.837 deg

031 := 031 — 360-deg 031 = 88.837 deg



DESIGN OF MACHINERY SOLUTION MANUAL 4-13a-2

5. Use equations 4.28 to find the transmission angle.

9trans(93,94) = < |93 - G4|
return t if t<05-

T — t otherwise

9trans(931,941) = 28.449 deg

6. It can be shown that the triangle ABO, in Figure 4-17 is symmetric with respect to the line 40, for the crossed
branch and, therefore, the transmission angle for the crossed branch is identical to that for the open branch.
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@S PROBLEM 4-14

Statement: Find the minimum and maximum values of the transmission angle for all the Grashof crank-rocker
linkages in Table P4-1.
Given: Table P4-1 data: i:=1,2..14
Rowl. = di = a= bi = ¢, =
=1 6] B [ [
o e I e A
e | ] P} ] [E]
"d" 8 5 7 6
e 3] |5 B 6
e 5] [8] B 9]
"g" 6] [8] 8] Ea
"h" 20| |10] 10 | 10
1 @] 5] ] [
o 20 10 | 5 | 10|
k" 4] 6] 10 7 ]
" o] |7] 10 7 ]
"m" 9] [7] 11 B
" o] |7 11 6 |
L - — ——
Solution: See Table P4-1 and Mathcad file P0414.

1. Determine which of the linkages in Table P4-1 are Grashof.
Condition(S,L,P,Q):= |SL« S+ L

PO« P+Q

return "Grashof” if SL < PQ

return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Row a Condition(2,9,6,7) = "Grashof”

Row b Condition(3,9,7,8) = "Grashof"

Row ¢ Condition(3,10,6,8) = "Grashof"

Row d Condition(5,8,6,7) = "Special Grashof"
Row e Condition(5,8,6,8) = "Grashof"

Row f Condition(5,9,8,8) = "Grashof"

Rowg Condition(6,9,8,8) = "Grashof"

Row A Condition(10,20,10,10) = "non-Grashof"
Row i Condition(2,5,4,5) = "Grashof"

Row Condition(5,20,10,10) = "non-Grashof"
Row k Condition(4,10,6,7) = "non-Grashof"
Row / Condition(7,10,7,9) = "non-Grashof"
Row m Condition(7,11,8,9) = "non-Grashof"

Row n Condition(6,11,7,9) = "non-Grashof"
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2. Determine which of the Grashof linkages are crank-rockers. To be a Grashof crank-rocker, the linkage must be
Grashof and the shortest link is either 2 or 4. This is true of rows q, d, and e.

3. Use equations 4.28 and 4.29 to calculate the maximum and minimum transmission angles.

(8 + (o) ~ (4, + )

Row a i=1 = aco.
"1 20 c,
11
) n
u1:=t/(u1>-2-,n—u1,u1) p1=58412deg
[/ \2 2 2]
(8)" + () - (4 - =)
u2 = acos pn2 = 25209 deg
2:b.:c.
(b ,)2 " (ci)z - (i “;-)2
Row d i=4 y1 := acos
2-b.c,
) n
m:=z/(u1>;,n—u1,m) p1 = 0.000 deg
.
b )+ (e) - (4 - o)’
p2 = aco. 1o =25.209 deg
2-b.c

Row e i=35 = aco.
H1 2-b.c,
11 B
n
m:=i/(u1>?n—u1,u1) p1 = 44.049 deg
(8) + () - (- @)’
W2 = aco. uo = 18.573 deg
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@S PROBLEM 4-15

Statement:

Given:

Solution:
1.

P4-1.

Table P4-1 data: i:=1,2..14

Row, = d.= a.= b.:= c. =
1 ] 1 ]
[ o R N v R
v 7] ] B[]
| 3] o] [g]  [E]
i I 3 I T I 2 R O
0 3 I B 3 R O
S I T (O 3 B N B C
e | [e] ] [B] [
w | po| 0] 0] 0]
S N O A £ B N I
7| po| o] 5] [o]
w | @) [6] o] [7]
" 9 7 10 7

7| . ad 7|
"m" 9 7 11 8

— E— — —
"n" 9 7 11 6

See Table P4-1 and Mathcad file P0415.

Determine which of the linkages in Table P4-1 are Grashof.
Condition(S ,L,P,Q):= |SL« S+ L

Row a
Row b
Row ¢
Row d
Row e
Row f
Row g
Row h
Row i
Row
Row k
Row !
Row m

Row n

PO« P+Q

return "Grashof" if SL < PQ
return “Special Grashof" if SL = PQ
return "non-Grashof' otherwise
Condition(2,9,6,7) = "Grashof"
Condition(3,9,7,8) = "Grashof"
Condition(3,10,6,8) = "Grashof"
Condition(5,8,6,7) = "Special Grashof"
Condition(5,8,6,8) = "Grashof”
Condition(5,9,8,8) = "Grashof"
Condition(6,9,8,8) = "Grashof"
Condition(10,20,10,10) = "non-Grashof"
Condition(2,5,4,5) = "Grashof"
Condition(5,20,10,10) = "non-Grashof"
Condition(4,10,6,7) = "non-Grashof"
Condition(7,10,7,9) = "non-Grashof"
Condition(7,11,8,9) = "non-Grashof"
Condition(6,11,7,9) = "non-Grashof"

SOLUTION MANUAL 4-15-1

Find the input anglés correspondihg to the togglé positions of the non-Grashof ‘]inka;ges in Table |
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2. There are six non-Grashof rows in the Table: Rows 4, and j through n. For each row there are two possible
arguments to the arccos function given in equation (4.33). They are:

i=8 Row, = "h" j=1
) @) ) ) e
arg = +
G’ (Z-ai-dl.) (ai-di)
ar al)2 + (di)2 - (bi)2 - (cl)z _ bl cz
8,9 2a.d, (a;4))
i=10 Row, = "j" j=2
. (e) + (d(i)2 iy ),)2 (o) . (bz "z)
U1 2-a.d, a.-d
it i
al)2 + (dl)2 - bl.)z - (cl)2 bz ¢
a2 = 2:a.d, - (ai'dz)
i=11 Rowl. ="k" j=3
G 56 L
(. n 2-a.-d, a.-d.
1 1 11
R O
(.2 2 ai-dl.' (az"di)
i=12 Row,= j=4
B al)z + (dl)z - bi)z - (01)2 ) be,
gG,n = (2 ai-di) (ai'di)
R
g 2= 2-a.d, a (ai'di)
i=13 Rowl. = "m" j=5
of o af - -6 | b
ar +
84T (2'“i'di) (al dl.)




DESIGN OF MACHINERY

i=14 Rowl. ="n" j=6

(@) + (@) () () e

TE(j,2) T 2ad, (“fd,-)

1.250 0.250
1.188 0.688
0.896 —4.938
0.960 -1.262
0.960 -1.833
\ 0.833 -1.262

arg =

3. Choose the argument values that lie between plus and minus 1,

Ry = aco{arg( 1, 2)] @2y = 75.5deg
02 := acos[arg(z’z)] 62j = 46.6deg
Ry = aco{arg(3’ 1)] R = 26.4deg
&)= acos[argm’ 1)] 02] = 16.2deg
Oy = acosl:arg(s,l)] 2y = 16.2deg

02y = acoa[arg( 6, 1)] 02, = 33.6deg

SOLUTION MANUAL 4-15-3
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&S PROBLEM 4-16a

Statement: ' The lmk lengths, gear rétid, phaée angle, éhd the value of 0, fbr’somé geared ﬁ?ebar lmkages ‘a/re

defined in Table P4-4. The linkage configuration and terminology are shown in Figure P4-4. For
row a, draw the linkage to scale and graphically find all possible solutions for angles 65 and 6,,.

Given: Link 1 d=4-in Link 2 a:=1-in
Llnk 3 b = 71n Link4 C = 9-in LlIlk 5 f = 6ln
Gearratio ) :=2.0 Phase angle ¢ := 30-deg Inputangle 05 := 60-deg
Solution: See Mathcad file P0201.
1. Determine whether or not an idler is required.

© ® N w

11.

idler := | "required" if A>0

"not-required” otherwise
idler = "required"

Choose radii for gears 2 and 5 by making a design choice for their center distance (which must be increased if
an idler is required). Let the standard center distance when no idler is required be C:= 0.5-c then

r2

C=ry+rs and [A] ==
rs

Solving for r, and 75,
C
ry = — rs5 = 1.500in
[A] +1
ryi=rs I?L] r2=3.000in

If an idler is required, increase the center distance.

C := if(idler = "required" ,C + r5,C) C = 6.000in

Note that the amount by which C is increased if an idler is required is a design choice that is made based on

the size of the gears and the space available.

Using equation 4.23c¢, determine the angular position of link 5 corresponding to the position of link 2.
05:=A02+¢ 05 = 150deg

Lay out an xy-axis system. Its origin will be the link 2 pivot, O,.

Draw link 2 to some convenient scale at its given angle.

Draw a circle with center at the free end of link 2 and a radius equal to the given length of link 3.
Locate pivot Oy on the x-axis at a distance from the origin equal to the given length of link 1.
Draw link 5 to some convenient scale at its calculated angle.

Draw a circle with center at the free end of link 5 and a radius equal to the given length of link 4.

. The two intersections of the circles (if any) are the two solutions to the position analysis problem, crossed and

open. Ifthe circles don't intersect, there is no solution.

Draw links 3 and 4 in their two possible positions (shown as solid for open and dashed for crossed in the
figure) and measure their angles 6, and 8, with respect to the x-axis. From the solution below,
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OPEN 031 := 173.64-deg 041 = 360-deg — 177.715-deg

041 = 182.285 deg
CROSSED 63 := 360-deg — 115.407-deg 641 := 360-deg — 124.050-deg

032 = 244.593 deg 04] = 235.950 deg

12. Draw gears 2 and 5 schematically at their calculated radii. If an idler is required, draw it tangent to gears 2 and
5. Tts diameter is a design choice that will be made on strength and space requirements. It does not affect the
gear ratio.

B 4 -

\ 177.7152° §
c 150.0000°"

S IDLER REQUIRED TO OBTAIN -~
N POSITIVE GEAR RATIO .-~
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&S PROBLEM 4-17a

Statement: The link lengths, gear ratio, phase angle, and the value of 6, for some geared fivebar linkages are
defined in Table P4-4. The linkage configuration and terminology are shown in Figure P4-4. For
row a, using the vector loop method, find all possible solutions for angles 65 and 6,,.

Given: Link 1 d=4-in Link 2 a:=1-in
| Link3  b:=7-in Link 4 c:=9-in Link 5 f=6-in
Gearratio ) :=2.0 Phase angle ¢ := 30-deg Inputangle 07 := 60-deg

Two argument inverse tangent
atan2(x,y) := Yreturn 0.5-7r if (x=0A y>0)
return 1.5-7 if (x=0A y<0)

return atan((l)) if x>0
x
atan((l)) + 7 otherwise
x

1. Determine the values of the constants needed for finding 65 and 6, from equations 4.24h and 4.24i.

Solution: See Mathcad file P0417a.

A= 2-c-(d-cos(k-92 + ¢) - a-cos(eg) + f) A = 36.6462 in2
B:=2-c(d-sin(A-02 + ¢) — a-sin(6)) B=20412in’
C:=(a2——b2+c2

s d®+ 1Y) - 2-a.fcos 02) ...
+ {Z-d-(a-cos(()z) - f)-cos(x-ez + ¢)

+_2.a.d-sin(62)-si"(7v92 + ¢) C = 374308 in2

D=C-4 ‘ D = 0.78461 in2
E:=2B F=40823in"
F=A+C F=74077i
G = 2-6{d-cos(1-02 + ¢)) + a-cos(82) - /] ~ 28.503in”
H i=2-b[{d-sin{1-07 + §)) + a-sin(6,)] H=-15876in"

K := (a2 + b2 - c2 + d2 + f2) - 2-a-f-cos 92)
+—[2-d-(a-cos(62) - f)-cos(h-(-);_ + d))

+-2-a-d-sin(02)-sin(1-0 + ) K = 26569 in”
L=K-G L=1933in"
M=2-H M= 31751 in
Ni=G+K N = —55.072 in”

2. Use equations 4.24h and 4.24i to find values of 05 and 6, for the open and crossed circuits.

OPEN 031:= 2-(atan2(2-L,—M+ \/ M2 - 4-L-N)) 031 = 173.642 deg



DESIGN OF MACHINERY SOLUTION MANUAL 4-17a-2
041 := 2-(atan2(2-D,—E - \/Ez - 4-D-F)) 041 = -177.715 deg
CROSSED 037 := 2-(atan 2-L,-M - \’ M2 - 4-L—N)) 032 = —115.407 deg
042 = 2-(atan2(2-D,—E + \IEZ - 4-D-F)) 042 = —124.050 deg
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&S PROBLEM 4-18a

Statement: The angle between the X and x axes is 25 deg. Find the angular displacement of link 4 when link 2
- rotates clockwise from the position shown (+37 deg) to horizontal (0 deg). How does the
transmission angle vary and what is its minimum between those two positions? Find the toggle
positions of this linkage in terms of the angle of link 2.

Given: Measured link lengths:
Crank Ly:=116 Coupler L3:=108
Rocker Ly:=110 Ground link Lj=174
Crank angle for position

shown (relative to AD): 091 1= 62-deg

Crank rotation angle from

position shown to

horizontal: AB2 = ~37-deg
Two argument inverse tangent

atan2(x,y) = |return 0.5-7 if x=0A y>0)
return 1.5 if (x=0A y<0)

return atan((-z)) if x>0
x
atan((l)) + 7 otherwise
x

Solution: See Figure P4-5a and Mathcad file P0418a.
1. Use equations 4.8a and 4.10 to calculate 8, as a function of 6, (for the crossed circnit).
L L L22 - L32 + L42 + L12
Kj=— Ky=— K3:=
Ly L3 (2-L2Ly)
K] = 1.5000 K= 16111 K3 = 1.7307 ‘

A(Og) = cos(92) -Kj- Kg-cos(ez) + K3

B(62) = -2-sin(87) (62) = K1 - (K2 + 1)-cos(82) + K3

04(62) = 2-(atan2(2-A(6 2),-B(82) + J B(e 2)2 - 4-A(92)-C(92)D

2. Determine 8, for the position shown and after the crank has moved to the horizontal position.

041:=04(621) 041 = 183.5deg

040 = 94(621 + Aﬂz) 042 = 212.8deg

3. Subtract the two values of 0, to find the angular displacement of link 3 when link 2 rotates clockwise from the
position shown to the horizontal.

AB4 =042 — 041 AB4 = 29.2deg
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4. Determine the values of the constants needed for finding 05 from equations 4.11b and 4.12.

L P P Sy
K4 = — K5 =
L3 (2:L2L3)

Ky =1.6111 K5 =-1.7280

D(Gz) = cos(ez) -K;+ K4-cos(62) + K5

E(82) := ~2-5in(0>) F(02) = K1 + (K4~ 1)-cos(02) + K5

5. Use equation 4.13 to find values of 6, for the crossed circuit.

03(62) := 2-(atan2(2-D(62),—E(92) + J 5(92)2 - 4~D(92)-F(92)D

6. Determine 0, for the position shown and after the crank has moved to the horizontal position.

031:= 93(621) 031 = 275.1deg

032:= 03(621 + A87) 03, = 256.1 deg
7. Use equations 4.28 to find the transmission angles.

pr=7 - |931 - 941| pn1 = 88.4deg

2= 632 - 049 uo = 43.4deg

The transmission angle is smaller when the crank is in the horizontal position.
8. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL«< S + L
PO<«—P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(L3,L;,L2,L4) = "non-Grashof"

9. Using equations 4.33, determine the crank angles (relative to the XY axes) at which links 3 and 4 are in toggle.

2 2 2
Ly +L; -Ly - L42 L3-Ly

argj = + argy = 1.083
2-LyLj (L2Ly)
L22 + L12 — L32 - L42 L3 Ly .
argy = - args = -0.094
2.Ly-Ly (L2-Ly)
O2t0ggle = ac os(ar gz) O2toggle = 95.4deg

The other toggle angle is the negative of this.
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&< PROBLEM 4-18b

Statement: Find and plot the angular position of links 3 and 4 and the transmission angle as a function of the
angle of link 2 as it rotates through one revolution.

Given: Measured link lengths:
~ Wheel (crank) Lj:=40 a=1L) Coupler L3:=96 b:=1L3
Rocker Lg=122 ci=1Ly Ground link Lj:= 162 d=1L;

Two argument inverse tangent
atan2(x,y) = Yreturn 0.5-7 if (x=0 A y>0)
return 1.5-7 if (x=0A y<0)

return atan((z)) if x>0
x
atan((l)) + 7 otherwise
x

Solution: See Figure P4-5b and Mathcad file P0418b.

1. Check the Grashof condition of the linkage.
Condition(S,L,P,Q):= |SL« S+ L

PO« P+ Q

return "Grashof' if SL <PQ

return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(a,d ,b,c) = "Grashof"

2. Define one cycle of the input crank: 0, := 0-deg,5-deg..360deg

3. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the open circuit).

K= -;—f Ky:= % K3:= = l(’zzz: +d
Kj = 4.0500 Ky=13279 K3 =34336

A(62) := cos(82) — K1 — Kz-cos(02) + K3

B(02) := ~2-sin(02) C(82) = K1 - (K2 + 1)-cos(02) + K3

941(92) = 2-(atan2(2-A(92),—B(62) - JB((')z)z - 4'A(92)'C(92)))

4. Ifthe calculated value of 84 is greater than 2, subtract 27 from it. If it is negative, make it positive.

042(62) = i1(041(02) > 2:m,041(02) - 2-7,041(02))

64(92) = 1']‘(642(92) < 0,942(62) + 2-11:,942(92))
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5. Determine the values of the constants needed for finding 85 from equations 4.11b and 4.12.

2_p2_ 2 2
K= Ky = 16875 Ks = -2.8875
(2-a-b)

Ky:=

S

D(ez) = cos(ez) -K;+ K4~cos(92) + K5
E(02) := ~2-sin(0>) F(62) =K1 + (Kq— 1)-cos(02) + K

6. Use equation 4.13 to find values of 8; for the crossed circuit.

031(62) = 2-(atan2(2-D(62),—E(92) - JE(62)2 - 4~D(92)~F(92)D

7. If the calculated value of 0, is greater than 2, subtract 2= from it. If it is negative, make it positive.

032(02) = if(031(02) > 2-7,031(02) - 2-7,031(62))

03(02) = if(032(62) < 0,032(02) - 2:7,032(62))

8. Plot 0; and 6, as functions of the crank angle 0, (measured from the ground link).

Angular Displacement of Coupler & Rocker

200
L T e A RN BUUE P SN,
N ~Fea
"B - .-
s 93(92) 150 T
S0 - 4 -
§ deg | TTepmet
5
S 04(02) 100
A4
§ deg P
N mm -
=
g‘ 50 \‘\ = 7
O ~— /
0
0 45 90 135 180 225 270 315 360
92
deg

Crank angle, deg

9. Use equations 4.28 to find the transmission angle.

Tran(07) = |93(92) - 684(62)|

Trans(03) = ,-(Tmn(ez) > 2 |x - Tran(o) ,Tmn(e2))
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10. Plot the transmission angle.

Transmission Angle

A ~
s o \\ ; N

60 \ /

\ |/
NS

40
0

Transmission Angle, deg

45 90 135 180 225 270 315 360
02

deg
Wheel angle, deg
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&S PROBLEM 4-18¢

Statement: Find and plot the position of any one piston as a function of the angle of crank 2 as it rotates
through one revolution. Once one piston's motion is defined, find the motions of the other two
pistons and their phase relationship to the first piston.

Given:
Crank length Ly=19 a=1Lp
Piston-rod length  L3:=70 b:=1L3
Offset c=0

Solution: See Figure P4-5¢ and Mathcad file P0418c.

1. Letpistons 1, 2, and 3 be links 7, 6, and 8, respectively.

2. Solve first for piston 6. Establish 6, as a range variable: 071 := 0-deg,2-aeg .. sovaeg

3. Determine 65 and d using equations 4.16 and 4.17.

031(621) := asirr(:f-'-m)_—c) + 7 d1(821) := a-cos(21) - b-cos(631(621))

b

4. For each piston (slider) the crank angle is measured counter-clock-wise from the centerline of the piston, which
goes through the O, in all cases. Thus, when the crank angle for piston 1 is 0 deg, it is 120 deg for piston 2 and
240 deg for piston 3. Thus, the crank angles for pistons 2 and 3 are

922(921) =021 + 120-deg 923(921) =091 + 240-deg

5. Determine 6, and d for pistons 2 and 3.

032(021) := asir{ asin(02a(021)) - c) + 7

b

d2(921) = a-cos(022(621)) - b-cos(632(621))

a-sin(037(021)) - c) vz

933(621) = asin( 5

d3(621) = a-cos(623(021)) - b-cos(633(621))

6. Plot the piston displacements as a function of crank angle (referenced to line AC (see next page).
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Piston Displacement (1, 2, and 3)
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The solid line is piston 1, the dotted line is piston 2, and the dashed line is piston 3.
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&S PROBLEM 4-18d

Statement: Find the total angular displacement of link 3 and the total stroke of the box as link 2 makes a

complete revolution.
Given: Ground link L;:=150 Input crank Ly:=30
Coupler link L3:=150 Output crank Ly:=30
Solution: See Figure P4-5d and Mathcad file P0418d.

1. This is a special-case Grashof mechanism in the parallelogram form (see Figure 2-17 in the text). As such, the
coupler link 3 executes curvilinear motion and is always parallel to the ground link 1. Thus, the total angular
motion of link 3 as crank 2 makes one complete revolution is zero degrees. '

2. The stroke of the box will be equal to twice the length of the crank link in one complete revolution of the crank.

stroke :=2-Ly stroke = 60
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&S PROBLEM 4-18e

SOLUTION MANUAL 4-18e-1

Determine the ratio of angular displacement betweén links 8 and 2 as a function of angular

Statement:
displacement of input crank 2. Plot the transmission angle at point B for one revolution of crank 2.
Comment on the behavior of this linkage. Can it make a full revolution as shown?
Given: Link lengths:
Ground link (0,04) dj := 160
Crank (0,4) aj:=20
Coupler (L3) by =160
Crank (O4B) c;:=20
Ground link (O403) dj:= 120
Crank (04G) az:=30
Coupler (Lg) by:=120
Crank (OgF) c2:=30
Solution: See Figure P4-5¢ and Mathcad file PO418e.

1. This s an eightbar, 1-DOF linkage with two redundant links (3 and 6 or 5 and 7) making it, effectively, a sixbar. It
is composed of a fourbar (1, 2, 3, and 4) with an output dyad (7 and 8). The input fourbar is a special-case
Grashof in the parallelogram configuration. Thus, the output angle is equal to the input angle and the couplers
execute curvilinear motion with links 3 and 5 always parallel to the horizontal. The output dyad also behaves
like a special-case Grashof with parallelogram configuration so that the angular motion of link 8 is equal to that
of link 4. Therefore, the ratio of angular displacement between links 8 and 2 is unity. The mechanism is not
capable of making a full revolution. The couplers 3 and 5 (also 6 and 7) cannot pass by each other near 6, =0
and 180 deg because of interference with the pins that connect them to their cranks.

2. Define the approximate range of motion of the input crank: 0, := O-deg,2-deg.. 180deg
3. Define 05 and 6,

03 := O.deg 04(02) =02

4.  Use equations 4.28 to find and plot the transmission angle.

tran(ez) = |93 - 94(62)| T ran(ez) = t_‘f(tran(ez) > n,tran(92) . n,tran(ez))

T rans(ez) = i/(Tran(Gz) > %, |1t - T ran(Bz)l ,Tran(ez))
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&S PROBLEM 4-18f

Statement: Find and plot the displacement of piston 4 and the angular displacement of link 3 as a function of
the angular displacement of crank 2.

Given: Link lengths:
Crank length, L, a:=63
Piston-rod length, L3 b:=130
Offset c:=52
Solution: See Figure P4-5f and Mathcad file PO418f.

1. Establish 6, as a range variable: 07 := O-deg,2-deg .. 360 deg

2. Determine 05 and d in global XY coord using equations 4.16 and 4.17.

63(92) = asin( a~sin(62 - 90'deg) — c] +r

b

d(92) = a-cos(92 - 90~deg) - b~cos(93(92))

3. Plot the piston displacement (directly below) and rod angle (next page) as functions of crank angle in the global
XY coordinate frame.
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Piston-Rod Angular Displacement
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&S PROBLEM 4-18¢g

Statement: Find and plot the angular displacement of link 6 versus the angle of input link 2 as it is rotated from ‘
the position shown (+30 deg) to a vertical position (+90 deg). Find the toggle positions of this
linkage in terms of the angle of link 2.

Given: Link lengths:
Input (L) a:=49 Coupler (L3) b= 100
Rocker (Ly) c:=153 Ground link (Z;) d =87
Angle from x axis to X axis: o := 121-deg
Starting angle: 091 := 30-deg Y
Crank rotation angle from
position shown to
vertical: AB3 = 60-deg

Two argument inverse tangent

atan2(x,y) .= {return 05-7 if (x=0A y>0)
return 1.5-7 if (x=0A y<0)

return atan((z)) if x>0
x
atan((l)) + 7 otherwise
x

Solution: See Figure P4-5g and Mathcad file P0418g.

1. Define one cycle of the input crank in global coord: 09 :=071,021 + 1-deg..02; + AB>

2. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the crossed circuit).

Kp:= -g— Ky:= 1:— K3:= - i;j +d’
Kj = 17755 K7 = 0.5686 K3 = 15592

A(82) = cos(82 + o) - Ky — Kzcos(02 + o) + K3

B(62) := 2-5in(6 + o) (82) = K1 - (K2 + 1)-cos(82 + o) + K3

041(02) = 2-(atanz(2.A(ez),—B(ez) + J B(02)’ - 4‘A(62)-C(92)D -a

3. [Ifthe calculated value of 0, is greater than 2=, subtract 27 from it. If it is negative, make it positive.
942(62) = 1'](941(92) > 2-7:,941(92) - 2-1:,941(62))

04(02) := if(642(02) < 0,042(02) + 2-m,042(62))

4. Plot 0, as a function of the crank angle 6, (measured from the X-axis) as it rotates from the position shown to the
vertical position.
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Angular Displacement of Rocker Link 4
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4. Check the Grashof condition of the linkage.
Condition(S,L,P,Q) = |SL« S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(a,c,b,d) = "non-Grashof™

5. Using equations 4.33, determine the crank angles (relative to the x-axis) at which links 3 and 4 are in toggle.

@@ -’ - @ be

ar, arg = 0.840
8l Qad) (a-d) &1
2. 2 2 2
L@@ -® - be )
arg2 = - argy = —6.338
2-a-d) (a-d)
O210ggle = GCOS(arg 1) O210ggle = 32.9deg

The other toggle angle is the negative of this. Thus, in the global XY frame the toggle positions are:
62xy, toggle = 02toggle - 62XYtoggle = —88.130 deg

O2xY1oggle = ~0210ggle — 02xYt0ggle = —153.870 deg
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&5 PROBLEM 4-18h

Statement: Find link 4's maximum displacement vertically downward from the position shown. What will the
angle of input link 2 be at that position?

Given: Link lengths:

Crank length, L, or Lg a:=19.8-mm

Coupler length, L3 or Ls bl:=194-mm

Offsetof 1,2, 3,4 cl:=45-mm

Distance from O, to Og Ly :=458-mm

Coupler length, Ls or L; b2:=13.3-mm

Offsetof 1,2, 5,6 ¢2:=22.9-mm

Angle of link 2 as shown 090 := 47-deg L 7

—lct

Solution: See Figure P4-5h and Mathcad file P0418h.

1. Links 1,2,3,4,5, and 6 make up two offset slider-cranks with a common crank, link 2. Links 7, 8, and 9 are
kinematically redundant and contribute only to equalizing the forces in the mirror image links. Slider-crank 1,2,
3, 4 is in the open circuit, and slider-crank 1, 2, 5, 6 is in the crossed circuit.

2. Calculate the displacement of link 4 with respect to link 2 angle for the position shown in Figure P4-5h using
equations 4.17 and 4.16b.

a-sim0¢) — ¢l
0310:= asiv{{-%):l +7 0310 = 149.038 deg

djg:= a-cos(Bzo) - bI-cos((-)310) dig = 30.14mm

3. Link 4 will reach its maximum downward displacement when links 8 and 9 and links 2 and 3 are in the toggle
position. However, it is possible that they may not be able to reach this position because links 5 and 7 may be
too short to allow links 2 and 8 to rotate far enough to reach toggle with 3 and 9, respectively.

4, Using equation 4.16a, determine the angle that the crank will make with the x axis (see layout below) when links 5
and 7 are horizontal (65 =-90 deg). This will be the least value of the angle 6,.

a-sin(8) — cz)'

b2

050:= asin(

02¢
057 := —90-deg

sin(852) = ~1.000

a-siMl@3) — c2
—-———'5—(—-21—— = -1.000
b2
. (¢c2- b2 T
09 := asin 5.90
a Xr

02 = 29.00 deg
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5. Use equations 4.17 and 4.16b to determine the displacement of D' with respect to O;.

a-sim07) — cl
031:= asin[{—-—-n(b%-ﬂ +7 031 = 164.759 deg

dj:= a-cos(ez) - bI-cos(Ggl) dj = 36.03mm

6. The maximum displacement of link 4 from the position shown in Figure P4-5h is the difference between the
displacement found in step 5 and that found in step 2.

Adpox =d] — djp Adpmax = 5.90mm
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&S PROBLEM 4-19

Stafémeht:

SOLUTION MANUAL 4-19-1

For one revolutioh of the driviﬂg link 2’ of the Wa]king—beam indeXing ’and pick-and-place |

mechanism in Figure P4-6, find the horizontal stroke of link 3 for the portion of their motion
where their tips are above the platen. Express the stroke as a percentage of the crank length
0,B. What portion of a revolution of link 2 does this stroke correspond to? Also find the total
angular displacement of link 6 over one revolution of link 2.
Given: Measured lengths:
Input crank length (O,4) a:=40 \ "" 8 —=
Coupler length (Z3) b:=108 _F _‘72 \
Output crank length (Ly) ¢ := 40 T =k 31
Ground link length (0,04) d =108 05 :
T SIB o)
Coupler data (finger p:=119.81 =5 :
closest to D) ) 4 o
Distance from O, to 8 := -37.54-deg °
the platen surface e:=64
Solution: See Figure P4-6 and Mathcad file P0419.
1. Links 1,2, 3 and 4 are a special-case Grashof linkage in the parallelogram form. The tip of the finger closest to

point D (left end of the coupler) is used as the coupler point. The distance from the tip to the platen is €.

Top platen surface

Define the crank angle as a range variable and define 6, ,which is constant because the coupler has curvilinear
motion..

09 := 0-deg, 1-deg.. 360-deg

03 :=0-deg

Use equations 4.27 to define the y-component of the vector Rp.

Rp: =Ry + RPA.
Rp = a-(cos(ez) + j-sin(ez))'

Rpa = p-(cos(eg, + 8) +j ~sin(93 + 8))'

pr(ez) = a-sin(eg) + p-sin(63 + 8)
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4. Define the distance of point P above the platen (note the direction of the positive y axis in the figure above).

8(62) =—e RPJ,(Gz)
5. Ploteas a function of crank angle 0,.

Height of P Above Platen
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02
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Crank Angle, deg

6. From the graph we see that the coupler point P is above the platen when the crank angle is greater than 168 deg
and less than 14 deg. To find the horizontal stroke during that range of 6, calculate the x-components of any
point on the coupler, say point A, for those two crank angles and subtract them.

Ax] = a-cos(14-deg) Ay; = 38812
Ax2 = a-cos(168-deg) Ax2 = -39.126

Horizontal stroke when above the platen normalized by dividing by the crank length

Ay — 4
Sl T Px2 Stroke = 1.95  times the crank length
a

Stroke =

7. Links 1,2, 5, and 6 constitute a Grashoff crank-rocker-rocker. The extreme positions of the output rocker (link 6)
occur when links 2 and 5 are in extended and overlapping toggle positions (see Figure 3-1b in the text for
example, but in this case the mechanism is in the crossed circuit).

CZ
! (o) B
'
B m = m e e ; 2 2
& R e - K
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, y 1 g
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Given link lengths:
Loyp =32 L5:=260 Logc = 96 Lo206 = 200

In the first position (links 2 and 5 extended), the angle between link 6 and the ground link is:

2 2 2
Losc + Lo206 —\Lo2p + Ls
o = aco. ( ) oy = 159.84 deg

2-Losc-Lo206

In the second position (links 2 and 5 overlapping), the angle between link 6 and the ground link is:

2 2 2
Losc” + Loz206 - (Ls - Lo2p)
oy = aco. o2 = 94.13 deg

2-Loec-Lo206

The total angular displacement of link 6 is the difference between these two angles.

ADE=01 — a2 ADE = 65.7deg
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&S PROBLEM 4-20

Statement: Figure P4-7 shows a power hacksaw, used to cut metal. Link 5 pivots at O5 and its weight forces
the saw blade against the workpiece while the linkage moves the blade (link 4) back and forth on
link 5 to cut the part. Itis an offset slider-crank mechanism. The dimensions are shown in the
figure. For one revolution of the driving link 2 of the hacksaw mechanism on the cutting stroke,
find and plot the horizontal stroke of the saw blade as a function of the angle of link 2.

Given: Measured lengths: —F 3
! t Vg
Crank length, IQ a = 75mm / \\%": """""" ;*" A
Coupler length, L3 b= 170-mm € ,mJnP ﬁan ) 0, 05

Offset c:=45-mm Z/ 1 \X

Assumptions: The arm that guides the slider (hacksaw blade carrier) remains horizontal throughout the stroke.
Solution: See Figure P4-7 and Mathcad file P0420.

1. Thisis a slider-crank mechanism in the crossed circuit. The offset is the vertical distance from the horizontal
centerline through O, to point B.

2. Establish 6, as a range variable: 67 := O-deg,2-deg..360 deg

3. Determine 65 and d using equations 4.16a and 4.17.

03(62) = asin(_"_'ﬂ%]

b
d(92) = a-cos(@z) - b-cos(93(62))

4. Plot the blade (point B) displacement as a function of crank angle.

Hacksaw Blade Stroke
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J2S PROBLEM 4-21
Statement: For the liﬁkage in Figuré P4-8, find ité limit (tog‘gl‘e)”ly)kosityions in terms of the éngle of linl("OzA’ |
referenced to the line of centers 0,0, when driven from link O,4. Then calculate and plot the xy
coordinates of coupler point P between those limits, referenced to the line of centers 0,0,.
Given: Link lengths: P
Input (0O,4) a:=5.00-in
Coupler (4B) b:=4.40-in
Rocker (0O4B) ¢:=5.00-in

Ground link d :=9.50-in y y
Coupler point data: B
p:=890-in -
3 g
e §6. 3
8 1= 56-deg 2 4
Coordinate transformation angle:
2 X
o = 14-deg _ O,
B - 14.000°
Two argument inverse tangent - | %
0,

atan2(x,y) == Jreturn 0.5-7 if (x=0A y> )
return 1.5-7 if x=0A y<0)

return atan((—z)) if x>0
X
atan((z)) + 7z otherwise
x

Solution: See Figure P4-8 and Mathcad file P0421.

1. Define the coordinate systems. The local frame has origin at Q, with the positive x axis going through O,4. Let
the global frame also have its origin at O, with the positive X axis to the right.

2. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL« S + L
POQ«P+Q
return "Grashof” if SL < PQ
return “Special Grashof" if SL= PQ

return "non-Grashof" otherwise

Condition(b,d ,a,c) = "non-Grashof"

3. Using equations 4.33, determine the crank angles (relative to the line AD) at which links 3 and 4 are in toggle.

2 2 2 2
_@ @ -® - be )
argj = Zad) + @d) argy = 1209

@+ @ - - @ be
(2-a-d) (a-d)

argy: argy = 0.283

O2t0ggle = acos(argg) O2t0ggle = 73.6deg
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The other toggle angle is the negative of this.
4. Define one cycle of the input crank between limit positions:
02 = —O210ggle,—O210ggle + 2-deg.. O210ggle

5. Determine the values of the constants needed for finding 65 from equations 4.11b and 4.12.

K= —Z Kyq:= ;”:— Ks:= s ‘é;l‘:)z =L
K7 = 1.9000 Ky=2.1591 Ks=-2.4911

D(02) := cos(82) — K1 + Kycos(82) + K5

E(62) = 2-sin(67) F(02) = K1 + (K4~ 1)-cos(62) + K

6. Use equation 4.13 to find values of 05 for the open circuit.

03(62) = 2-(axanz(2-D(ez),-E(ez) - JE(92)2 - 4-D(92)~F(92)D

7. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp =Ry + RPA'
Rj = a-(cos(ez) +]j -sin(ez))l
Rpa = p~(cos(93 + 5) +j ~sin(63 + 8)).

épx(ez) = a-cos(@g) + p-cos(93(62) + 8) pr(ez) = a'sin(92) + p-sin(93(92) + 5) '

8. Transform the coupler point coordinates in the local frame to the global frame using coordinate transformation

equations.
Xp(03) = Re02)-cos(x) - Rpyf02)-sinr)
¥ p(62) = Rpx(ez)-sin(a) + pr(ez)-cos(oc)

9. Plot the coordinates of the coupler point in the global system.
COUPLER POINT COORDINATES
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JZS PROBLEM 4-22
Statement: For the walking beam mechanism of F igﬁre P4-9, calculéute and plot the x and y componer/xt’s’of tﬁe
position of the coupler point P for one complete revolution of the crank O,4. Hint: Calculate them

first with respect to the ground link 0,0, and then transform them into the global XY coordinate
system (i.e., horizontal and vertical in the figure).

Given: Link lengths: Coupler point data:
Ground link 4 :=2.22 Crank a=1 p:=3.06 8 := 31.000-deg
Coupler b:=2.06 Rocker ¢:=2.33

Coordinate transformation angle:  a := 26.5-deg
Two argument inverse tangent atan2(x,y) = |return 0.5-x if x=0A y>0)

return 1.5-7 if x=0A y<0)

return atan((X)) if x>0
x
atan((-z)) + 7 otherwise
x

1. Define the coordinate systems. The local frame has origin at O, with the positive x axis going through O,. Let
the global frame also have its origin at O, with the positive X axis to the right.

Solution: See Figure P4-9 and Mathcad file P0422.

Y
y X
O
. .- /\ 4
= -7 26.{100"
B X B
G — P
2 //
A
3
B

2. Define one revolution of the input crank: 0, := 0-deg,2-deg.. 360-deg

3. Determine the values of the constants needed for finding 0, from equations 4.11b and 4.12.

d d 02 - d2 - a2 - b2
Kj.:=— Ky=— K5 .=

a b (2-a-b)
K =22200 Ky =1.0777 K5 =-1.1512

D(ez) = cos(92) -K;+ K4-cos(62) + K5
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E(Bz) = —2»sin(92)

4. Use equation 4.13 to find values of 6, for the crossed circuit.

SOLUTION MANUAL 4-22-2

F(Oz) =K+ (K4 - 1)-;'0s(92) + K5

03(02) = 2-(atand2.D(02),-P(05) + JE(O) - 4-D(6:)F(65))

5. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp =Ry + RPA'
RA = a-(cos(ez) +] -sin(ez))l

Rpy = p‘(cos(93 + 8) +] 'sin(eg + 8)).

Rpx(ez) = a-cos(Oz) + p-cos(93(92) + 5)

pr(ez) = a~sin(62) + p-sin(93(92) + 8)

6. Transform the coupler point coordinates in the local frame to the global frame using coordinate transformation

equations.

Xp(92) = Rpx(eg)-cos((x) - pr(ﬁz)-sin(oc)
Y p(92) = Rpx(92)~sin(oc) + pr(Bz)-cos(oc)

7. Plot the coordinates of the coupler point in the global system. Note that for a crank angle between 180 and 300

deg. the y- coordinate is approximately constant.

COUPLER POINT COORDINATES
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25 PROBLEM 4-23

Statement: For the linkage in Figure P4-10, calculate and plot the angular displacement of links 3 and 4 and the
path coordinates of point P with respect to the angle of the input crank O,4 for one revolution.

Given: Link lengths: Coupler point data:
Ground link 4 :=222  Crank a:=10 p=3.06 8 = -31.00-deg
Coupler b:=2.06  Rocker c:=2.33

Two argument inverse tangent
atan2(x,y) = |return 05-7 if (x=0A y>0)
return 1.5-w if x=0Ay<0)

return atan((z)) ifx>0
x
atan((z)) + 7 otherwise
x

Solution: See Figure P4-10 and Mathcad file P0423.

1. Define one revolution of the input crank: 09 := 0-deg,2-deg..360deg

2. Use equations 4.8a and 4.10 to calculate 6, as a function of 0, (for the open circuit).

K1:=-‘1 Kz:::-‘i a2—-b2+c2+d2
a c K3:=
(2-a-¢)
K] = 2.2200 Ky = 09528 K3 = 1.5265

A(Oz) = cos(Oz) - Kj - Kz-cos(ﬁz) + K3

B(62) := ~2-sin(6>) C(62) = K1 - (K2 + 1)-cos(82) + K3

041(02) = 2-(atan2(2-A(92),—B(62) - J B(6,)* - 4-A(62)-C(92)D

3. [Ifthe calculated value of 0, is greater than 2m, subtract 27 from it.
04(62) := i1(041(02) > 2m,041(02) - 2-7,041(02))

4. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.

2 2 2 2
Kyl ks=S -4 —a b Kq=1.0777 Ks =-1.1512
b (2-a-h)

D(Gz) = cos(eg) - Ky + K4~cos(92) + K5

E(62) := ~2-sin(87) F(02) := K1 + (K4 ~ 1)-cos(02) + K5

5. Use equation 4.13 to find values of 05 for the open circuit.

031(62) = 2-(atan2(2-D(92),—E(92) - J E(92)2 - 4-D(62)-F(62)D
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6. If the calculated value of O is greater than 27, subtract 2x from it.
03(02) := if(031(62) > 2-7,031(62) - 2-7,031(62))
7. Plot 65 and 8, as functions of the crank angle 6, (measured from the ground link).

Angular Displacement of Coupler
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8. Use equations 4.27 to define the x- and y-components of the vector Rp.
Rp =Ry + RpA'
Ra := a-(cos(02) + j-sin(62))"
Rpa = p-(cos(03 +8) + j-sin(03 + )"
Rpy{02) = a-cos(62) + p-cos(03(02) + 8) Rpy(02) := a-5in(02) + p-sin(83(62) + 8)
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9. Plot the coordinates of the coupler point in the local xy coordinate system.

Coupler Point Coordinates

SOLUTION MANUAL 4-23-3
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&S PROBLEM 4-24

Statement: For the linkage in Figure P4-11, calculate and plot the angular displacement of links 3 and 4 with
respect to the angle of the input crank 0,4 for one revolution.

Given: Link lengths:
Link 2 a:=2.00-in Link 3 b:=8.375.in
Link4  ¢:=7.187-in Link 1 d :=9.625-in

Two argument inverse tangent
atan2(x,y) = |return 0.5-7 if (x=0 A y>0)
return 1.5-7 if x=0Ay<0)

return atan((z)) if x>0
x
atan((z)) + 7 otherwise
x

Solution: See Figure P4-11 and Mathcad file P0424.

1. Define one revolution of the input crank: 0, := 0-deg,2-deg..360-deg
2. Use equations 4.8a and 4.10 to calculate 0, as a function of ©, (for the open circuit).

2 2 2 2
d d a-b+c +d
Kj:= ;- Ky = —; K3:= a0
K =4.8125 Ky =1.3392 K3 =2.7186
A(Gz) = cos(Gz) -Kp - Kz-co;s(@g) + K3
B(62) := —2-sin(07) C(02) = K1 - (K2 + 1)-cos(82) + K3
041(02) = 2-(atan2(2-A(92),—B(62) - J B(60)’ - 4-A(62)~C(02)))
3. Ifthe calculated value of 0 is greater than 2w, subtract 27 from it.
64(92) = if(641(62) > 2-1:,941(62) - 2-1c,941(92))
4. Determine the values of the constants needed for finding 05 from equations 4.11b and 4.12.
2 2 2 2
d ¢c -d —-a -b
Ky= > Ks5:= 2ab) Ky =1.1493 K5 = -3.4367

D(Gz) = cos(ez) -K7+ K4-cos(92) + K35

E(Gz) = —2-sin(92) F(Gz) =Kj+ (K4 - 1)-cos(e2) + Ky

5. Use equation 4.13 to find values of 05 for the open circuit.

031(02) = 2-(atan2(2-D(92),—E(92) - J o)’ - 4~D(92)-F(92)))




DESIGN OF MACHINERY SOLUTION MANUAL 4-24-2

6. If the calculated value of O; is greater than 27, subtract 2z from it.
93(92) = ij(931(62) > 2-1t,931(92) - 2-7(,631(92))

7. Plot 0, and 04 as functions of the crank angle 0, (measured from the ground link).

Angular Displacement of Coupler
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JZS PROBLEM 4-25
Staféﬁeht: | For the linkage in Figure P4-12U, fmd itS limit (toggle) posiﬁons in terms (va the angle 6f lihk 0,4
referenced to the line of centers 0,0, when driven from link O,4. Then calculate and plot the

angular displacement of links 3 and 4 and the path coordinates of point P with respect to the angle
of the input crank O,4 over its possible range of motion referenced to the line of centers 0,0,.

Given: Link lengths:
Input (O,4) a:=0.785
Coupler (4B) b:=0.356
Rocker (04B) c:=0.950

Ground link d = 0.544
Coupler point data: Two argument inverse tangent

p =109 atan2(x,y) = |return 0.5-7 if (x=0 A y>0)

0 := 0-deg return 1.5-7 if (x=0A y<0)
return atan((Z)) if x>0

x
atan((l)) + 7 otherwise
x
Solution: See Figure P4-12 and Mathcad file P0425.

1. Check the Grashof condition of the linkage.

Condition(S ,L,P,Q) = |SL«< S +L
PQ«P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ
return "non-Grashof" otherwise
Condition(b,c,a,d) = "Grashof" double rocker

2. Using the geometry defined in Figure 3-1a in the text, determine the input crank angles (relative to the line 0,0,)
at which links 2 and 3, and 3 and 4 are in toggle.

2 2 2
b _
091 := aco. d t(a+b) —c 071 = 55.937 deg
2.d-(a+ b)
2 2 2
0y 1= acod 2+ 4 =0+ ) 02 = 158.286 deg
2-a-d

3. Define one cycle of the input crank between limit positions:
02:=091,091 + 1-deg..022

4. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the open circuit).

2 2 2 2
K1:=£1- K2:=£ K3:=a—b +c¢ +d
a c (2-a-c)
Kj = 0.6930 K7 =0.5726 - K3=1.1317

A(Gz) = cos(Gz) - K - Kz-cos(ez) + K3
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B(02) := —2-5in(0) C(62) = K1 — (K2 + 1)-cos(02) + K3

041(02) = 2-(atan2(2~A(92);—B(62) - \IB(OZ)Z - 4~A(92)-C(92)D

5. If the calculated value of 0, is greater than 27, subtract 2= from it. If it is negative, make it positive.
042(92) = §f(941(92) >2-7 ,941(92) - 2-1t,941(92))

94(62) = i/(942(92) < 0,642(92) + 2-1:,942(92))
6. Determine the values of the constants needed for finding 6 from equations 4.11b and 4.12.

2P
K= 2 Kyq=15281 Ks = -0.2440

K= (2-a-b)

ol

D(Gg) = cos(Gz) -K;+ K4-cos(92) + K35

E(62) := ~2-sin(0>) F(62) =K1 + (K4 - 1)-cos(02) + K

7. Use equation 4.13 to find values of 05 for the open circuit.

031(62) = z.(manz(z-D(ez),—E(ez) - JE(92)2 ~ 4-D(82) F (92)))

8. If the calculated value of 65 is greater than 21, subtract 2z from it. If it is negative, make it positive.

032(02) = if(631(62) > 2-7,031(02) — 2-7,031(2))

03(02) = if(032(62) <0,032(62) - 2.7,032(62))

9. Plot 8, and 6, as functions of the crank angle 6, (measured from the ground link).

Angular Displacement of Coupler & Rocker
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10. Use equations 4.27 to define the x- and y-components of the vector Rp.
Rp:=Rp +Rp Al

Ry = a-(cos(ez) +] 'Si"(92))l

Rpa = p-(cos(93 + 8) +j -siri(93 + 5))‘
Rpx(ez) = a-cos(Bz) + p-cos(93(92) + 6) pr(ez) = a-sin(ez) + p-sin(63(62) + 8)
11. Plot the coordinates of the coupler point in the local xy coordinate system.

COUPLER POINT PATH
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&S’ PROBLEM 4-26

Statement: For the linkage in Figure P4-13, find its limit (toggle) positions in terms of the angle of link 0,4
referenced to the line of centers 0,0, when driven from link O,4. Then calculate and plot the
angular displacement of links 3 and 4 and the path coordinates of point P with respect to the angle
of the input crank O,4 over its possible range of motion referenced to the line of centers 0,0,.

Given: Link lengths:
Tnput (054) 2= 0.86 T e
Coupler (4B) b:=185
Rocker (O48) ¢ :=0.86

Ground link d:=222
Coupler point data: Two argument inverse tangent

p:=133 atan2(x,y) = Yreturn 0.5-7 if (x=0A y>0)

8 := 0-deg return 1.5-7 if x=0Ay<0)
return atan((z)) if x>0

x
atan((—)) + 7 otherwise
Solution: See Figure P4-13 and Mathcad file P0426. x

1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL« S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(a,d ,b,c) = "non-Grashof”

2. Using equations 4.33, determine the crank angles (relative to the line 4D) at which links 3 and 4 are in toggle.

_@+ @ -’ - @ e

argj = arg] = 1228
&l @-ad) (a-d) &l
2 2 2 2
argy = @ *+@ -®) - - be argy = -0.439
2-a-d) (a-d)
6210ggle = acos(arg2) O21toggle = 116.037 deg

The other toggle angle is the negative of this.
3. Define one cycle of the input crank between limit positions:

07 := —02togg1e,"’02t0ggle + 2-deg.. 02toggle

4. Use equations 4.8a and 4.10 to calculate 8, as a function of 0, (for the open circuit).

2 2
K1:=£ K2:=—d- K3:=a —b te
a c (2-0-0)

2+d2

K =2.5814 Ky =2.5814 - K3=20181
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A(Bz) = cos(@z) - K- Kg'cos(Bz) + K3
3(92) = —2-sin(92) C(Gg) =K;- (Kg + 1)-cos(92) + K3

0u1(02) = 2 (atand2.4(02),-802) - [o(e2) ~ 44(02)(62)))

5. If the calculated value of 0, is greater than 2=, subtract 27 from it. If it is negative, make it positive.

942(92) = i/(941(92) > 2'7"-’941(92) - 2'“’641(92))

04(62) = if(042(62) <0,042(02) + 2-7,042(02))
6. Determine the values of the constants needed for finding 6; from equations 4.11b and 4.12.

.

Ky:= Ks:
4 3 (2-a-b)

K4 = 12000 Ks5=-2.6244

SEEY

D(Gz) = cos(ez) -Kj+ K4~cos(92) +K35

E(Gz) = —2-sin(62) F(Gz) =K;+ (K4 - l)-cos(ez) + K5

7. Use equation 4.13 to find values of 0, for the open circuit.

031(02) = 2-(atan2(2-D(92),—E(92) - fE(ez)z - 4-D(62)-F(92)D

8. If the calculated value of 0, is greater than 2z, subtract 27 from it. If it is negative, make it positive.

932(92) = if(931(92) > 2-1[,931(92) - 2%,931(62))
93(92) = ij(632(92) < 0,932(92) - 2-15,932(02))
9. Plot 8, and 0, as functions of the crank angle 6, (measured from the ground link).

Angular Displacement of Coupler & Rocker
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10. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp = Ra + Rpa"
Ry = a.(cos(ez) +j -sin(@z))l

Rpa = p-(cos(03 + 8) + j-sin(03 + 5))"
Rpy92) := a-cos(82) + p-cos(03(62) + 8) Rpy(02) = a-sin(65) + p-sin(83(82) + 5)

11. Plot the coordinates of the coupler point in the local xy coordinate system.

COUPLER POINT COORDINATES
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&S’ PROBLEM 4-27

Statement:

Given:

Solution:

For the linkage in Figure P4-13, find its limit (toggle) positions in terms of the angle of link 048
referenced to the line of centers 040, when driven from link O,B. Then calculate and plot the
angular displacement of links 2 and 3 and the path coordinates of point P with respect to the angle
of the input crank O4B over its possible range of motion referenced to the line of centers 040;.

Link lengths:
Input (O4B) a:=0.86

e Y

Coupler (4B) b:=1.85

Rocker (O,4) c:=0.86

Ground link d:=222

Coupler point data:
p =052

8 := 0-deg

Two argument inverse tangent

atan2(x,y) = freturn 05-7 if (x=0A y> 0)
return 1.5-7 if x=0A y<0)

return atan((—y-)) if x>0
x
atan((zj) + m otherwise
x

See Figure P4-13 and Mathcad file P0427.

1. Check the Grashof condition of the linkage.

Condition(S ,L,P,Q):= {SL<« S+ L
PO« P+Q
return "Grashof" if SL < PQ

return "non-Grashof" otherwise

Condition(a,d ,b,c) = "non-Grashof"

2. Using equations 4.33, determine the crank angles (relative to the line 0,0;) at which links 2 and 3 are in toggle.
2 2 2 2
arg=@Q @~ ~©@ | be arg) = 1228
(2-a-d) (a-d)
2 2 2 2
argy= Q2@ — O —  _be args = ~0.439
(2-a-d) (a-d)
B410ggle = acos(arg2) O4toggle = 116.037 deg

The other toggle angle is the negative of this.

3. Define one cycle of the input crank between limit positions:

04 1= —O410ggle,~O410ggle + 2-deg.. O41oggle
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4. Use equations 4.8a and 4.10 to calculate 8, as a function of 6, (for the open circuit).

2 .2 2 2
d d -
k=2 K= K3:=a b " +c +d
a c (2-a-c)
Kj;=2.5814 Ky =125814 K3=2.0181

A(64). = cos(94) -Kj - K2~cos(94) + K3

B(04) := —2-5in(0.4) C(64) = K1 — (K2 + 1)-cos(04) + K3

021(04) = 2-(atan2(2-A(64),—B(94) - J 13(94)2 - 4-A(94)-C(94)))

5. Ifthe calculated value of 8, is greater than 2z, subtract 27 from it. If it is negative, make it positive.

922(94) = if(921(94) > 2-1r,921(94) - 2-1t,921(94))

92(64) = 3(922(94) < 0,922(94) + 2-1!,622(94))

6. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.

Ao dt -t
Ks:= Kg=12000  Ks=-2.6244

K= (2-a-b)

SR Y

D(94) = cos(94) -Kj+ K4-cos(94) + K5

E(94) = —2-sin(94) F(94) =K7+ (K4 - 1)-cos(94) + K5

7. Use equation 4.13 to find values of 05 for the open circuit.

031(04) = 2-(atan2(2-D(G4),—E(94) - J E(04) - 4~D(94)-F(94)))

8. Ifthe calculated value of 0, is greater than 2x, subtract 2n from it. If it is negative, make it positive.

932(94) = ij(931(94) > 2-1!,931(64) - 2-1t,931(94))
93(94) = 9‘(932(94) < 0,632(94) - 2-n,932(94))

9. Plot 65 and 6, as functions of the crank angle 6, (measured from the ground link). See next page.



DESIGN OF MACHINERY SOLUTION MANUAL 4-27-3

Angular Displacement of Coupler & Rocker
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10. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp =Rp+ RPBl

Rp = a-(cos(64) +j -sin(94))l

Rpp = p~(cos(03 + 8) +j -sin(93 + 8))'

Rpx(94) = a'cos(94) + p-cos(93(94) + 5) pr(94) = a~sin(64) + p'sin(93(94) + 5)
11. Plot the coordinates of the coupler point in the local xy coordinate system.

COUPLER POINT COORDINATES
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/&< PROBLEM 4-28

SOLUTION MANUAL 4-28-1

For the rocker-crank linkage in Figure P4-14, find the maximum angular displacement possible for

the treadle link (to which force F is applied). Determine the toggle positions. How does this work?
Explain why the grinding wheel is able to fully rotate despite the presence of toggle positions
when driven from the treadle. How would you get it started if it was in a toggle position?

Statement:

Given: Link lengths:
Input (0,4)
Coupler (4B)
Rocker (O4B)
Ground link

Solution:

1.

3.

a:= 600-mm
b :="750-mm
¢:=130-mm
d :=900-mm

See Figure P4-14 and Mathcad file P0428.

Use Figure 3-1(b) in the text to calculate the angles that link 0,4 makes with the ground link in the toggle

positions.

@+ d - (b-c)
021 := aco
2-a-d

05 = aco az+d2—(b+c)2
2= 2-a-d

071 = 43.331 deg

02 = 68.513 deg

Subtract these two angles to get the maximum angular displacement of the treadle.

AD7 =022 — 021

ABy = 25.182 deg

Despite having transmission angles of 0 deg twice per revolution, the mechanism will work. That is, one will be
able to drive the grinding wheel from the treadle (link 2). The reason is that the grinding wheel will actas a
flywheel and will carry the linkage through the periods when the transmission angle is low. Typically, the
operator will start the motion by rotating the wheel by hand if it is in or near a toggle position.
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&S PROBLEM 4-29

Statement: For the linkage in Figure P4-15, find its limit (toggle) positions in terms of the angle of link 0,4
referenced to the line of centers 0,0, when driven from link O,4. Then calculate and plot the
angular displacement of links 3 and 4 and the path coordinates of point P with respect to the angle
of the input crank 0,4 over its possible range of motion referenced to the line of centers 0,0,.

Given: Link lengths: Coupler point data:
Input (O,4) a:=0.72 p =097
Coupler (4B) b:=0.68 8 = 54.deg

Rocker (O4B) c:=0.85

/

Ground link d:=182 x
Two argument inverse tangent

P

55.355°

atan2(x,y) .= {return 0.5-7 if (x=0A y> 0)
return 1.5-7 if x=0A y<0)

return atan((iv-)] fx>0 [
x 0,
atan((—)i)) + 7 otherwise
x

Solution: See Figure P4-15 and Mathcad file P0429.
1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL«< S + L
PO« P+ Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition(b,d ,a,c) = "non-Grashof"

2. Using equations 4.33, determine the crank angles (relative to the line 4D) at which links 3 and 4 are in toggle.

@+ @ -’ - @ | b

arg) = arg) = 1.451
&1 (2-a-d) (a-d) &1
2 2 2 2
argy =@ @ O~ _be args = 0.568
(2-a-d) (a-d)
O210ggle = acos(ar 82) O2t0ggle = 55.355 deg

The other toggle angle is the negative of this.
3. Define one cycle of the input crank between limit positions:

02 = —O2t0ggle,—b210ggle + 2-deg.. O2toggle

4. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the open circuit).

2 2
K]::i K2:=g K3:=a bt
a c ‘ (2-a-¢)

Kj =125278 K> =2.1412 K3 =3.3422

2+d2
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A(Gz) = cos(ez) - K- Kg-cos(Gz) + K3
B(02) := ~2-5in(07) C(02) = K1~ (K2 + 1)-cos(02) + K3

041(02) = 2 (cnand 2.4(0),5(02) - {B(02) - 4-4(02)C(63)))

5. Ifthe calculated value of 0, is greater than 2, subtract 2= from it. If it is negative, make it positive.

042(02) = if(041(02) > 2-7,041(02) - 27,041(62))

94(92) = 17(942(92) < 0,942{92) + 2-11,942(92))
6. Determine the values of the constants needed for finding O from equations 4.11b and 4.12.

c2 - - a2 - b2
K5:= K4 =26765 K5 =-3.6465

Ky:= (2-a-b)

SN W

D(Gz) = cos(@z) -K;+ K4-cos(92) + K5
E(Gz) = —2-sin(92) F(62) =K7+ (K4 - 1)»003(92) +Ks

7. Use equation 4.13 to find values of q3 for the open circuit.

031(62) = 2-(atan2(2-D(92),—E(92) - JE(ez)z ~ 4-D(02) F (Gz)D

8. Ifthe calculated value of 05 is greater than 27, subtract 27 from it. If it is negative, make it positive.

032(02) = if(831(02) > 2-7,031(82) - 2-7,031(62))

03(02) := if(832(02) < 0,032(62) - 2-7,032(62))

9. Plot 05 and 8 as functions of the crank angle 0, (measured from the ground link).

360 Angular Displacement of Coupler & Rocker
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deg
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10. Use equations 4.27 to define the x- and y-components of the vector Rp.
Rp: =Ry + RPA.
Rj = a-(cos(ez) +] -sin(Oz))'
Rpj = p-(cos(93 + 5) +] ~sin(93 + 5))'

Rpx(ez) = a-cos(Gz) + p~cos(93(92) + 8) pr(Bz) = a-sin(ez) + p-sin(@g,(ez) + 8)

11. Plot the coordinates of the coupler point in the local xy coordinate system.

4 COUPLER POINT COORDINATES
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@< PROBLEM 4-30

Statement: For the linkage in Figure P4-15, find its limit (toggle) positions in terms of the angle of link O4B
referenced to the line of centers 040, when driven from link O,B. Then calculate and plot the
angular displacement of links 2 and 3 and the path coordinates of point P with respect to the angle
of the input crank O,B over its possible range of motion referenced to the line of centers 040,.

Given: Link lengths: ' Coupler point data:
Input (O4B) a:=0.85 p:=0.792
Coupler (4B) b:=0.68 8 := 82.032-deg
Rocker (0,4) c:=0.72
Ground link d:=1.82

Two argument inverse tangent f

atan2(x,y) := |return 0.5-z if x=0A y>0) 47.885°

return 1.5-7 if (x=0Ay<0)

return atan((zj) fx>0 Vi
X 0. . 04
2
atan((z)) + 7 otherwise
x

Solution: See Figure P4-15 and Mathcad file P0430.
1. Check the Grashof condition of the linkage.
Condition(S,L,P,Q):= |SL«< S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ
return "non-Grashof" otherwise
Condition(b,d ,a,c) = "non-Grashof”

2. Using equations 4.33, determine the crank angles (relative to the line 0,0,) at which links 2 and 3 are in toggle.

@+ @ - B - be

argj = + arg) = 1304
&l (2-a-d) (@d) &l
2 2 2 2
arg) = @ +@ -®) - - be argy = 0.671
(2-a-d) (a-d)
O4toggle = acos(arg?) O4toggle = 47.885 deg

The other toggle angle is the negative of this.
3. Define one cycle of the input crank between limit positions:

04 := —O410ggle,—~Ottoggle + 2-deg.. O410ggle

4. Use equations 4.8a and 4.10 to calculate 8, as a function of 6, (for the open circuit).

K]::-‘i K2;=—d- a2~b2+c
a c K3:=
(2-a-c)

2+d2
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K;=21412 Ky =2.5278 K3=13.3422
A(94) = cos(94) -K; - Kg-cos(64) + K3

B(04) := ~2-5in(04) C(04) =K1 - (K2 + 1)-cos(84) + K3

021(04) = 2-(atan2(2-A(94),—B(94) - \/B(e:«,)2 - 4-A(94)-C(94)D

5. If the calculated value of 0, is greater than 2=, subtract 2= from it. If it is negative, make it positive.

022(0.4) = if(621(04) > 2-1,621(04) — 2-7,021(64))
02(04) = if(022(64) <0,022(04) + 2-7,055(04))

6. Determine the values of the constants needed for finding 65 from equations 4.11b and 4.12.

02 - - a2 — 62
Ks5:= Ky4=26765 K5 =-3.4420

Kq:=
4 (2-ab)

S

D(94) = cos(94) -K;+ K4-cos(64) + K5
E(04) = ~2-sin(04) F(04) = K7 + (K4~ 1)-cos(04) + K

7. Use equation 4.13 to find values of 05 for the open circuit.

931(94) = 2-(atan2(2-D(94),—E(94) - JE(94)2 - 4'D(94)‘F(64)))

8. If the calculated value of 05 is greater than 2x, subtract 2= from it. If it is negative, make it positive.

032(04) = if(631(64) > 2-1,031(04) — 2-7,631(64))

93(94) = 1'](632(94) < 0,932(94) - 2-16,932(94))
9. Plot 65 and 6, as functions of the crank angle 6, (measured from the ground link). See next page.

Angular Displacement of Coupler & Rocker

360

Coupler or Rocker angle, deg
@
2
)
&
®
3

\\
0'60 —45 =30 =-15 0 15 30 45 60
04
deg

Crank angle, deg
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10. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp =R + RPA.
Rp = a~(cos(62) +j -sin(Gz)).

Rpy = p-(cos(@g, + 5) +]j -sin(93 + 6)).
Rpx(ez) = a-cos(ez) + p-cos(93(62) + 5) pr(Oz) = a-sin(ez) + p-sin(93(92) + 8)
11. Plot the coordinates of the coupler point in the local xy coordinate system.

COUPLER POINT COORDINATES

14

12 e

Coupler Point Coordinates
L
P2
"o

&
=
o
N
\\ |
* AN
\
A Y

0.6 \ - /

04 I \ /
0'2-60 -45 =30 -15 0 15 30 45 60
6,
deg

Crank Angle - deg
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/&S PROBLEM 4-31
Statement: Write a computer program (or use an equation solver such as Mathcad, Matlab, or TKSolver) to

find the roots of y = 9x2 + 50x - 40. Hint: Plot the function to determine good guess values.
Solution: See Mathcad file P0431.

1. Plot the function.

x=-10,-95.10  f(x):=9-x" + 50 — 40
200 \
100 /

J(x) o0 \
NV

—100 ™ -

00
— -10 -8 -6 -4 ~2 0 2 4 6 8 10

2. From the graph, make guesses of xj:=—-6, x2:=0

3. Define the program using the pseudo code on page 194 of the text.
nroot(f,df ,x) = |y « f(x)
, return x if |y| < TOL
while |y| > TOL
Yy
df (x)
Y« fx)

X <X —

where,  TOL=1000x 10 °

4. Define the derivative of the given function. df(x) := 18:x + 50
5. Use the program to find the roots.

ry= nrool(f,df,x]) ry = —6.265

r2:= nroof(f ,df ,x2) r2=0.709
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&< PROBLEM 4-32

Statement: Write a computer program (or use an equation solver such as Mathcad, Matlab, or TKSolver) to
find the roots of y = -x3 - 4x2 + 80x - 40. Hint: Plot the function to determine good guess values.

Solution: See Mathcad file P0432.
1. Plot the function.

x:=-15,-145..10 Jx) = —x3 - 4~x2 + 80-x — 40

200
100 /\\
S&x 0 /
-100 /
=200
-15 -10 -5 0 5 10

X

2. From the graph, make guesses of x;:=-11, x2:=0, x3:=6

3. Define the program using the pseudo code on page 194 of the text.

nroot(f,df ,x) == |y « f(x)
return x if |y| < TOL
while |y| > TOL
Y
af (x)
¥y« f(x)

X €« X —

where, TOL = 1.000 x 10~ °

4. Define the derivative of the given function. df(x) := -3 -x2 - 8x+ 80
5. Use the program to find the roots.
ry= nroot(f,df,xl) r; = -11.355
ry:= nroot( f,df ,xz) ry= 0515

r3 = nroot(f,df,x3) r3 = 6.840
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@S PROBLEM 4-33

Statement: Figure 4-18 (p. 193) plots the cubic function from equation 4.34. Write a computer program

(or use an equation solver such as Mathcad, Matlab, or TKSolver) to investigate the
behavior of the Newton-Raphson algorithm as the initial guess value is varied from x = 1.8 to
2.5 in steps of 0.1. Determine the guess value at which the convergence switches roots.
Explain this root-switching phenomenon based on your observations from this exercise.

Solution: See Figure 4-18 and Mathcad file P0433.

1

Define the range of the guess value, the function, and the derivative of the function.

xguess:=1.8,1.9..2.5

Jx) = —13 - 2—12 + 50-x + 60 df (x) == —3-x2 - 4.x+ 50

Define the root-finding program using the pseudo code on page 175 of the text.
nroot(f,df ,x) = |y « f(x)
return x if |y| < TOL
while |y| > TOL
xex——2
df (x)
y < f(x)
x
Find the roots that correspond to the guess values.
r(xguess) := nroot(f ,df ,xguess) nextx(xguess) = xguess — M
df (xguess)
1.800 33.080 -2.362 -1.177
1.900 31.570 -2.564 -1.177
2.000 30.000 -2.800 -1.177
xguess = 2.100 (xguess) = 28.370 xtx(xguess) = -3.079 (xguess) = AATT
2.200 26.680 -3.410 -1.177
2.300 24.930 -3.807 -1.177
2.400 23.120 -4.289 6.740 |
2.500 21.250 -4.882 -7.562
Find the roots of the derivative (values of x where the slope is zero).
ddf(x) :=-6x-4
xz] = nrool(df ,ddf ,-5) xz] = —4.803
xz2 = nroot(df ,ddf ,4) xzp = 3.470
For guess values up to 2.3, the root found is that whose slope is nearly the same as the slope of the function at

the guess value. At 2.4, the value of x that is calculated next results in a slope that throws the next x-value to

the right of the extreme function value at x = 3.470. Subsequent estimates of x then follow down the slope to x =
6.740. A a guess value of 2.5, the value of x that is calculated next is to the left of the extreme function value at x
=-4.803. Subsequent estimates of x follow up the slope tox = -7.562.
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&S PROBLEM 4-34

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the angular position of link 4 and the position of slider 6 in Figure 3-33 as a
function of the angle of input link 2.

Given: Link lengths:
Input crank (L) a:=2.170 Fourbar coupler (L3) b :=2.067
Output crank (Ly) c¢:=2.310 Silider coupler (Ls) e:=540

Fourbar ground link (L) d :=1.000
Two argument inverse tangent: atan2(x,y) = |return 05-7 if (x=0Ay>0)
return 1.5-7 if x=0A y<0)

return atan((!-)] ifx>0
x
atan((-}i)) + 7 otherwise
x

1. This sixbar drag-link mechanism can be analyzed as a fourbar Grashof double crank in series with a slider-crank
mechanism using the output of the fourbar, link 4, as the input to the slider-crank.

Solution: See Figure 3-33 and Mathcad file P0434.

2. Define one revolution of the input crank: 09 := 0-deg,1-deg..360deg
3. Use equations 4.8a and 4.10 to calculate 6, as a function of 0, (for the open circuit) in the global XY system.

Kp:= % Ky:= % K3:= = i:j +d
K; = 0.4608 K2 =04329 K3 = 0.6755

A(02) = cos(82) — K1 — Kx-cos(62) + K3

B(82) := ~2-5in(67) c(02) = K1 - (K2 + 1)-cos(02) + K3

041(02) = 2-(atanz(2-A(92),—B(ez) - J B(6,)’ - 4-A(92)-C(92))) - 102-deg
4. Ifthe calculated value of 8, is greater than 2m, subtract 27 from it and if it is negative, make it positive.
042(92) = i](941(92) > 2-1:,641(92) - 2-n,941(62))

04(02) = if(042(02) <0,042(62) + 2-7,045(62))

5. Determine the slider-crank motion using equations 4.16 and 4.17 with 0, as the input angle.

85(62) := asin(ﬂw) +n

e

j(eg) = c-cos(64(92)) - e-cos(G 5(92))
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6. Plot the angular position of link 4 and the position of link 6 as functions of the angle of input link 2.

Angular Position of Link 4

360

315 g

270

04(0) 225 /

deg 180 //
135 e
90
45 //
0
0 45 90 135 180 225 270 315 360
02
deg

Position of Slider 6 With Respect to O4

\

0 45 9 135 180 225 270 315 360

deg
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S PROBLEM 4-35

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the transmission angles at points B and C of the linkage in Figure 3-33 as a
function of the angle of input link 2.

Given: Link lengths:
Input crank (L,) a:=2.170 Fourbar coupler (L3) b:=2.067
Output crank (L;) c¢:=2.310 Silider coupler (Ls) e:=5.40

Fourbar ground link (L) d = 1.000
Two argument inverse tangent: atan2(x,y) = {return 0.5-7 if (x=0A y>0)
return 1.5-7r if (x=0A y<0)

return atan((z)) if x>0
x
atan((l)) + 7 otherwise
x

1. This sixbar drag-link mechanism can be analyzed as a fourbar Grashof double crank in series with a slider-crank
mechanism using the output of the fourbar, link 4, as the input to the slider-crank.

Solution: See Figure 3-33 and Mathcad file P0435.

2. Define one revolution of the input crank: 09 := 0-deg,1-deg..360deg
3. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the open circuit).

2 2 2 2
K]::g K2:=1 K3:=a—b +c +d
a c (2-a-c)
K = 0.4608 K3 =04329 K3 =0.6755

A(Bz) = cos(Gz) - K- Kz—cos(eg) + K3

B(Gz) = -«2-sin(92) C(Bz) =K~ (Kz + 1)-cos(62) + K3

041(02) = 2atand 2.4(02),-8(02) - [B(0)" - 4-4(02) c(e2)))

4. Ifthe calculated value of 0, is greater than 2, subtract 2x from it and if it is negative, make it positive.
042(62) := if(641(62) > 2-7,041(62) - 2m,041(02))

0.4(02) == if(042(62) <0,0842(62) + 2-1,042(02))

5.  Determine the values of the constants needed for finding 0, from equations 4.11b and 4.12.

2 2 2 2
Ks= &9 —a -t Ky = 04838
(2-a-b)

Ky:=

SN

K5=-0.5178
D(Bz) = cos(ez) - K7+ K4ocos(62) + K5

E(02) := ~2-sin(0>)
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F(02) = K1 + (K4 - 1)-cos(82) + K5

6. Use equation 4.13 to find 6 for the open circuit.

931(62) = 2-(atan2(2-D(92),—E(92) + J E(92)2 - 4-D(92)'F (92)))

7. Ifthe calculated value of 0, is greater than 27, subtract 2 from it and if it is negative, make it positive.
632(62) = ij(631(02) >2-n ,931(62) -27 ,931(92))

03(02) = if(032(82) <0,032(02) + 2-1,032(62))

8. Calculate (using equations 4.28) and plot the transmission angle at B.

Orransp1(02) = |03(62) - 04(02)|

atransB(BZ) = 'i{etransBl (62) > g »T = OtransBl (62)1 OwransBl (92))

40 Transmission Angle at B

35
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P 0 25
tra;sfg( 2) ” \\ /
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0
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0
deg

9. Determine the slider-crank motion using equations 4.16 and 4.17 with 0, as the input angle.

05(62) = asin(ﬂ@) +m

e

10. Calculate (using equations 4.28) and plot the transmission angle at C.

Ouransc1(02) = |95(92)|

etransC(GZ) = |7(9transCI (92) > 1;‘,“ = BransCl (92)’ BtransCl1 (92))
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Transmission Angle at C
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&5 PROBLEM 4-36
Statement: | Create a model of the linkage shown in Figure 3-33 in Working Model.

Solution: See Figure 3-33 and Working Model file P0436.
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&S PROBLEM 4-37

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the angular position of link 6 in Figure 3-34 as a function of the angle of input

link 2.
Given: Link lengths:
Input crank (L) g:=1556 First coupler (L3) f:=4248
First rocker (L4) c:=2.125 Third coupler (CD) b:=2.158
Output rocker (Lg) a:=1.542 Second ground link (0406) d := 1.000
Angle CDB S := 36-deg Distance (BD) p:=3274

0,0, ground link offsets: Ay :=3259 hy :=2.905

Solution: See Figure 3-34 and Mathcad file P0437.
1. Calculate the length of the 0,0, ground link and the angle that it makes with the global XY system.

2 2 hy
h:=hx +hy h =4366 Y == —atan ;1—— vy = 41.713 deg
X

2. Calculate the distance BC on link 5. This is the length of vector Rsy. Also, calculate the angle btween vectors
R51 and R 52

e = \l b2 + p2 ~2.b. p.cos(s) Second coupler (BC) e=1.986
b2 +e — 2
a := acos| 2re-r o = 104.305 deg
2-b-e
B=n-o B = 75.695 deg

3. This is a Stephenson's sixbar linkage similar to the one shown in Figure 4-13. Since the output link 6 is known to
rotate 180 deg and return for a full revolution of link 2 we can use links 6, 5, and 4 as a first-stage fourbar with
known input (link 6) and then solve for vector loop equations to get the corresponding motion of link 2.

4. Define the rotation of the output crank: 6¢:= 90-deg,91-deg..270deg

5. Use equations 4.8a and 4.10 to calculate 6, in the local xy coordinate system as a function of 6¢ (for the crossed
circuit).

2 .2 2 2
K] = Ky = K3:=a -b +c +d
(2-a-c)

4
a

S

Kj =0.6485 K> =0.4706 K3 =0.4938
A(Gﬁ) = cos(66) - Kj - Kz-cos(Gs) + K3

B(86) := ~2-sin(0) (06) = K1 — (K2 + 1)-cos(0¢) + K3

041(06) = 2-(atan2(2-A(96),—B(96) + J B(66)2 - 4'A(96)'C(96)))

6. Use equations 4.12 and 4.13 to calculate 65 in the local xy coordinate system as a function of 94 (for the crossed
circuit).

2 2 2 2
__c~d —-a -b

K
4 2-a-b

Ks:
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Ky4=0.463 K5 =-0.529
D(96) = cos(06) -Kj+ K4-cos(66) + K5 5(96) = —2-sin(6 6)

F(86) := K1 + (K4 - 1)-cos(06) + K5

0521(06) := 2'(“’“”2(2‘13(96)"‘5(96) + \I E(96)2 - 4-D(0)-F (96)))

7. Transform the angles for 6, and 5, into the global XY system and define 65, in the global system.

04(66) := 041(06) — 90-deg
952(96) = 9521(96) - 90-deg
951(96) = 952(96) +B

8. Define a vector loop for the remaining links and solve the resulting vector equation by separating it into real and
imaginary parts using the method of section 4.5 and the identities of equations 4.9.

R; + R4+ Rs; + R3- R, = 0. In this equation the unknowns are 65 and 8,. Following the method of Section 4.5,
substitute the complex number notation for each position vector and separate the resulting equations into real
and imaginary parts:
f -cos(e 3) = g-cos((-)z) -Gy
[ -sin(G 3) = g-sin(ez) -Gy
where G 1(96) = h-cos(y) + c-cos(64(66)) + e-cos(e 51(96))

62(66) = h-sin(y) + (c—sin((-)4(96)) + e-sin(O 51(96)))

9. Solve these equations in the manner of equations 4.11 and 4.12 using the identities of equations 4.9 gives:

). g +Gilog) + Goog) - 1
- -

4'(06) = -G1(06) - G3(66)  BY(06) =2-G2(86) C'(06) = G1(86) - G3(66)

G3(06
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(92) B+ B? - 4eaC’
tan| —2— =

2.4’

02(06) := 2-(atan2(2-A’(9(,),~B’(66) + J 3(96)2 - 4-A‘(65)-C'(66)D

10. Plot 8¢ vs 0, in global XY coordinates:

Rotation of Link 6 vs Link 2

350

325
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100
0 20 40 60 80 100 120 140 160 180
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&S PROBLEM 4-38

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the transmission angles at points B, C, and D of the linkage in Figure 3-34 as a
function of the angle of input link 2.

Given: Link lengths:
Input crank (L,) g:=1.556 First coupler (L3) f=4248
First rocker (L4) c:=2.125 Third coupler (CD) b:=2.158
Output rocker (Lg) a:=1.542 Second ground link (040¢) d := 1.000
Angle CDB 8 := 36-deg Distance (BD) p=3274

0,0, ground link offsets: Ay :=3.259 Ay :=2.905

Solution: See Figure 3-34 and Mathcad file P0438.
1. Calculate the length of the 0,04 ground link and the angle that it makes with the global XY system.

2 2 hy
h:=Jhx +hy h = 4.366 Y = —atan -;— y = —41.713 deg
X

2. Calculate the distance BC on link 5. This is the length of vector Rs;. Also, calculate the angle btween vectors
R51 and R52

o= J TN p2 ~ 2-b-p-cos(3) Second coupler (BC) e =1.986
B - p
o = acos| ———F_ o = 104.305 deg
2-b-e
Bi=n-a B = 75.695 deg

3. This is a Stephenson's sixbar linkage similar to the one shown in Figure 4-13. Since the output link 6 is known to
rotate 180 deg and return for a full revolution of link 2 we can use links 6, 5, and 4 as a first-stage fourbar with
known input (link 6) and then solve for vector loop equations to get the corresponding motion of link 2.

4. Define the rotation of the output crank: 0¢:= 90-deg,91-deg..270deg
5. Use equations 4.8a and 4.10 to calculate 8, in the local xy coordinate system as a function of 8¢ (for the crossed

circuit).

_a2—b2+02+d2

K= % k2= % b=
Ky = 0.6485 K = 0.4706 K3 = 0.4938
A(06) = cos(B6) - K1 — K2-cos(86) + K3

B(8) := ~2-5in(B6) (06) = K1 ~ (K2 + 1)-cos(86) + K3

041(06) := 2-(atan2(2~A(66),—B(96) + JB(BG)Z ~ 4-4(0¢6)-C(0 6)))

6. Use equations 4.12 and 4.13 to calculate 05 in the local xy coordinate system as a function of 64 (for the crossed
circuit).

__cz—afz—aZ—b2

Ky:=
4 2-a-b

Ks:

SR
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K4 =0463 K5 =-0.529
D(GG) = cos(66) - Ky + K4-cos(96) + K35 E(96) = —2-sin(9 6)

F(0¢) == K1 + (K4 - 1)-cos(86) + K5

8521(66) = 2~(atan2(2-D((—)6),—E(96) + JE(G 6)2 - 4'D(e6)'F(e6)))

7. Transform the angles for 6, and 05, into the global XY system and define 05, in the global system.

94(96) = 941(96) - 90-deg
952(66) = 9521(96) — 90-deg
951(66) = 052(66) + B

8. Define a vector loop for the remaining links and solve the resulting vector equation by separating it into real and
imaginary parts using the method of section 4.5 and the identities of equations 4.9.

R; + R4+ Rs; + R3 - Ry = 0. In this equation the unknowns are 03 and 6,. Following the method of Section 4.5,
substitute the complex number notation for each position vector and separate the resulting equations into real
and imaginary parts:
g~cos(62) = f~cos(93) + Gy
g-sin(Oz) = f-sin(63) + G
where G 1(66) = h-cos(y) + c-cos(94(65)) + e-cos(e 51(96))

G 2(9 6) = h-sin(y) + (c-sin(e 4(9 6)) + e~sin(9 5 1(6 6)))

9. Solve these equations for 6, in the manner of equations 4.11 and 4.12 using the identities of equations 4.9 gives:

g+ G1(0g) + Go0g) - 1>

2-g

G3(06) :=

4(06) == -G1(06) - G3(66)  B'(06) = 2-G2(06) C'(06) == G1(06) ~ G3(06)
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(GzJ B B? - aaC
tan = :

2 2.4’

02(06) = 2-{aand{ 2. 4(6¢),-5106) + {B(06)’ - 4-416)C100))

10. Solve these equations for 85 in the manner of equations 4.11 and 4.12 using the identities of equations 4.9 gives:

G4(06) = £ -G (66)22’.";;2(96)2 -7
D(06) =-G1(06) - Gi0s)  EY(66):=2-G2(06) F(06) = G1(06) - G4(06)

03(6¢) := 2-(atan2(2-D‘(96),—E'(96) + J E'(96)2 - 4.0(96)-17'(96)))

11. Calculate (using equations 4.28) and plot the transmission angle at B.

OmransBI (96) = |93(96) - 951(96)|

OtransB (9 6) = 'i/(etransBI (96) > g »T = BtransBI (9 6), OtransBI (9 6))'

Transmission Angle at B
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12. Calculate (using equations 4.28) and plot the transmission angle at C.

H:ransa(ﬁﬁ) = |94(96) - 951(96)|

Ornsc(09) = | Oranci(06) > & ~ B (00). B (00
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Transmission Angle at C
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13. Calculate (using equations 4.28) and plot the transmission angle at D.

9transD1(96) = |96 - 952(96)|

9transD(9 6) = li/(atransDI (9 6) > 122, T — OpansDI (96) »OtransDI (96))
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/&S PROBLEM 4-39
Stétement: Create a model of thé linkage shown in Figure 3-34 in Working Model.

Solution: See Figure 3-34 and Working Model file P0439.
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2 PROBLEM 4-40

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the angular position of link 6 in Figure 3-35 as a function of the angle of input
link 2.
Given: Link lengths:
Input crank (L,) a:=1.00 First coupler (L3) b:=3.80
Common rocker (O4B) c:=129 Second coupler (Ls) b':=1.29
First ground link (0,04) d :=3.86 Common rocker (04C) a':=143
Output rocker (Lg) ¢ =077 Second ground link (0404) d':=0.78
Angle BO,C o = 157-deg
Two argument inverse tangent: atan2(x,y) = |return 05-7 if (x=0A y>0)

return 1.5-7 if (x=0A y<0)

return atan((}—))) if x>0
x
atan((l‘)) + 7 otherwise
x

1. This sixbar drag-link mechanism can be analyzed as two fourbar linkages in series that use the output of the first
fourbar, link 4, as the input to the second fourbar.

Solution: See Figure P3-35 and Mathcad file P0440.

2. Define one revolution of the input crank: 6, := 0-deg,1-deg..360deg

3. Use equations 4.8a and 4.10 to calculate 0, as a function of 0, (for the crossed circuit).

2 2 2 2
d d a-b+c +d
Kj:= -; Ky := —c' K3:= a0
K; =3.8600 Ky =29922 K3 =12107
4(02) := cos(82) — K; — Kx-cos(82) + K3
B(Bz) = —2-sin(92) C(Gz) =Ky - (Kg + I)-cos(Gg) + K3
041(62) = 2-(atan2(2~A(62),—B(62) + J B(e,)’ - 4-A(92)-C(62)D
4. Use equations 4.8a and 4.10 to calculate 64 as a function of 6, (for the open circuit).
Input angle to second fourbar: 0 42(0 2) = 941(9 2) +a
, 2 2 2 2

,__i '~=.‘i o8 -b"+c"+d
K= - K'y: " K'3: 2ac)
K’y = 0.5455 K'2=1.0130 K'3=10.7184

A'(Gz) = COS(942(92)) - Ky - K’g-cos(942(62)) + K'3

B/(82) := ~2-sin(0.42(02)) C(02) = K1 ~ (K'2 + 1)-cos(842(62)) + K'3



DESIGN OF MACHINERY

SOLUTION MANUAL 4-40-2

06(62) = 2-(atan2(2-A'(6%),—B'(62) - \/B’(Gg)z - 4-A'(92)~C’(92)D

5. Plot the angular position of link 6 as a function of the angle of input link 2.

100
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04(02) 0
~25
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deg

-100
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=150
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@ PROBLEM 4-41

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the transmission angles at points B, C, and D of the linkage in Figure 3-35 as a
function of the angle of input link 2.

Given: Link lengths:
Input crank (L,) a:=1.00 First coupler (L3) b:=3.80
Common rocker (O4B) c:=129 Second coupler (Ls) b':=1.29
First ground link (0,04) d :=3.86 Common rocker (0,4C) a''=143
Output rocker (Lg) ¢'=0.77 Second ground link (040¢) d':= 0.78
Angle BO,C o = 157-deg
Two argument inverse tangent: atan2(x,y) = |return 0.5-7 if (x=0A y> 0)
return 1.5-r if x=0Ay<0)
return atan((zj) if x>0
x
atan((l)) + 7 otherwise
x
Solution: See Figure P3-35 and Mathcad file P0441.

1. This sixbar drag-link mechanism can be analyzed as two fourbar linkages in series that use the output of the first
fourbar, link 4, as the input to the second fourbar.

2. Define one revolution of the input crank: 6, := 0-deg,1-deg..360deg

3. Use equations 4.8a and 4.10 to calculate 8, as a function of 6, (for the crossed circuit).

2 2 2 2
K1:=-4— K2:=£1- K3:___a—b +c +d
a c (2-a-¢)
K =3.8600 K> =29922 K3 =1.2107

A(Qz) = cos(ez) - K7 - Kz-cos(ez) + K3

B(62) = ~2-5in(87) c(02) = K1 - (K2 + 1)-cos(62) + K3

041(02) = 2'(“’“”2(2"4(92)"3(92) + \/ 3(92)2 - 4'A(92)'C(e2)))

4. Use equations 4.12 and 4.13 to calculate 6, as a function of 6, (for the crossed circuit).

2 2 2 2

d c -d —-a -b
k=3 ——
Ky =1.016 K5 =-3.773
D(Gz) = cos(eg) - K;+ K4-cos(92) + K5 E(Gz) = ——2-sin(62)

F(02) := K1 + (K4~ 1)-cos(82) + K5

03(6) = 2-{atan2(2.0(0:),£(62) + {H(82) - 4-D(62)-7(63)))
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5. Calculate (using equations 4.28) and plot the transmission angle at B.

OtransB1 (62) = |93(92) - 941(92)|

OtransB(92) = ‘a(emm (62)> g,n ~ BtransB1(02), BiransB1 (92))

Transmission Angle at B
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40 / AN
30
20
0 45 90 135 180 225 270 315 360
)
deg

6. Use equations 4.8a and 4.10 to calculate 64 as a function of 6, (for the open circuit).

Input angle to second fourbar: 942(6 2) = 641(6 2) + o

a & a?—b%+ P d?
Kjp=— K'p:=— K'3:=

a' c' 2-a"-c")
K'; = 0.5455 K’y =1.0130 K'3=10.7184

A'(Gz) = cos(642(02)) -K'y - K’g-cos(642(02)) + K'3

B'(Oz) = —2-sin(942(92)) C’(Gz) =K1 - (K'g + l)-cos(942(92)) +K'3

06(62) := 2-(atan2(2-A’(92),—B‘(92) - JB’(92)2 - 4-A’(92)-C’(62)))

7. Use equations 4.12 and 4.13 to calculate 65 as a function of 0, (for the crossed circuit).

K' o i K’ p— c'2 - d’2 — a'2 - b'2
= 3= 2-a"b'
K'g= 0.605 K's =-1.010

D(Gz) = cos(642(92)) - K + K’4ocos(642(62)) + K's E'(Oz) = —2-sin(942(92))

F’(Gz) =K'+ (K’4 - 1)-603(642(62)) + K's

05(62) := 2-(atan2(2-D‘(02),—E’(92) + JE(92)2 - 4-D(62)-F'(62)D
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8. Calculate (using equations 4.28) and plot the transmission angle at C.

Oransc1(02) = |05(02) - 042(62)|

0transc(9 2) = "/(BzransCJ (92) > -;E,n = GtransCI (02), OransCi (92))

Transmission Angle at C
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deg \
10 / \
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deg

9. Calculate (using equations 4.28) and plot the transmission angle at D.

Orransn1(02) = |95(92) - 96(92)|

0transD(92) = Ii/(otranle (92) > lzt‘,n = GtransDI (92), OwransDI1 (92))

Transmission Angle at D
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80 /
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&S PROBLEM 4-42

Statement: Create a model of the linkage shown in Figure 3-35 in Working Model.

Solution: See Figure 3-35 and Working Model file P0442.
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25 PROBLEM 4-43

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the angular position of link 8 in Figure 3-36 as a function of the angle of input

link 2.
Given: Link lengths:
Input crank (L,) a:= 0450 First coupler (L3) b:=0.990
Common rocker (O4B) c:=0.590 First ground link (0,04) d :=1.000
Common rocker (04C) a':=0.590 Second coupler (CD) b':=0.325
Output rocker (Lg) ¢’ = 0.325 Second ground link (040¢) d':= 0.419
Link 7 (L7) e:=0.938 Link 8 (Lg) f=0572
Link 5 extension (DE) p:=10.823 Angle DCE 8 :=7.0-deg
Angle BO4,C o = 128.6-deg
Two argument inverse tangent: atan2(x,y) == |return 0.5-7 if (x=0A y> 0)
return 1.5-7 if x=0A y<0)
return atan((f)) if x>0
atan((f—j) + 7w otherwise
Solution: See Figure P3-36 and Mathcad file P0443.

1. This eightbar can be analyzed as a fourbar (links 1, 2, 3, and 4) with its output (link 4) as the input to another
fourbar (links 1, 4, 5, and 6). Since links 1 and 4 are common to both, we have an eightbar linkage with links 7 &
8 included. Start by analyzing the input fourbar.

2. Define one revolution of the input crank: 0, = 0-deg,l-deg..360deg

3. Use equations 4.8a and 4.10 to calculate 0, as a function of 0, (for the open circuit).

2 .2 2 2
d -
k=2 K2:=-£1— K3:=a b +c +d
a c (2-a-c)
K =2.2222 K7 = 1.6949 K3 =1.0744

A(Gz) = cos(Gz) - Ky - Kg-cos(ez) + K3

B(Gz) = —2-sin(92) C(92) =Ky~ (Kg + 1)-c0s(02) + K3

041(62) = 2-(atan2(2-A(92),—B(62) - \lB(ez)z - 4-A(92)-C(92)D

4. Use equations 4.8a and 4.10 to calculate 64 as a function of 8, (for the open circuit).

Input angle to second fourbar: 642(6 2) = 941(6 2) ~-a
: 2 2 2 2
’ d —
K’1:=£1— k=2 Kyl b +c" +d
a ¢ 2-a"ch

K'; =0.7102 K'y =1.2892 K'3 = 1.3655
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A'(Bz) = cos(942(92)) -K'j - K’z-cos(942(62» +K'3

B’(Gz) = —2-sin(942(62)) C’(Gz) =K'7 - (K.’Q + 1)-cos(642(92)) + K'3

06(62) := 2-(atan2(2-A'(62),—B’((-)2) - J B’(62)2 - 4-A’(62)-C’(92)D

5. Use equations 4.11b, 4.12 and 4.13 to calculate 6 as a function of 0,.

@ ?—d” - a” - b7
Ky=— K's:=

b’ 2-a"-b'
K'y=1289 K's = -1.365

D‘(Bz) = cos(942(62)) -K'r+ K’4-cos(942(62)) + K's

£(02) 1= ~2-5i{0.45(62))

):
( 2) K+ (Kyg-1) cos(642(92)) +K's

05(62):=2 (atanZ(Z D1(62),-E1(62) - JE’(O;;_ - 4-D(8)-F (92)))

6. Define a vector loop for links 1, 5, 6, 7, and 8 as shown below and write the vector loop equation.
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R;2 + Rg *Rpg+ Ry - Rg=0. Solving for R; gives Ry =Rg - Ry3 - Rg - Rpg. In this equation the only unknown
are 0, and 03. Following the method of Section 4.5, substitute the complex number notation for each position
vector and separate the resulting equation into real and imaginary parts:
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e-cos(87) = f-cos(6g) - Dy
e-sin(87) = f-sin(83) - D7

where  Dj(02) = d' + c"cos(06(62)) + p-cos(85(62) + §)
D2(62) = c"sin(06(62)) + p-sin(85(62) + 8)

7. Solve these equations in the manner of equations 4.11 and 4.12 using the identities of equations 4.9 gives:

2 2 2 2
Do) :=f +Di(02)" + DA62) - ¢

2.f
4(02):=-Dy(02) - D3(02)  B(82):=2-D2(82) c'(82):=D(82) - D3(62)
tan(gg) _ B+ JB? - a.arc

2 2.4'

031(62) := 2-(atan2(2-A’(92),-—3’(62) + J 3(92)2 - 4-A'(92)-C'(92)D

8. Plot the angular position of link 8 as a function of the angle of input link 2. If 03, is greater than 360 deg,
subtract 27 from it

03(02) = i/{(ﬁz < i’-) A (831(62) > 0),051(02) - 2~1t,681(92)]

Angular Position of Link 8
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The graph shows that link 8 rotates 360 deg between 6, = 19 deg and 6, =209 deg.

03(19-deg) = —42deg 08(209-deg) — 2-n = —42deg

05(209-deg) —~ 03(19-deg) = 360.0deg
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425 PROBLEM 4-44

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
: calculate and plot the transmission angles at points B, C, D, E, and F of the linkage in Figure 3-36
as a function of the angle of input link 2.

Given: Link lengths:
Input crank (L,) a:= 0450 First coupler (L3) b:=0.990
Common rocker (0O4B) ¢ :=0.590 First ground link (0,0,) d :=1.000
Common rocker (04C) a':=0.590 Second coupler (CD) b'=0325
Output rocker (Lg) c¢':=0.325 Second ground link (0406) d':= 0.419
Link 7 (L7) e:=0.938 Link 8 (Lg) f:=0.572
Link 5 extension (DE) p=0.823 Angle DCE 8 :=7.0-deg
Angle BO,C o = 128.6-deg
Two argument inverse tangent: atan2(x,y) .= Yretwrn 0.5-7 if x=0A y>0)
return 1.5-7 if (x=0A y<0)
return atan((z)) ifx>0
x
atan((l)) + 7 otherwise
x
Solution: See Figure P3-36 and Mathcad file P0444.

1. This eightbar can be analyzed as a fourbar (links 1, 2, 3, and 4) with its output (link 4) as the input to another
fourbar (links 1, 4, 5, and 6). Since links 1 and 4 are common to both, we have an eightbar linkage with links 7 &
8 included. Start by analyzing the input fourbar.

2. Define one revolution of the input crank: 69 := 0-deg,1-deg..360deg

3. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the open circuit).

Kp = -:— Kp:= % K3:= i lézzj T
Kj=22222 Ky = 1.6949 K3=1.0744

A(82) := cos(62) - K; - K2-cos(02) + K3

B(82) := ~2-5in(87) C(02) = K1 - (K2 + 1)-cos(82) + K3

041(02) = 2-(atan2(2-A(62),—B(62) - J B(92)2 ~ 4-A(92)-C(92)D

4. Use equations 4.12 and 4.13 to calculate 0 as a function of 0, (for the open circuit).

cz—dz—az—b2

Ky =
4 2-a-b

Ks5:=

S W

Ky =1.010 K5 = -2.059

D(Gz) = cos(ez) -K;+ K4-cos(92) + K35 E(Gz) = —2-sin(62)
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F(Oz) =Kj+ (K4 - 1)-cos(92) + K5

03(62) := 2-(atan2(2~D(92),—E(92) - JE(62)2 - 4-D(62)-F(92)))

5. Use equations 4.8a and 4.10 to calculate 8 as a function of 8, (for the open circuit).

Input angle to second fourbar: 0 42(9 2) = (-)41(6 2) -

d d av'2—b'2+c'2+d'2
Kjp=— K'p:=— K';3:=

a' ¢’ (2-a’-c"
K'; =0.7102 K'y=12892 K'3 =1.3655

A'(Bz) = cos(942(62)) -K'y - K’2-cos(942(62)) + K'3

B'(Bg) = —2-sin(942(92)) C’(E)z) =K' - (K'z + l)-cos(942(92)) + K'3

06(62) = 2-(atan2(2»A’(92),—B’(92) - JB(ez)Z - 4-A’(62)-C’(92)D

6. Use equations 4.11b, 4.12 and 4.13 to calculate 05 as a function of 6,.
: P dP P

— K'5:=

b’ 2-a"b’

K'y=1.289 K's = -1.365

K'y:=

D(Gz) = cos(642(92)) - K7+ K’4—cos(942(92)) + K's

E(02) = —2-5in(0.42(02))

F(02) = K1 + (K'4 — 1)-cos(042(62)) + K's

051(62) = 2.( aand 2.D(82).-E(62) - [E02)’ - 4-0(02)-7(62)))
952(62) = #(951(92) > 2-1t,951(62) - 2-n,051(92))
05(02) = #f[(105-deg < 62 < 322-deg) A (852(02) <0),852(62) + 2-m,052(62)]

7. Define a vector loop for links 1, 5, 6, 7, and 8 as shown on the next page and write the vector loop equation.

Ri; + Rg +Rpp + Ry - Rg=0. Solving for R; gives R; = Rg - Ry3 - Rg - Rpg. In this equation the only unknown
are 07 and Og. Following the method of Section 4.5, substitute the complex number notation for each position
vector and separate the resulting equation into real and imaginary parts:

e-cos(67) = f -cos(O 8) -Dj
e-sin(67) = f-sin(eg) - D3
where D 1(92) =d+ c'-cos(96(62)) + p-cos(e 5((-)2) + 6)

Dg(ez) = c’-sin(96(62)) + p-sin(95(62) + 8)
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8. Solve these equations in the manner of equations 4.10 using the identities of equations 4.9 gives:

_ 12+ 0i(0)" + DA0y)" - &

D3(67): 27
A(82) :=-D1(62) - D3(62)  BY(62):=2-Dx(62) c'(e2) = Di(62) - D3(62)
tan(%) _ B+ JB? - aarc

2 2.4'

031(02) == 2-(atan2(2-A’(92),—B’(Gz) + ‘]19(92)2 - 4-A'(92)-C’(92)D
98(92) = ifl:(ﬂz < E:—] A (681(92)> 0),681(62) - 2-1:,931(92)]

9. Similarly, solve these equations in the manner of equations 4.11, 4.12 and 4.13 using the identities of equations
4.9 gives:

D) = J7-Dy(62) 2; DA6y) - e
D{02)=-D02) = Do) - E(02) =2:04(0) F(82) := D1(82) - D462)
tan(ﬂj = E+ \/—];J'Z_TD'F'

2 2D

07(62) := 2-(atan2(2-D’(92),—E’(62) + J E’(62)2 - 4-0(92).F'(92)D
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10. Calculate (using equations 4.28) and plot the transmission angle at B.

OtransBl1 (92) = |93(92) - 941(62)'

etransB(GZ) = lif(etransBl (92) > ';‘,75 = BiransBl (92), OtransBI (92))

Transmission Angle at B
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11. Calculate (using equations 4.28) and plot the transmission angle at C.

Btransc1(92) = |95(92) - 942(92)|

atransC(QZ) = Iil(atransCI (92) > l;‘ s = BtransCl (9 2), OtransCl (9 2))

Transmission Angle at C
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12. Calculate (using equations 4.28) and plot the transmission angle at D.

Otransn1(02) = l95(92) - 0(02)] - =

atransD(QZ) = ‘f(gtranle (92) > ‘g‘,n = OransDI (92), OransDI (92))

% Transmission Angle at D
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13. Calculate (using equations 4.28) and plot the transmission angle at E.

OtransEl (62) = |97(92) - 98(92)|

Otransk (92) = I’/( OtransEl (9 2) > 125,75 — OansEl (92), OtransEl (92))

o Transmission Angle at E
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/&5 PROBLEM 4-45
Statement: Create a model of the linkage shown in Figure 3-36 in Working Model.

Solution: See Figure 3-36 and Working Model file P0445.
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25 PROBLEM 4-46

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the path of point P in Figure 3-37a as a function of the angle of input link 2.
Also plot the variation (error) in the path of point P versus that of point 4.

Given: Link lengths:
Input (0,4) a:=0.136 Coupler (4B) b:=1.000
Rocker (04B) ¢ = 1.000 Ground link d:=1414

Coupler point data: p:=2000 §:=0-deg
Two argument inverse tangent atan2(x,y) = |return 0.5-7 if (x=0A y>0)
return 1.5-7 if x=0A y<0)

return atan((z)) if x>0
x
atan((-}i)) + 7 otherwise
x

Solution: See Figure 3-37a and Mathcad file P0446.
1. Check the Grashof condition of the linkage.
Condition(S,L,P,Q) = |SL<« S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL = PQ
return "non-Grashof" otherwise

Condition(a,b,c,d) = "Grashof" crank rocker

1. Define one cycle of the input crank:
07 := 0-deg,1-deg..360-deg
2. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.

2 2 2 2
d d ¢ -d -a -b

Kj:= ; Ky= ; Ks5:= 2ab)

Ky =10.3971 Ky = 14140 K5 = 74187

D(82) := cos(82) — Kj + Ky4-cos(62) + K

E(62) := -2-sin(67) F(02) = K1 + (K4~ 1)-cos(82) + K5

3. Use equation 4.13 to find values of 65 for the crossed circuit.

03(62) = 2-(atan2(2-D(92),—E(G 2) + J E(92)2 - 4-D(p 2)-F(92)D

4. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp := Rs + Rpa"
Rp = a-(cos(ez) +j -sin(ez))l
Rpa = p-(cos(63 + 8) + j-sin(63 + 8))'
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Rpx(ez) = a-cos(ez) + p-cos(93(02) + 5) pr(62) = a-sin(92) + p~sin(93(92) + 5)

5. Plot the coordinates of the coupler point in the local xy coordinate system.

COUPLER POINT PATH

—1.2

—

415

N

> =13 N
2 /
3
3
3 1415
S Red®2)_, /
S | \
&
5
g \
S -15 N v
T
~1.6
12 1.3 14 1.5 16
RPx(OZ)
Coupler Point Coordinate - x
6. Replot, transforming the coupler path to 0,0 and plot the path of point 4.
XA(GZ) = a-cos(ez) .YA(92) = a-sin(ez)
02 PATHS OF POINTS A &P
/:.\
0.1 4 N
Rp,(0)+1.415
Y 4(65) 0 \
01 \_____//
S N
=02
=0.2 =0.1 0 0.1 0.2

Rpy(02)-1415, X,(6,)
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425 PROBLEM 4-47

Statement: Write a éomputer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the transmission angle at point B of the linkage in Figure 3-37a as a function of

the angle of input link 2.
Given: Link lengths:
Input (0,4) a:=0.136 Coupler (4B) b:=1.000
Rocker (O4B) ¢:=1.000 Ground link d:.=1414

Coupler point data: p:=2.000 §:=0-deg
Two argument inverse tangent atan2(x,y) .= freturn 05-7 if x=0A y>0)
return 1.5-7 if x=0A y<0)

return atan((-z)) if x>0
x
atan((l)) + 7w otherwise
x

Solution: See Figure 3-37a and Mathcad file P0447.
1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL« S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL= PQ
return "non-Grashof" otherwise
Condition(a,b,c,d) = "Grashof" crank rocker
1. Define one cycle of the input crank:
07 := 0-deg, 1-deg..360-deg

2. Use equations 4.8a and 4.10 to calculate 0, as a function of 6, (for the crossed circuit).

2 2 2 2
K1:=1 Kzzzﬂ K3:=a—b +c +d
a c (2-a-c)
K;=10.3971 K7 =1.4140 K3=174187

A(Gz) = cos(Oz) - Kj - Kg-cos(eg) + K3

B(62) := 2-5in(07) c(62) = K; - (K2 + 1)-cos(82) + K3

04(62) = 2-{atan2{2.4(8.).-B(63) + | (62)" - 4-4(02)-C(62)))

3. Use equations 4.12 and 4.13 to calculate 6 as a function of 8, (for the crossed circuit).

c2—a’2—c12—b2

2-a-b

Ky:=

o |

K5 .=

Ky=1414 K5 =-7419
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D(ez) = cos(Gz) -K;+ K4-cos(62) + K5 E(Gz) =2 s,-n(gz)

F(Gz) =K;+ (K4 - 1)-cos(92) + K35

03(62) = 2-(atand{ 2-D(8.).-B(6) + | (6:)" - 4-D(02)-7(62)))

4. Calculate (using equations 4.28) and plot the transmission angle at B.

OnransB1 (92) = |93(62) - 94(92)|

etransB(GZ) = ly(etransBI (92) > 12':"71' — OpansBI (02), OtransBl1 (92))

% Transmission Angle at B

Orransi(92) ” / / \
— L/ \\ // \
L/

75
0 45 90 135 180 225 270 315 360

02

deg
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4Z< PROBLEM 448
Statement: Create é model of the linkage shown in Figuré 3-37a in Working Model.

Solution: See Figure 3-37a and Working Model file P0448.
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JZS PROBLEM 4-49
Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to

calculate and plot the path of point P in Figure 3-37b as a function of the angle of input link 2.
Given: Link lengths:

Input crank (L) a:= 050 First coupler (4B) b:=1.00
Rocker 4 (04B) c:=1.00 Rocker 5 (Ls) ¢':=1.00
Ground link (0,04) d:=0.75 Second coupler 6 (CD) b':=1.00
Coupler point (DP) p=1.00 Distance to OP (0,0p) d =150
Two argument inverse tangent: atan2(x,y) .= |return 0.5-7 if (x=0A y>0)

return 1.5-r if x=0A y<0)

return atan((l)) if x>0
x
atan((-“‘—))) + 7 otherwise
x

1. Links 4,5, BC, and CD form a parallelogram whose opposite sides remain parallel throughout the motion of the
fourbar 1,2, AB, 4. Define a position vector whose tail is at point D and whose tip is at point P and another
whose tail is at O, and whose tip is at point D. Then, since Rs = R 45 and Rpp = -Ry, the position vector from O,
to PisP =R, + R, g - Ry. Separating this vector equation into real and imaginary parts gives the equations for
the X and ¥ coordinates of the coupler point P.

Xp=d+ b-cos((&);;) - c-cos(64) Yp= b-sin(03) - c-sin(64)

2. Define one revolution of the input crank: 67 := 0-deg, 1-deg..360deg

Solution: See Figure 3-37b and Mathcad file P0449.

3. Use equations 4.8a and 4.10 to calculate 0, as a function of 0, (for the open circuit).

2 2 2 2
d -b
Kj=— Kg::i K3:=a te +d
a c (2-a-c)
K = 1.5000 K7 =0.7500 K3 =0.8125

A(Gz) = cos(ez) -Kj - Kz-cos(ez) + K3

B(62) := ~2-5in(82) c(02) = K1 - (K2 + 1)-cos(02) + K3

04(62) := 2-(atan2(2-A(92),—B(92) - J 3(92)2 - 4-A(92)-C(62)D

4. Determine the values of the constants needed for finding 05 from equations 4.11b and 4.12.

2 2 2 2
d ¢c -d —-a-b
Ky =7 Ks:= 2ab) K4 =0.7500 K5 =-0.8125
D(Oz) = cos(ﬁz) - K+ K4-cos(62) + K5 E(Gg) = -—2-sin(92)

F(92) =K;+ (K4 - 1)-cos(62) + K5
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5. Use equation 4.13 to find values of 9 for the open circuit.

03(62) = 2-(atan2(2-D(62),~E(6 2) - J 15(62)2 - 4-D(62)-F(62)D

6. Define a local xy coordinate system with origin at O p and with the positive x axis to the right. The coordinates
of P are transformed toxp=Xp-d',yp= Yp.

xp(ez) =d+ b-cos(ﬂ 3(92)) - c-cos(64(62)) -d

SOLUTION MANUAL 4-49-2

yp(@z) = b-sir(B 3(92)) - c-sin(94(92))

7. Plot the path of P as a function of the angle of link 2.
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&S PROBLEM 4-50

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to

calculate and plot the transmission angles at points B, C, and D of the linkage in Figure 3-37b as a
function of the angle of input link 2.

Given: Link lengths:
Input crank (L,) a:=0.50 First coupler (4B) b:=1.00
Rocker 4 (O4B) ¢:=1.00 Rocker 5 (Ls) ¢ =1.00
Ground link (0,04) d:=0.75 Second coupler 6 (CD) b':=1.00
Coupler point (DP) p:=1.00 Distance to OP (0,0p) d =150
Two argument inverse tangent: atan2(x,y) .= |return 0.5-7 if x=0A y>0)
return 1.5 if x=0A y<0)
return atan((z)) if x>0
x
atan((-z)) + 7 otherwise
x
Solution: See Figure 3-37b and Mathcad file P0450.
1.

Links 4, 5, BC, and CD form a parallelogram whose opposite sides remain parallel throughout the motion of the
fourbar 1, 2, AB, 4. Therefore, the transmission angles at points B and D will be the same and the transmission
angle at point C will be the complement of the angle at B.

2. Define one revolution of the input crank: 0, := 0-deg,l-deg..360deg

3. Use equations 4.8a and 4.10 to calculate 8, as a function of 0, (for the crossed circuit).

2 2 2 2
_4d _d _a-b+c +d
Ki= a K2:= c K3:= (2-a-c)
K] = 1.5000 K> = 0.7500 K3 = 0.8125
A(Oz) = cos(Bz) - Kj - Kz-cos(ez) + K3
B(82) := —2-sin(6) C(62) = K1 - (K2 + 1)-cos(82) + K3
04(02) = 2-(atan2(2-A(62),—B(62) - J B(6o,)’ - 4‘A(62)‘C(92)D
4. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.
2 2 2 .2
d ¢c -d —-a -b
Ky= Ks:= b K4=0.7500  K5=-08125
D(Gz) = cos(Gz) - Kj + K4-cos(62) + K5 E(Gz) = —2-sin(92)

F(02) = K1 + (K4 1)-cos(02) + Ks

5. Use equation 4.13 to find values of 0, for the crossed circuit.

03(62) := 2-(atan2(2-D(9 2),~B(62) + J E(o 2)2 ~ 4-D(62)-F(6 2)))
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6. Calculate (using equations 4.28) and plot the transmission angles at B and D.

OrransBI (92) = |93(92) - 94(92)|

BuransB(82) := lif(etmnsm (62)> g,n ~ BuransB1(02), BiransB1 (ez))

Transmission Angles at B and D

'\
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HtransB(92) 50 / \
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82
deg

6. Calculate and plot the transmission angle at C.

Otransc1(02) = |180-deg — Biransp(02)|

etransC(GZ) = Ii/(etransCI (92) > 15",7‘ = BrransCl (92), BOtransCl (62))

Transmission Angle at C
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&S PROBLEM 4-51

Statemeht: Create a model of the linkage shown in Figure 3-37b in Working Model.

Solution: See Figure 3-37b and Working Model file P0451.
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Eg PROBLEM 4-52
Statement:  For the linkage in Figure P4-16, what are the angles that link 2 makes with the positive X-axis when
links 2 and 3 are in toggle positions?
Given: Link lengths:
Input (0O,4) a:=14 Coupler (4B) b:= 80
Rocker (O4B) c:=51.26

0O, offset in XY coordinates: Oyx =475 Oyy =76 -12 Oy4y = 64.000
Ground link: d:= ’O4X2 + 0 d = 79.701
Solution: See Figure P4-16 and Mathcad file P0452.

1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q) = |[SL« S + L
PO« P+Q
return "Grashof' if SL < PQ
return "Special Grashof" if SL = PQ

return "non-Grashof" otherwise

Condition{(a,b,c,d) = "Grashof" crank rocker
2. Define the coordinate frame transformation angle:
Oyy
S =7 + atan| — 8 = 126.582 deg
Oyx |

3. Calculate the angle of link 2 in the XY system when links 2 and 3 are in the overlapped toggle position.

2 2 2
b-a) +d —c :|+8 B21xy = 86.765 deg

6 =
21XY _m{ 2(b - a)d

4. Calculate the angle of link 2 in the XY system when links 2 and 3 are in the extended toggle position.

G+al+d -
7 = —aco +8 7} = 93.542 de.
22XY 6T 22XY g
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4Z$ PROBLEM 4-53

Statement: The coordinates of the point P1 on link 4 in Figure P4-16 are (114.68, 33.19) with respect to the xy
coordinate system when link 2 is in the position shown. When link 2 is in another position the
coordinates of P2 with respect to the xy system are (100.41, 43.78). Calculate the coordinates of
P1 and P2 in the XY system for the two positions of link 2. What is the salient feature of the
coordinates of P1 and P2 in the XY system?

Given: Vertical and horizontal offsets from O, to O,.

0204x :=475in 0204y := 64-in

Coordinates of Py and P, in the local system

Pix = 114.68-in P1y:=33.19-in
Pox := 100.41-in P2y := 43.78-in
Solution: See Figure P4-16 and Mathcad file P0453.

1. Calculate the angle from the global X axis to the local x axis.

0204y
6 :=180-deg — a 8 = 126.582 deg
0204x
2. Use equations 4.0b to transform the given coordinates from the local to the global system.
Pix = P1x-cos(8) — Piy-sin(5) Pix = -95.00in
Py = Plx-sin(ﬁ) + Ply-cos(f)) Pyy =7231in
Pox = sz-cos(éi) - sz-sin(S) Pyx = -95.00in
Py := Pox-sin(8) + Pay-cos(s) Pyy = 54.54in

3. Inthe global XY system the X-coordinates are the same for each point, which indicates that the head on the end
of the rocker beam 4 is designed such that its tangent is always parallel to the Y-axis.
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&5 PROBLEM 4-54

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the angular position of link 4 with respect to the XY coordinate frame and the
transmission angle at point B of the linkage in Figure P4-16 as a function of the angle of input link

2 with respect to the XY frame.
Given: Link lengths:
Input (0,4) a:=14 Coupler (4B) b:=80
Rocker (O4B) ¢c:=51.26 Ground link d :=79.70
Two argument inverse tangent atan2(x,y) = freturn 0.5-% if (x=0A y>0)
return 1.5-7 if (x=0A y<0)
return atan((z)) if x>0
x
atan((-ZD + 7 otherwise
x
Solution: See Figure P4-16 and Mathcad file P0454.

1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL< S+ L
PO« P+ Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL= PQ
return "non-Grashof" otherwise

Condition(a,b,c,d) = "Grashof" crank rocker

2. Define the coordinate frame transformation angle:
47.
S = 90-deg + atan(—g) 8 = 126.582 deg

3. Define one cycle of the input crank with respect to the XY frame:
Ooxy = 0-deg,1-deg.. 360-deg 92(0zxy) = Orxy - &

4. Use equations 4.8a and 4.10 to calculate 6, as a function of 6, (for the crossed circuit).

Kj:= —:— Ky:= % K3:= o - lg:zj +d

Kj = 5.6929 Ky = 15548 K3 =1.9339

A(62xy) = cos(62(62x7)) - K1 - Kz-cos(6262x7)) + K3

B(02xy) = ~2-sin 02 62xy)) c(62xy) = K; ~ (K2 + 1)-cos(8 62x7)) + K3

ou(0217) =2 (atand 2 4(0215), l0210) + [ ozmr)’ — 4 A(o2ar) \o2r)))

64(02,\fy) = 641(62)()') +86-2¢
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5. Use equations 4.12 and 4.13 to calculate 6; as a function of 0, (for the crossed circuit).

_ c2—c172—a2~b2
2-a-b

Ky:=

> |

Ks:
Ky = 0996 Ks = —4.607

D(62xy) = cos(62 62x7)) - K1 + Kg-cos(6x(62xy)) + K5
E(02xy) = ~2-sin( 62 62x7))

F(ezxy) =K+ (K4 - 1)-cos(92(02xy)) + K5

93(6’2xy) = 2-(atan2(2-D(02X}'),-—E(ozxy) + JE(O;X)/)Z - 4-D(02H)-F(Bzxy)))

6. Plot the angular position of link 4 as a function of the input angle of link 2 with respect to the XY frame.

Angular Position of Link 4

40
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30 ///
94(92)(7) 25 / \
w2y \ )
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7. Calculate (using equations 4.28) and plot the transmission angle at B.

9zransBJ( 92XY) = |63(6’2XY) - 641(6'2XY)|

0transB(6’2XY) = iif(etransBl(32XY) > lzt--,n - Htransm(@zxy), etransBI(HZXY))l

Transmission Angle at B
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&5 PROBLEM 4-55

Statement: For the linkage in Figure P4-17, calculate the maximum CW rotation of link 2 from the position
shown, which is -20.60 deg with respect to the local xy system. What angles do link 3 and link 4
rotate through for that excursion of link 2?

Given: Link lengths:
Input (O,4) a:=917 Coupler (4B) b:=12.97
Rocker (O4B) c:=9.57 Ground link d:=1749

Initial position of link 2: 95 := —26.00-deg + 2-n (Wwith respect to xy system)
Two argument inverse tangent atan2(x,y) = freturn 0.5-7r if (x=0 A y>0)
return 1.5-7 if x=0 A y<0)

return atan((l)) if x>0
x
atan((z)) + m otherwise
x

Solution: See Figure P4-17 and Mathcad file P0455.
1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL« S + L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL= PQ
return "non-Grashof" otherwise

Condition(d ,b,a,c) = "non-Grashof"

2. Using equations 4.33, determine the crank angles (relative to the line 0,0,) at which links 3 and 4 are in toggle.

ar. ‘—“2+d2“b2‘62+—b—'5 arg] = 0.936
81 2-a-d a-d gr="=

ar, R argy = -2.678
B2 T ad ad 2=

021 := acos(argl) 021 = 20.55deg

The other toggle angle is the negative of this.
022 :=-021 + 2w 022 = 339.45deg
3. Calculate the CW rotation of link 2 from the initial position to the toggle position.
ABy =021 - 69 A8y = -313.45 deg

4. Determine the values of the constants needed for finding 8, from equations 4.11b and 4.12.

2 2 2 .2
Y
K1:=£ K4:=~q- K5:=c a b
a b (2-a-b)
K; =0.8168 Ky =0.5775 K5=-09115

D(Gz) = cos(az) - K+ K4~cos(62) + K5
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E(02) := 2-5in(8>) F(62) = K; + (K4 - 1)-cos(82) + K5

6. Use equation 4.13 to find values of 05 for the crossed circuit.

03(62) = 2.(arand2-D(02) ~2(62) + [H(02)” - 4-D(02)-7(02)))

Initial angular position of link 3: 93(9 20) - 2-n = 72245 deg

Final angular position of link 3: 93(921 + 0.001 -deg) = 250.764 deg
A83 := 03(021 + 0.001-deg) — (83(620) — 2-n) A3 = 178.518 deg

7. Use equations 4.8a and 4.10 to calculate 6, as a function of 0, (for the crossed circuit).

2 2 2 2
Kl:=£ Kg::—d- K3:=a—b +c¢ +d
a c (2-a-¢)
Kj=0.8168 K> =0.7827 K3 =0.3621

A((—)z) = cos(ez) - K- K2-cos(62) + K3

B(82) := -2-sin(87) (62) = K1 - (K2 + 1)-cos(82) + K3

04(62) := 2-(atan2(2-A(92),—B(92) + J B(02)” - 4-4(02)-C(0 2)))
Initial angular position of link 4: 64(920) - 2.1 = 60.538 deg
Final angular position of link 4:  84(621 + 0.001-deg) = 250.615 deg

AB4 = 04(021 + 0.001-deg) — (04(620) ~ 2-1)  AB4 = 190.077 deg



DESIGN OF MACHINERY SOLUTION MANUAL 4-56-1

25 PROBLEM 4-56

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
calculate and plot the path of point P in Figure P4-17 with respect to the XY coordinate system as a
function of the angle of input link 2 with respect to the XY coordinate system.

Given: Link lengths:
Input (O,4) a:=9.174 Coupler (4B) b:=12971
Rocker (O4B) c:=9.573 Ground link d=17487

Coupler point data: p:=1500 & :=0-deg
Two argument inverse tangent atan2(x,y) .= {return 05-7 if (x=0A y>0)
return 1.5 if x=0A y<0)

return atan((-}—])) if x>0
x
atan((z)) + 7w otherwise
x

Solution: See Figure P4-17 and Mathcad file P0456.
1. Check the Grashof condition of the linkage.
Condition(S ,L,P,Q):= |SL< S+ L
PO« P+Q
return "Grashof" if SL < PQ
return "Special Grashof" if SL= PQ

return "non-Grashof" otherwise

Condition(d ,b,a,c) = "non-Grashof"

2. Using equations 4.33, determine the crank angles (relative to the line 0,0,) at which links 3 and 4 are in toggle.

arg1‘—a2+d2_b2_cz+£'—c— arg) = 0.937
’ 2.a-d ad &1 ="
argy = Crd B e argy = —2.679
82 2ad ad B2=m
O2t0ggle = aco.s(argj ) O210ggle = 20.501 deg

The other toggle angle is the negative of this.
3. Define the coordinate transformation angle.

Transformation angle: o= —atan(g'—jg) o = —68.128 deg

4. Define one cycle of the input crank between limit positions:

02 := O2t0ggle, O2toggle + 1-deg..2-m — O210ggle

5. Determine the values of the constants needed for finding 6, from equations 4.11b and 4.12.
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2 2 2 2
d _4 _¢-d -a-b
k=2 Ka=7 Ks: (2-a-b)
K =038161 K4=05772 K5=-09110
D(Bg) = cos(92) -K;+ K4-cos(92) + K35
E(02) := ~2-sin(07) F(02) = Kp + (K4~ 1)-cos(02) + K

6. Use equation 4.13 to find values of 05 for the crossed circuit.

03(65) = 2-{atan2 2.0(0,),02) + JH(0) - 4-0(02)F(e:)))

7. Use equations 4.27 to define the x- and y-components of the vector Rp.

Rp =Ry + RPA.
Ry = a-(cos(@z) +]j ~sin(92)).
Rpa = p-(cos(93 + 5) +] -sin(93 + 6))'

Rpy{02) := a-cos(82) + p-cos(83(62) + 8) Rpy(02) := a-sin(62) + p-sin(63(62) + )
8. Transform these local xy coordinates to the global X¥ coordinate system using equations 4.0b.

Rpx(92) = Rp{02)-cos(a) — Rpy(02)-sin(c)

Rpy(02) = Rp02)-silar) + Rpy{02)-cos(a)
9. Plot the coordinates of the coupler point in the global X¥ coordinate system.

COUPLER POINT PATH
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&S PROBLEM 4-57

Statement: For the linkage in Figure P4-17, calculate the coordinates of the point P in the XY coordinate
, system if its coordinates in the xy system are (2.71, 10.54).

Given: Vertical and horizontal offsets from O, to O,.
0204y := 2.790-in 0204y = —6.948-in

Coordinates of P in the local system

Py := 12.816-in Py:= 10.234.in
Solution: See Figure P4-17 and Mathcad file P0457.

1. Calculate the angle from the global X axis to the local x axis.

0204y
d:=a 6 = —68.122 deg
0204x

2. Use equations 4.0b to transform the given coordinates from the local to the global system.

Px := Py-cos(8) — Py-sin(5) Px = 14273 in

Py := Py-sin(8) + Py-cos(5) Py = -8.079in
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&S PROBLEM 4-58

Statement: The elliptical trammel in Figure P4-18 must be driven by rotating link 3 in a full circle. Derive
analytical expressions for the positions of points 4, B, and a point C on link 3 midway between A4
and B as a function of 05 and the length 4B of link 3. Use a vector loop equation. (Hint: Place the
global origin off the mechanism, preferably below and to the left and use a total of 5 vectors.)
Code your solution in an equation solver such as Mathcad, Matlab, or TKSolver to calculate and
plot the path of point C for one revolution of link 3.

Solution: See Figure P4-18 and Mathcad file P0458.

1. Establish the global XY system such that the coordinates of the intersection of the slot centerlines i is at (dx,dy).
Then, define position vectors Ry, R}y Ry, R3, and R, as shown below.

2. Write the vector loop equation: R;y+ Ry + Rj - R;x- Ry =0 then substitute the complex number notation for
each position vector. The equation then becomes: ’

T s
(), o000 0, A5
2 + a-ej(o) + c-e]( 3) - dX‘ej(O) — b-e 2

3. Substituting the Euler identity into this equation gives:

dy-e =0
dy-j+a+ c-(cos(eg) + j-sin(ag)) —-dy-b-j=0
4. Separate this equation into its real (x component) and imaginary (y component) parts, setting each equal to zero.

a+ c~cos(03) —-dy=0 dy + c-sin(03) -b=0

5. Solve for the two unknowns a and 4 in terms of the constants dy and dy and the independent variable 6.
Where (a,dy) and (dy,b) are the coordinates of points 4 and B, respectively, and ¢ is the length of link 3. With
no loss of generality, let dy=dy=d. Then,

a=d - c-cos(03) b=d+ c-sin(03)

6. The coordinates of the point C are:

Cx = d - 0.5-cos(63) Cy =d + 0.5-c-sin( 63)
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7. Using a local coordinate system whose origin is located at the intersection of the centerlines of the two slots
and transforming the above functions to the local xy system:

ay = ~c-cos(€3) ay=0
8. To plot the path of point C as a function of 8;, let ¢ := 1 and define a range function for 0,

03 := 0-deg,1-deg..360-deg

Cx(03) = —0.5-c-cos(03) Cy(63) = 0.5-sin(03)

Path of Point C

0.5




DESIGN OF MACHINERY 4-A-1

PROBLEM 4-6




DESIGN OF MACHINERY

4-A-2

PROBLEMS 4-6 AND 4-7 PROBLEMS 4-9 AND 4-10
Open Open  Crossed Crossed Open Open  Crossed Crossed
Row 0, 0, 0, 0, Row 0 d 0, d

a 88.8 117.3 -115.2 -143.6 a 180.1 5.0 -0.14 -3.0
b -43.2 120.2 -67.3 129.2 b 127.9 4.7 52.1 2.7
c -53.1 16.5 173.3 103.6 c 205.9 9.8 -25.9 -4.6
d 27.4 62.8 -90.1 -125.5 d 168.3 8.0 11.7 -11.5
€ 7.5 78.2 -79.0 -149.7 € 175 16.4 4.2 -23.5
f -47.3 -25.0 121.6 99.4 f 166.9 12.1 13.1 -13.2
g -16.3 7.2 155.7 132.2 g 212.7 271 -32.7 -14.9
h 9.4 111.7 -68.3 -170.6
i -1.5 103.1 -113.5 141.8
j 20.6 133.9 -70.9 175.9
k -13.3 31.9 -102.1 -147.3
1 -3.9 50.2 -91.7 -145.8
m -3.5 35.9 -96.5 -135.9
n -1.3 104.5 -50.4 -156.3

PROBLEM 4-9
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4-A-3

PROBLEM 4-11

PROBLEMS 4-11 AND 4-12

Open Open  Crossed Crossed
Row 0, 0, 0, 0,
a 232.7 142.7 -79.0 -169.0
b 140.1 65.1 -70.7 -145.7
c 91.4 46.4 208.7 163.7
d 188.4 128.4 -71.1 -131.1
e 158.2 128.2 -36.2 -66.2
f 200.9 110.9 -58.0 -148.0

PROBLEM 4-13

Row

0

trans

= 00 -, 0 o 0O o .

-

28.45
16.52
69.62
35.36
70.72
22.25
23.55
77.62
75.36
66.71
45.18
54.15
39.41
74.17
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PROBLEM 4-16

PROBLEMS 4-16 AND 4-17

Open Open  Crossed Crossed
0

Row ) 0, 0, 0,
a 173.6 -177.7 -115.2 -124.0
b 39.6 91.0 -104.7 -156.2
c 17.6 64.0 -133.7 179.9
d 56.3 101.9 -96.1 -141.7
€ -164.0 -94.4 111.2 41.6
f 12.5 108.3 -54.6 -150.4
g 44.2 124.4 -69.1 -149.3
h -13.0 99.3 -90.3 157.4

37.1 120.2 -67.4 -150.5

-







