Chapter

CAM DESIGN

TOPIC/PROBLEM MATRIX
SECT TOPIC PROBLEMS
8.1 Cam Terminology 8-1, 8-3, 8-5
8.3 Double-Dwell Cam Design 8-55
Simple Harmonic Motion (SHM)  8-26
Cycloidal Displacement 8-23
Modified Trapezoidal 8-7, 8-11, 8-21, 844
Modified Sinusoidal 8-8, 8-10, 8-22, 8-45
Polynomial Functions 8-24, 8-25, 8-33, 846
8.4 Single-Dwell Cam Design 8-9, 8-42, 8-47, 8-53
8.6 Critical Path Motion 8-17, 8-43, 8-48, 8-54
8.6 Sizing the Cam
Pressure Angle 8-2, 8-4, 8-6, 8-34
Radius of Curvature
Roller Followers 8-18, 8-19, 8-20, 8-27, 8-28, 8-29, 8-30, 8-31, 8-32,
8-35, 8-36, 8-37, 8-38, 8-39, 8-40, 8-41
Flat-Faced Followers 8-49, 8-50, 8-51, 8-52

Roller & Flat-Faced Followers 8-12, 8-13, 8-14, 8-15, 8-16
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&S PROBLEM 8-1

Statement: Figure P8-1 shows the cam and follower from Problem 6-65. Using graphical methods, find and
sketch the equivalent fourbar linkage for this position of the cam and follower.

Solution: See Figure P8-1 and Mathcad file P0801.

1. Draw the cam and follower to scale.
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2. Asdescribed in Section 8.1 and Figure 8-1, find the centers of curvature of the cams, which are located on the
common normal (axis of transmission). They will be the locations of the moving pivots of the effective

pin-jointed fourbar linkage.
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&S PROBLEM 8-2

SOLUTION MANUAL 8-2-1

Statement: Figure P8-1 shows the cam and follower from Problem 6-65. Using graphical methods, find the
pressure angle at the position shown.
Solution: See Figure P8-1 and Mathcad file P0802.

1. Draw the cam and follower to scale.
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2. As defined in Section 8.6 and Figure 8-41, the pressure angle is the angle between the direction of motion of the
follower and the direction of the axis of transmission. Establish those two directions and measure the angle

between them.
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&5 PROBLEM 8-3
Statement: Figure P8-2 shows the cam and follower. Using graphical methods, find and sketch the equivalent
fourbar linkage for this position of the cam and follower.

Solution: See Figure P8-2 and Mathcad file P0803.

1. Draw the cam and follower to scale.

2. Asdescribed in Section 8.1 and Figure 8-1, find the centers of curvature of the cams, which are located on the
common normal (axis of transmission). They will be the locations of the moving pivots of the effective

pin-jointed fourbar linkage.
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&S PROBLEM 8-4

Statement: Figure P8-2 shows the cam and follower. Using graphical methods, find the pressure angle at the
position shown.

Solution: See Figure P8-2 and Mathcad file P0804.

1. Draw the cam and follower to scale.
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2. As defined in Section 8.6 and Figure 8-41, the pressure angle is the angle between the direction of motion of the
follower and the direction of the axis of transmission. Establish those two directions and measure the angle
between them.
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&S PROBLEM 8-5

Statement: Figure P8-3 shows the cam and follower. Using graphical methods, find and sketch the equivalent
fourbar linkage for this position of the cam and follower.

Solution: See Figure P8-3 and Mathcad file P0805.

1. Draw the cam and follower to scale.
Common Nomal

2. Asdescribed in Section 8.1 and Figure 8-1, find the centers of curvature of the cams, which are located on the
common normal (axis of transmission). They will be the locations of the moving pivots of the effective
pin-jointed fourbar linkage.
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S PROBLEM 8-6

Statement: Figure P8-3 shows the cam and follower. Using graphical methods, find the pressure angle at the
position shown.

Solution: See Figure P8-3 and Mathcad file P0806.

1. Draw the cam and follower to scale.

Common Normal

2. As defined in Section 8.6 and Figure 8-41, the pressure angle is the angle between the direction of motion of the
follower and the direction of the axis of transmission. Establish those two directions and measure the angle
between them.
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&S PROBLEM 8.7

Statement: Design a double-dwell cam to move a follower from 0 to 2.5 in in 60 deg, dwell for 120 deg, fall 2.5 i
in 30 deg and dwell for the remainder. The total cycle must take 4 sec. Choose suitable programs
for rise and fall to minimize accelerations. Plot the s v a j diagrams.

Given: RISE DWELL FALL DWELL
B = 60-deg B2 :=120-deg B3:=30-deg B4 :=150-deg
hj:=25-in hy:=0-in h3:=2.5:in hy:=0-in

Cycletime: 1 :=4-sec

Solution: See Mathcad file P0807.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is
_ 2mrad o= 157174
T sec

2. From Table 8-3, the motion program with lowest acceleration that does not have infinite jerk is the modified
trapezoidal. The modified trapezoidal motion is defined in local coordinates by equations 8.15 through 8.19. The
numerical constants in these SCCA equations are given in Table 8-2.

b:=025 c:=0.50 d =025
Cy:=2.0000 Cq:=4.8881] Cj:=61.426

3. The SCCA equations for the rise or fall interval (§) are divided into 5 subintervals. These are:

for 0 <=x <= b/2 where, for these equations, x is a local coordinate that ranges from 0 to 1,

2
7 C”'[x'ﬁ - ('b') 'Si{ﬁ' )] Vi) = ca-i'(‘ - cos(i. ))
T n b n b
)= Ca-sin(%‘x) y'x) = Ca-g.cos(%.x)

forbR2 <=x<=(1-d)2

2
x 11 2(1 1 o (1 1
yg(x) =Cqy 7 + b(; - E)x +b (E - —-Z-J y'aAx) =Cq l:x + b (n 2)]

Y'Ax) = Cq y'Ax) =0

for(1-d)2 <=x<=(1+d)2

2 2 2
P A T 2(1 1Y)y (- (ay (= 1-4d
y3(x) = C,4 (n +2)x+(n) +b (8 nz) . (n) co:[d (x . )j|
iy et e 4 Jnf 1-d
y3(x)._C,,|:1t +2+nszr{d (x > ):”
1-d -
Y3) = ca-co:[g-( - )] Y73x) = —Ca-g-si{g-( . 2”’)}
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for(1+d)2<=x<=1-5bR2

2
x b b 2 2y (1 1 1
=Cgl-—+|—+1-—}x+2d -b )| —-=]-—
y4(x) a 2 ( 2) ( )(2 ) 4

b1 8
s
’ b b ” "
y'i(x) =Cqy —x+—+l—-—2- Y a(x) = —C,4 y"x)=0
R

forl-bR<=x<=1

2 2 2 2 2
B
T

4 s
T
Y's(x) = Ca-g{ 1- co:{lt—-(x - l)ﬂ
T b
Y'5(x) = Coesi %-(x - 1)} y75(x) = ca-f-co:[f-(x - 1)]

4. The above equations can be used for a rise or fall by using the proper values of 0, 8, and h. To plot the SVAJ
curves, first define a range function that has a value of one between the values of a and b and zero elsewhere.

R(x,x1,x2) = if[(x>xI) A (x < x2),1,0]

5. The global SVAJ equations are composed of four intervals (rise, dwell, fall, and dwell). The local equations
above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0 <= 0 <= 360
deg.

6. Write the local svaj equations for the first interval, 0 <=0 <= . Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For0 <=6 <=B, (Rise)

b b 1- -
515) = hy- R(x,O,E)-yl(x) . R(x,z,Td)-yz(x) . R(x, ! : d 1 . d)-ys(x)
1+d b b
+R(x,T,l - 5)-y4(x) + R(x,l - 5,1)-y5(x)

hy b b 1-d 1-d 1+d
vi(x) = —- x,0,— -y 1(x) + ,—,—— |-¥2(x) + R| x, " P'3(x) ...
1(x) 7 R( 2)}’1() R( 22 )yz() R( 5 5 )y3()
1+d b b
+ Rl x, A —-=1yx)+ Rix, 1 ——,1[|y5s(x
R( 5 2)yzt() R( 5 )y5()
hy b b 1-d 1-d 1+d
a](x):: ° R(x’oa— 'J’"I(x)'*’R( s s '.V"Z(x)‘*‘l(JC, ’ )'J’"_?(x) vae
ﬂ12 12 p , 22 , 2 2
+
+R| x, == 19"4x)+ R x,1 — —,11-y"s5(x
R( > 2)}'4() R( 5 )y5()

, hy b b 1-d 1-d 1+d
j](x) = * x,O,— ‘)’"'I(x) + X, =, 'y"'Z(x) + X, > 'y,".?(x) e
3 2 27 2 2 2
ﬁl + x 1_+€ 1 — 2 e (x) + x 1 _ 2 1 re (x)
s 2 ? 2 y 4 b 2 i y 5
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7. Write the local svaj equations for the second interval, B; <=0 <=+ B,. For this interval, the value of S is the
value of § at the end of the previous interval and the values of ¥, 4, and J are zero because of the dwell.

For B, <=8 <=B,+B,
s2x):=hj vx)=0 ax)x):=0 JAx)=0
8. Write the local svaj equations for the third interval, B, + B, <=0 <= ,.+ B, + B;.

ForB, + B, <=0 <=B,.+B,+B;

b b 1-d 1-d 1+d
s3(x):=h71 - R(x,O,;)-y1(x)+R( ,E,—E—)-yz(x)+ R(x, > ; )-y_;(x)
1+d b b
+ R(x, > 1= —2-) y4(x) + R(x,l - —2-,1)-y5(x)
h _ _
vi(x) := ——ﬁ—? R(x,o,g)-yﬁ(x) + R( ,g,l-—d)-y'z(x) + R(x, ! > d R ! ;d)-y}(x)
1+d b b
+R(x, ; ,1 - 5) Vi(x) + R(x,l - 5— 1) y'5(x)
) + R( -’3,—‘;‘1) y20 + x4 ;d)-y"a(x)

)»
E ; d b b
1+
+ R x, A== 19"dx) + R x,1 — —,1 |-y"5(x
o221 Db 2

; . _h_3_ e _b__ _li s, l—d l+d "
J3(x) = - 3-R( ) (x)+R( 3 ) 2(x) + ) ) 3() ...
B3 b

AR A

9.  Write the local svaj equations for the fourth interval, B, + 5 + B3 <=0 <=f,.+ B, + B3 + B4. For this interval, the
values of S, V, 4, and J are zero because of the dwell.

o8]

ForB,+ B, +P;<=0<=B,;.+ P, +B;+B,
s4(x):=0 vg(x) =0 ay(x):=0 J4(x):=0

10. Write the complete global equation for the displacement and plot it over one rotation of the cam, which is the
sum of the four intervals defined above.

Let 01:=pi 02:=61+ p2 03:= 02+ B3 04:= 63+ Py
8- 6y
s(8):=s 0,61,6
Os(-2) do.0n0e] 3= |
8- 6, G- 03
+R(8,6,,03)s 0,63,6
K(0,0,,09) 3(03-92  K(0,05,00)s (94_03]

0 :=0-deg,0.5-deg.. 360-deg
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11. Write the complete global equation for the velocity and plot it over one rotation of the cam, which is the sum of
the four intervals defined above.

V(@) = vl[-g;l) + R(O, o1, 02)-v2( : iz ]
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12. Write the complete global equation for the acceleration and plot it over one rotation of the cam, which is the sum
of the four intervals defined above.

0 6-6;
A\B) :=ajl — |+ R(6,01,02)
o 2] 00009 of 72

6-6 6-6
+R(6, 62, 03)-a3(63_ 022 + R(6, 93,94)-a4(0 3)
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13. Write the complete global equation for the jerk and plot it over one rotation of the cam, which is the sum of the
four intervals defined above.

J(H) = j](%] + R(B, 91,32)-]'2( -6 ]
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&S PROBLEM 8-8

Statement: Design a double-dwell cam to move a follower from 0 to 1.5 in in 45 deg, dwell for 150 deg, fall 1.5 i
in 90 deg and dwell for the remainder. The total cycle must take 6 sec. Choose suitable programs
for rise and fall to minimize velocities. Plot the SVAJ diagrams.

Given: RISE DWELL FALL DWELL
B = 45-deg B2:=150-deg B3 :=90-deg B4:="T75-deg
hyp:=15-in hp:=0-in h3:=15-in hy:=0-in

Cycletime: 1 := 6-sec
Solution: See Mathcad file PO808.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is

2.1
mrad o = 104774

T sec

2. The modified sinusoidal motion is defined in local coordinates by equations 8.15 through 8.19. The numerical
constants in these SCCA equations are given in Table 8-2.

=

b:=0.25 c:=0.00 d:=0.75
C,:=5.5280

3. The SCCA equations for the rise or fall interval (8) are divided into 5 subintervals. These are:

for 0 <=x <= b/2 where, for these equations, x is a local coordinate that ranges from 0 to 1,

2
yi(x):= Ca-l:x--é - (P—) -sir{iv )] yY'ix) = Ca-é--(l - cos(lt—-x))
n 1 b T b
’” .— . E_ 1" — 'E_ _11'
y'i(x):=Cq, sv{b x) y"i(x) = Cq 5 cos(b x)

for b2 <=x <= (1 - d)2

2
ol pf LoD a2 (oL 'ox) = Cor (L_1
yax) = Cq 2+b(1t 2).7c+b (8 2} yg(x)._Ca[x+b(n 2)]

T

y'Ax)=Cq y"oAx):=0

for(1-d)2 <=x<=(1+ad)2

2 2 2
o N AN I 21 1) _Q-d& (d) JI=( _1-4d
[ O R (RS (i ETAREE)
’ — 2 E g _’E _l-d
y3(x)._Ca[n+2+nsv{d(x 5 ):”
” — . E — 1-d " = -E 1 —T-C- - 1-4
y'3(x) = Caco»{d( 5 )] .Y3(x)-—_cad5”{d( > ):'
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for(1+ad)2<=x<=1-b2

2
x b b 2 2 (1 1) 1
:=C.___+ _—+1__.x+2.d_b..___ =
y#x) = Ca 2 ( 2) ( )(2 sj 4

T
=

b b
Ya(x) = Ca-(-x +—+1- 5) Y'4(x) = —Cq Y 4(x):=0
T

forl-b2 <=x<=1

2 2 2 2 2
y5(x) = Cqye -b--x + 2.(d L ) + a-5 -d _ (—ll) -sir{%-(x— I)J
n

2 4 T
n
V's5(x) = C,,--b--[l - co:[f.(x -1 )ﬂ
T b
Y's(x) := Ca-sir{%-(x - 1)] y'"5(x) = Ca‘%-co{-jbl-(x - l)]

4. The above equations can be used for a rise or fall by using the proper values of 0, B, and h. To plot the SVA4J
curves, first define a range function that has a value of one between the values of a and b and zero elsewhere.

R(x,x1,x2) = iff(x> xI) A (x < x2),1,0]

5. The global SVAJ equations are composed of four intervals (rise, dwell, fall, and dwell). The local equations
above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0 <=0 <=360
deg.

6. Write the local svaj equations for the first interval, 0 <= 0 <= ;. Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For 0 <=0 <=8, (Rise)

- -
U -—ij'yz(x) Ny P d}ys(x)

b
:=hy| R x,0,— |-yi(x) + R x,—,
s57(x) IR( 2)y]() R(z 3 5 5
1+d b b
+ Rl x, A==y + R x,1 ——,1|ys(x
R( 3 2)y4() R( 5 )y5()

hj b b 1-d 1-d 1+d
vi(x) = —- x,0,— |-y 1(x) + ,y—,—— |'¥2Ax) + R| x, , y'3(x) ...
1(x) 7 R( 2)yz() R(z > yAx) 5 5 )y3()
1+d b b
+R| x, ==y x,1-—1ly
R( > 2)y4(x)+f{ > )y5(x)
h; b b 1-d 1-d 1+d
= — ,0,— |-y"1(x) + R x,—,—— |-¥"2(x) + R| x, ,
a(x) ﬂz R(x 2)y/(Jc) R( >3 )y 2(x) %= 5 )y 3(x)
1 1+d b b
+Rl x, == |y"dx0) + Rlx,1 —=,1|y"
R(x > 2))'4() R(x 5 )ys(x)

b 1-d l-d 1+d
J1(x) = R( yi(x) + R( o —Z——J-y"’g(x) + R(x, S ; ) "3(x) ..
R( l - _) rrr (x) + R( ,1 — g,])_yrnj.(x)
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7. Write the local svaj equations for the second interval, B, <=0 <= B+ B,. For this interval, the value of S is the
value of S at the end of the previous interval and the values of ¥, 4, andJ are zero because of the dwell.

For B, <=0 <=+,
sAx)=hy vxx):=0 axx)=0 jxx)=0

8. Write the local svaj equations for the third interval, B, + B, <=0 <=p,.+ B, + B,.

ForB, +B, <=0 <=8,+B,+p;

s3(x) == hy 1 - 10)+R( % 1 )J&&)+R( )yﬂﬂ
b b
2)')’4()‘) + R x, 1~ 5,1) ys5(x)
b 1-—
v3(x) = R( )y1(x) + R( 5 )yz(x) R( )y’3(x)
)y4(x)+R( 1 == 1) "s(x)

h b 1-d -
a3t = —=. R( ) V) + R( E’T) Y'oAx) + B x, - 41 . d)-y"s(x)
& R( 1—3j "4(x)+R(x1—£1-”5(x)
2 2 Yy , 2’ y

h3 b 1-d 1-d 1
J3x) = ——- R[x,O, )y"’z(x) R( ,—,—)-y’"z(x) + R x, d, +d)-y"?(x)
3 27 2 2 2
B3 +d b
R(x 5 1~ —) YLx) + R( -3 lj-y’"s(x)

9. Write the local svaj equations for the fourth interval, ; + §, + f3 <=0 <=f§,.+ B, + B3 + B4. For this interval, the
values of S, V, 4, and J are zero because of the dwell.

ForB, + B, +B; <=0 <=PB,.+ B, + B3+ Py
s4(x):=0 vy(x):=0 ayx):=0 J4(x):=0

10. Write the complete global equation for the displacement and plot it over one rotation of the cam, which is the
sum of the four intervals defined above.

Let 01 := pi 62:=01+ B2 03:= 62+ B3 04:=863+ By
-6
S(0) =5 + R(0 4, 92)
9] 62— 6
- 6> 60— 63
+ R 8,07,03)s3 + R O,03,04)-54
Ho.02.0)f 52|+ 0.0, 52

0 := 0-deg,1-deg.. 360-deg
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11. Write the complete global equation for the velocity and plot it over one rotation of the cam, which is the sum of
the four intervals defined above.

v(6) = VI(_;) +R(6, 61, 02).vz(: _ j

1 2~ 0]
8- 0, 60— 63
+R\ 6, 0,,03)v3 + Rl 6,03,04)v4
(6,62, 63)v3| o — | + R(6.63,0)v4 -—-
4 VELOCITY, V
5 /\
£ e
2
3 in
B
AN
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9
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12. Write the complete global equation for the acceleration and plot it over one rotation of the cam, which is the sum
of the four intervals defined above.

A(H) = al(-g-) + R(H, o, 02)-a2( : — % j

1 - 61

+R(6,62, 03)-a3( 97% ], re. 93,94)-a4( o-% ]

03— 67 04— 03
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13. Write the complete global equation for the jerk and plot it over one rotation of the cam, which is the sum of the

four intervals defined above.

26) = "’(EHZJ + R(6,61,65) ,-2[09" 61]

2 - 0]
-6, 06— 63
+R\6,62,03)j3 + R\0,03,04)j
( ) P ( ) P
JERK, J
300
200
s JO®
§ in 100
0 Pt OS] SR e
\V ’ h
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&S PROBLEM 8.9

Statement: Design a single-dwell cam to move a follower from 0 to 2.0 in in 60 deg, fall 2.0 in in 90 deg and
dwell for the remainder. The total cycle must take 2 sec. Choose suitable programs for rise and fall
to minimize velocities. Plot the SVA4J diagrams.

Given: RISE/FALL DWELL
B := 150-deg B3:=210-deg
h:=2.0:in h3:=0.0-in

Cycle time: 7 :=2.sec

Solution: See Mathcad file P0809.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is
0 = Zmrad o= 3.142££
T sec

2. Use atwo-segment polynomial. Let the rise and fall, together, be one segment and the dwell be the second
segment. Then, the boundary conditions are:

at 0=0: s=0, v=0, a=0
0=B, s=h, v=0
6=p: s=0, v=0, a=0

This is a minimum set of 8 BCs. The v =0 condition at® = B is required to keep the displacement from over-
shooting the lift, 7. Define the total lift, the rise interval, the fall interval, and the ratio of rise to the total interval.

Total lift: h =2.000in

. B
Rise interval: B1 = 60-deg A= Fl A =0400
Fall interval: B2 :=90-deg

3. Use the 8 BCs and equation 8.23 to write 8 equations in s, v, and a similar to those in example 8-9 but with 8
terms in the equation for s (the highest term will be seventh degree).

For0=0: s=v=a=0
0:= col 0:= 01' 0:=c2
For@=B: s=h v=0
4
h:= c3-A3 +cgA + ¢:5-A5 + c6-A6 +c7-A

]
0:= 3-c3-A2 + 4-c,4-A3 + 5~C5-A4 + 6-05-A5 + 7-07-A6

For0=B: s=v=a=0

[
O:=c3+cgy+c5+cg+cy
0:=3.c3+4c4g+5c5+6-c+ 7-4:'7l

0:= 6-c3 + 12-c4 + 20-c5 + 30-c + 42-c7
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4. Solve for the unknown polynomial coefficients. Note that Cy through C, are zero

\ \
£ o4& 8 L h c3
C.

3.4° 44’ 5.4t 6a 7.4° 0 N
c=l", . 1 1 He=l0 es|=ctm

3 4 5 6 7 0 ¢6

6 12 20 30 42 0 c7)
¢3 = 289352 in cq = —1229745in ¢5 = 1953.125in

c6=—1374.421in c7=1361.690in

5. Write the SVAJ equations for the rise/fall segment.

R R R RGO
0@ a2 voef2) 72

2 3 , 4 5
el mols] ol o]

‘3 —

2 3 4
1 0 0 0 0
10| te8) e (3] e s o (3]

‘3 L

6. Plotthe dispiacement, velocity, acceleration, and jerk over the interval 0 <=6 <=f.

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

DISPLACEMENT, §

T TN
/

=
£ s® 1 4
8 m
3
B 0.5
S /
0
0.5
0 30 60 90 120 150
8
deg

Cam Rotation Angle, deg
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VELOCITY, V
4
2 / /\\
S LO) \
2
g in 0 i~
R /
-2 \\J /
_4 0 25 50 75 100 125 150
' b
deg
Cam Rotation Angle, deg
ACCELERATION, A
10
/\ Pt
5 e N
B
S A® / \
s ==
N in 0
-~
%
S
~
-5 \ \//
m1o 0 25 50 75 100 125 150
9
deg
Cam Rotation Angle, deg
JERK, J
100
= J(©)
%5 in /—\
: ] /
0 \/ e \\\_./
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deg
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&S PROBLEM 8-10

Statement: Design a three-dwell cam to move a follower from 0 to 2.5 in in 40 deg, dwell for 100 deg, fall 1.5 in
in 90 deg, dwell for 20 deg, fall 1.0 in in 30 deg, and dwell for the remainder. The total cycle must
take 10 sec. Choose suitable programs for rise and fall to minimize velocities. Plot the SVAJ

diagrams.

Given: RISE/FALL DWELL FALL DWELL
p1:=40-deg P2 :=100-deg P3:=90-deg P4 :=20-deg
hj:=25-in h2:=0.0-in h3:=15-in hy:=0.0-in
Bs5:=30-deg Pe = 80-deg
hs:=1.0-in hg:=0.0-in

Cycletime: 1 := 15-sec

Solution: See Mathcad file P0810.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is
o = ZTrad o = 041974
T sec

2. From Table 8-3, the motion program with lowest velocity that does not have infinite jerk is the modified
sinusoidal. The modified sinusoidal motion is defined in local coordinates by equations 8.15 through 8.19. The
numerical constants in these SCCA equations are given in Table 8-2.

b:=025 ¢:=0.00 d=075
Cy = 1.7596 Cq:=5.5280 Cj:= 69.466

3. The SCCA equations for the rise or fall interval () are divided into 5 subintervals. These are:

for 0 <= x <= b/2 where, for these equations, x is a local coordinate that ranges from 0 to 1,

2
yi(x) = C“'I:x'ﬁ - (!—") 'Si’{ﬁ' )] yix) = Ca'é'-(] - cos(E. ))
T m b n b
y'ix) = Ca~sin(§-x) y'ix) = Ca-%-cos(%-x)

for b2 <=x<=(1-d)2

x2 1 1 2(1 1 | 1
y20x) = Cq ? + b(‘; - E)x +b (—8_ - '—2] YAx) = Ca-[x + b(; - 5)]

T

Y'Ax) = Cq y2Ax) =0

for(1-d)2<=x<=(1+d)2

2 2 2
—elfl, ), . (4 2(1 1) (G-d (d) 1=
=) (5 {2 ) 52
' — .2 E _‘1.' E. _l—d
y3(x)._Ca|:n+2+nsv{d( 2 )]:I

A

(9]
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” .- . E_ _ l—d 11 -~ _E_ H 1. _ l_d
¥'3(x) = Cq cor[d (x 2 )] y'"3(x) = —C, y s:r{d (x > )]

for(1 +d)2 <=x<=1-b2

2
x b b 2 2 (1 1) 1
:=C.__+ _+1__.+2.d_b.___ — —
y4x):=Ca 2 ( 2)x( )(2 sJ 4

T

b b
Ya(x) = Ca-(—x +—+1- 5) Y'4(x) = —Cq Y yx) =0
T

forl-bR2 <=x<=1

2 2 2 2 2
y5(x) = Cygr l’--x + 2'(d b ) + a-5 -d (—b-) -sir{%-(x— l):l
T

2 4 i
n
o]
Y's(x)=Cqg—-1-cosy—-(x-1)
n b
y'5(x) = Ca-sir{%-(x - l)] y"s5(x) == Ca-%-co:[-:—-(x - l)]

4. The above equations can be used for a rise or fall by using the proper values of 0, B, and h. To plot the SVAJ
curves, first define a range function that has a value of one between the values of a and b and zero elsewhere.

R(x,x1,x2) = iff(x> xI) A (x < x2),1,0]

5. The global SVAJ equations are composed of six intervals (rise, dwell, fall, dwell, fall, and dwell). The local
equations above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0
<=0 <= 360 deg.

6. Write the local svaj equations for the first interval, 0 <=0 <= ,. Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For0 <=0 <= B, (Rise)

b 1-d 1-d 1+d
s1(x) = hy- R(x )yJ(x)+R( E,T)-yz(xh D > )-y3(x)
14d b

d b b
—,1 - 5) Vig(x) + R(x,l - 5,1)-y’5(x)

b - -
2
1+d b b
+Rx,——,1 — = |-y"dx) + b ==,11p"
R(x 5 2))'4() R(x > )y5(x)
hj b b 1-d 1-d 1+d
j =— " (x) + =y |-y""x) + R x, , y"3(x) ...
J1(x) 3[R(x 2)y 1(x) R( 25 y"'Ax) 5 3 )y '3(x)

1+ d,l _ E) Ill4(x) + x,l _ g’l)_yr".s(x)

+ Rl x,
2 2
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7. Write the local svaj equations for the second interval, B; <=0 <=+ B,. For this interval, the value of S is the
value of S at the end of the previous interval and the values of ¥, A4, and J are zero because of the dwell.

For B, <=0 <=B,+ P, (dwell)

sxx):=hy vx) =0 axx):=0 JjAx)=0

8.  Write the local svaj equations for the third interval, B, + B, <=0 <=8,.+ §, + B;.
ForB, + B, <=0 <=B,.+ B, + B; (fall)

b b 1-d 1 -d 1+d
s3(x):=h3z1 - R(x,o,g)-yj(x) + R(x EZ_ —2—-) yAx) + > ; )-y3(x) e i+ Ry — h3

+R(x, 1 ;d,l —g)-y4(x)+ R(x 1—2 1) -y 5(x)

1-d 1-d 1+d
v3(x) == —— R( )yi(x) + R( —,T) y'2x) + Rl x, 7 ; )-y’s(x)
b
R(x ; 1 - 5) Y(x) + R(X,l - E,lj-y’j(x)
h3 b\ b 1-4d) , 1-d 1+d) ,
a3(x) = —'Ez_' x’olz)'y I(x) + R(x,g, 2 )'y 2(x) + X, 2 s 9 )'y 3(x) e
+ R(x, ! ;d ,1 = g)-y"4(x) + R(x,l - g,l)-y"5(x)

h3 b 1-d 1-d 1+d
J3(x) = ——— R( ) () +R( ,-,———)-y"'z(x) v Rlx—2 2 ) Y3 .
3 2 2 2 2
ﬂ3 b ”r 1 b ns
+R(x 5 — 2)-y Ax) + R(x, - 2 ) '5(x)

9. Write the local svaj equations for the fourth interval, $; + f, + B3 <=0 <=f,.+ B, + B3 + B4. For this interval, the
values of S, V, A, and J are zero because of the dwell.

For B, + B, + B3 <=0 <=B,.+ B, + B3 + B, (dwell)
s4(x):=hj - h3 vg(x) =0 ay(x) =0 J4(x) =0

10. Write the local svaj equations for the fifth interval,

ForP, + By +B3 + B, <=0 <=B.+ P, + B; + B, + B (fall)

b b1 1 -d 1+d
s5(x) == hs 1 - R(X,O,E)'J’I(x) + R(x, 5 ——) yAx) + > )-ys(x)
1+d b b
+R(x,—'2—,1 - 5)')’4(1) x,1- 3 1) -y5(x)

&A“
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DESIGN OF MACHINERY
hs ( 1- 1-
a5(x) = __2' R(x’o’!;_)’ynl(x) + R(x’%>TdJ‘y”2(x) + R(xa d 2
Bs
cR e L B e e R - 21 )y
\ 2 2 2
. hs b\ , b 1-d 1-d
J5(x) = 3 R x,O,E Y"1 (x) + R 5T -y"x) + R} x, 5
Bs
R L 1 B e 4 Rt - B )y
\ 2 2 2

b4

1+d
2

1+d
2

)'y”s(x)

11. Write the local svaj equations for the sixth interval. For this interval, the values of S, V, 4, and J are zero

because of the dwell.

For B+ B, + B3+ Byt Ps <=0 <=+

s6(x) =0 vd(xj

62 + B3 + 34"’ Bs+ B6 (dwell)
=0 ag(x) =0 jex) =0

12. Write the complete global equation for the displacement and plot it over one rotation of the cam, which is the

sum of the eight intervals defined above.

Let 61:=F1 02:=01+ B2 03:= 602+ B3 04:= 03+ P4
05:= 604+ Bs 6= 05+ Bs
] 0-06;
S(0) = s1| = | + R(6, 61,62)s
6 6; - 0;
6-6; 6 - 063
+R( 8,07, 03)-53 + R{8,03,04) 54
(6.62,65) P (6.63,64) oo,
8- 64 f- 65
+R(6,64, 65)-s5 + R(6, 65, 66)s
05— 64 06 — 05
0 :=0-deg,0.5-deg.. 360-deg
3 DISPLACEMENT, S
§ 2 N
§ 50 / \
§ i 15
3
& / \
S \
0.5 \
0
0 60 120 180 240 300
o
deg

Cam Rotation Angle, deg

360
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15. Write the complete global equation for the velocity and plot it over one rotation of the cam, which is the sum of
the eight intervals defined above.

V() = "’(?0,) + R(6, 61, 92).\;2( : _ 9 )

2- 01
6- 6, 6 - 63
+ R\ 6, 03,03)v3 + R\ 6,03,04)v4
(8,02, 65) vs) - | + R(6,65,0)v4 -—-
8- 64

+R(6, 04,05)vs + R(6, 5, 66)v

85— 64 06— 05

VELOCITY, V

10

V(®)

in

Velocity, in

-5
0 60 120 180 240 300 360
0

deg
Cam Rotation Angle, deg

16. Write the complete global equation for the acceleration and plot it over one rotation of the cam, which is the sum
of the eight intervals defined above.

A(H) = 01(5}-) + R(a, 91,62)-a2( : mZ J

- 0
8- 6,

60— 03

+R(8, 62, 63)-a3 e R(6,63,04)-a4 oo,

0 - 64 8- 85

+R(,64,65)-as + R(6,05,66)-a

85— 04 06— 65

ACCELERATION, A

40

w || ]
\ \/

0 60 120 180 240 300 360
0

deg
Cam Rotation Angle, deg

Acceleration, in
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17. Write the complete global equation for the jerk and plot it over one rotation of the cam, which is the sum of the
eight intervals defined above.

J(6) = jl(fl—) + R(8, 01,02).,-2(:_ o1 )

) — 6

60— 67 6 - 03
+R(6,602,03) )3 + R\6,03,64))
( 22 Pt R CLEL P by
- 04 6- 65
+R 0,04,05']5 +R 0’05796.]
( Vi gr e, | 100500 o, — -
JERK, J
1000
700
e J(0) 400
f,é in I
~ 100 7\
\/ — T
—200
=500
0 60 120 180 240 300 360
b
deg

Cam Rotation Angle, deg
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25 PROBLEM 8-11

Statement: Design a four-dwell cam to move a follower from 0 to 2.5 in in 40 deg, dwell for 100 deg, fall 1.5 in i
90 deg, dwell for 20 deg, fall 0.5 in in 30 deg, dwell for 40 deg, fall 0.5 in in 30 deg, and dwell for the
remainder. The total cycle must take 15 sec. Choose suitable programs for rise and fall to minimize
accelerations. Plot the SVAJ diagrams.

Given: RISE/FALL DWELL FALL DWELL
P = 40-deg B2 :=100-deg B3 :=90-deg P4q:=20-deg
hj=2.5-in hy:=0.0-in h3:=15-in hy:=0.0-in
Bs = 30-deg P = 40-deg PB7:=30-deg P8 :=10-deg
hs:=0.5-in hg = 0.0-in h7:=05-in hg:=00-in

Cycletime: 1t := 15-sec

Solution: See Mathcad file PO811.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is
o = 2:mrad ® = 0.419£a—d
T sec

2. From Table 8-3, the motion program with lowest acceleration that does not have infinite jerk is the modified
trapezoidal. The modified trapezoidal motion is defined in local coordinates by equations 8.15 through 8.19. The
numerical constants in these SCCA equations are given in Table 8-2.

bh:=025 c:=0.50 d =025
Cy:=2.0000 Cy:=4.8881 Cj:=61.426

3. The SCCA equations for the rise or fall interval () are divided into 5 subintervals. These are:
for 0 <=x <= b/2 where, for these equations, x is a local coordinate that ranges from O to 1,

2
yi(x) = Ca'lix'i = (2‘) 'Si’{zt“ )] Yi(x) = Ca'g-(] - cos(i- ))
T T b 7t b
yix) = Ca'Sl"{% ) yix) = Ca'%'cos(%-x)

forbR2<=x<=(1-4d)2

2
x i1 2(1 1 Y A

4

Y"2%) = Ca ) = 0

for(1-dy2 <=x<=(1 +d)2

2 2 2
—cll(l,c), . (4 2(1 1Y) (-4 (d)y (mf 1-d
(2o e (& {3 2)- 452 (2 o3 -5
SRS AN N R
y3(x).—Ca[“+2+ns1r{d( 5 ):H
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gy e coend Ef 14 gy B AR 1-d
y'3(x) = Caco:{d (x 5 )] y"'3x) = —Cadszr{d (x 5 )]

for(1+d)2<=x<=1-b2

2
x b b 2 2)( 1 1 1
x)=Cgpl-—+|—+1-—|x+2d -b)}——-——|-—
y4(x) al ™5 ( 2) ( )(2 J 4

T 8
T

b b
V(x) = Ca-(—x +—+1- -2-) Y'4(x) = -Cq Y'ax) =0

T
forl-bR2<=x<=1
2 2 2 2 2
2- -b 1-8) - b
y5(x) = Cy- —b-~x + (d ) + ( ) —d _ (—) -sir{%-(x - l)}
n

2 4 T
T

Y's(x) = Ca'ﬁ'[l - co:I:E-(x - 1)]]
i b
Y's(x) = Ca-Sil{%{x - 1)] ys(x) = Ca'%'(-'w‘l:lb[‘-(x _ l)]

4. The above equations can be used for a rise or fall by using the proper values of 0, B, and h. To plot the S¥A4J
curves, first define a range function that has a value of one between the values of @ and b and zero elsewhere.

»

R(x,x1,x2) = iff[(x>xI) A (x < x2),1,0]
5. The global SVAJ equations are composed of eight intervals (rise, dwell, fall, dwell, fail, dwell, fall, and dwell).

The local equations above must be assembled into a single equation each for S, ¥, 4, and J that applies over the
range 0 <=0 <= 360 deg.

6. Write the local svaj equations for the first interval, 0 <= @ <= ;. Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For0 <=0 <= B, (Rise)

b 1-d 1-d 1+d
si(x) = hy- R(x,O,ZJ yi(x) + R( > )'yz(x) + R} x, > ; )-y3(x)
R(x 1+ 5 - —) Y4(x) + R( 1 - g,l)-m(x)
p
B

vi(x) = il— R( , ,‘2‘)')"1(1‘) + R( ,g,l—;i)-y'g(x) + Rj x, ! ;d, L ;d)-yb(x)
+
h
+
h
+

e
al(X):=—R( =
{eo
{

2
b
2

b 1- 1-d 1+d
Y1) +R( ,5,-7—) y'oAx) + , )-y"3(x)
d

2 2
1 > - —) VLX) + R(x,l - ';)-,1)9'"5(1)

b b 1-d l—d 1+d
"o(x y—,——— "yx) + R P X) ...
z)y 1(x) + R( > ) '2(x) 3 5 )y '3(x)

d b
L+ 1-—) Y400 + x,l—g,l "5(x)

Ji(x) = ——

1
+ 1= —)~y'4(x) + Rl x,1 - —;’-,lj-y%(X)

1

2

1

1

3
B

0
x
X,
x
x

>
0
x’
’

2 72
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7. Write the local svaj equations for the second interval, §; <=0 <=+ B,. For this interval, the value of S is the
value of S at the end of the previous interval and the values of V, A4, and J are zero because of the dwell.

Forp, <=0 <=8,+B, (dwell)

SAX) = hy vxx):=0 a)xx)=0 JjAx)=0

8. Write the local svaj equations for the third interval, B, + B, <=0 <=8,.+ B, + B,.

For B, + B, <=0 <=B,.+ B, + B, (fall)

b b1 1-d 1+d
s3x) == hg 1 - R(x,O,z)y1(x)+R( 5—7—) yAx) + — ; )-y3(x)... +hy—h3

+R(x, t+d 2)-;14(::) + R(x -2 1) ys(x)
2 2
h 1 - 1-d
v3(x) : -——3-- R( b)yJ(x)+R( ,g,——z—d)-y'z(xh %= ,I;d}y%(x)

R( 1, ﬁ) V) + R(x,l . g,l)-y%(x)

b 1-d) , Llod 1xd)
a3(x)=—— R( O—Jyl(x)+R( E’T) Ax) + ) )y3(x)-~~

R( 1 +d 1 ___) "4(x)+ R(x,l —‘g‘,l)‘)’"_f(x)

h3 b b 1-d 1-d 1+d
. = x’o’ e x) + - | e, x) + x, , v .
J3(x) ,33 R( 2) 1(x) R( 32 y"2(x) 5 > )y '3(x)
3 1+d b b
+Rl ,—— 1 — = |- p"f(x +R(x,l-—,l
x 2 2)}’ #(x) > ) '5(x)

9. Write the local svaj equations for the fourth interval, §; + B, + B3 <=0 <=B.+ B, + B3 + B4. For this interval, the
values of S, V, A, and J are zero because of the dwell.

FOrBrt BBy OByt B B+ By (el
54(x) = hj - h3 v4(x) =0 ay(x):=0 jax) =0

10. Write the local svaj equations for the fifth interval,

For By + B, #B; + By <=0 <=+ By + B3 + B4 + B (fall)

s5(x) := hs{ 1 - R(x,o,g)-y,(x) + R( 5 1—‘—) pAx) +R( )y3(x) w1+ k7
1 1+d d b
+R( > 1——)y4(x) R( 1—5,1)y5(x)
hs b b 1-d
vs5(x) = —| Rl x,0,— |-y"1(x) + =, |"y2x) + -y'3(x)
Bs 2 4
+R(x,112L ,1 ——)y,;(x) R(x,l - = 1) 5(x)
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b 1- _
asx) = —. R( )y"l(x)+R( Elz—) YAo) + R x, 2", ! ;d)-y"s(x)
R( 1 — —) y'ix) + R(x,l - g,l)y"j(x)

hs b b 1- l—d 1+d
. = . ,0’ ”r — " , v ..
Js5(x) ~—-ﬂ 3 R(x 2) 1(x) + R( St b ) 2Ax) + 3 5 )y '3(x)
5 1+d b b
,__’1 e — . nr ’1 _ _,] . n
+R(x > 2) y"Ax) + R(x > )y '5(x)

11. Write the local svaj equations for the sixth interval. For this interval, the values of S, ¥, 4, and J are zero
because of the dwell.

Forf,+ B, + Byt Byt Bs <=0 <=B;.+ B, + B3+ P+ s+ Pg (dwell)

s6(x) .= hs ve(x) =0 ag(x) =0 j6x):==0
12. Write the local svaj equations for the seventh interval,

ForB,+B, +B; + B4 +Bs+ B <=0 <=By.+ B, + B3 + B, + Bs +Bs + B, (fall)

1-d l—dl d
s7(x) :=hz 1 - R( )yJ(x)+R( - ’—2—) yAx) + 5 ; )-y3(x)
‘v d b
+R(x > 1—5)y4(x)+R(x,l——2-,l)-y5(x)

Vrx) = - R( Vi) + R( Lo ") Y20) + B x,~ ;d, ! ;d)-y@(x)

R( )JJ4(X)+R( -2 1)y5(x)

b 1-d 1-d 1+d
az(x) = 2 R(xO ) (x)+R(x-2-—2—) y"Ax) + R x, S ; )-y”3(x)...

+R( 5 +d ,1 - —) y'dx) + R(x,l - —Z—,l)-y"5(x)

hy b b 1-d 1-d 1+d
. X) 1= —— x,O, I" x) + -, vl 4 x’ R ree .
J7(x) 3R( 1(x) R(z——z )yz(x) 5 2) '3(x)
7

B 1+d b b
+ R x, A== 1-9"dx) + Rl x,1 — —,1]-y"s5(x
I A

13. Write the local svaj equations for the eighth interval. For this interval, the values of S, ¥, A4, and J are zero
because of the dwell.

"‘m|a~

N}

For By + By + B3+ Byt Bs+ B+ By <=0 <=P.+ B, + B3+ Byt Bs+ B+ By + By (dwell)
sg(x):=0 vg(x) =0 ag(x):=0 Jjgx)=0

14. Write the complete global equation for the displacement and plot it over one rotation of the cam, which is the
sum of the eight intervals defined above.

Let 01:= pi 02:= 61 + B2 03:= 62 + B3 04:= 03+ By
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Os:= 04+ Bs O6:= 05+ B¢ 07:= 0+ B7 Og:= 67+ B3
0 0-0;
5(8) =51 — | + R(8,61,6
s 2) e s00r00{ 3]
6-6 6- 6
+R(6,62,65)-53 21 R(6,63,04)s o
63 - 67 04— 03
6-6 6-6
+R(6,64,85)-s |+ R{(6,65,66)-5 >
85— 84 05— 05
6- 6, 6-6
+R(6,65,07)s % |+ R(6,67,69) 4
97— 6 0s - 67

0 :=0-deg,0.5-deg.. 360-deg

DISPLACEMENT, S

[ N\

X

[
(7

7]
sla
N
i N
\

A\
1 X

05 / \
% 60 120 180 240 300 \ 360

deg
Cam Rotation Angle, deg

-
W
M|

Displacement, in

15. Write the complete global equation for the velocity and plot it over one rotation of the cam, which is the sum of
the eight intervals defined above.

V(O) = vz(—é%) + R(G, 91,02)-vz( :;—_ Z)

+R(6,62,03)v3 6-021, R(6,03,04)v
63— 6,

4 - 8y

+ R(8, 65,66) v,
65— 64 05— 65
8- 0

67~ 66

+R(6,04,65)v

+ R( 8, g, 07)-v + R( N A 63)-v>

Bs— 67
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VELOCITY, V

SOLUTION MANUAL 8-11-6
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16. Write the complete global equation for the acceleration and plot it over one rotation of the cam, which is the sum

of the eight intervals defined above.

6-6
A(6) = al(-g;) + R(8, 0,,92)-51;{ o 011)
—6,) (o-0;)
+R(8, 62, 63)-a3 o6 R(6,63,604)-a4 o~ 6
>93 - 02 >94— 03
8- 94< 6-06s5
+R(8, 84, 05)-as + R(8, 65, 65)-ag
95 - 04< 06 6’5<
R(6,65,67)-a7 (00 + R(6,67,65)-as (-0
+ s s -a R s -a
6, U7 \97—96) 7,08 \98—07)
ACCELERATION, 4
40
20
&
£ A0)
§ im0 A >
~—— U Ty
<t
—20 u
—40
0 60 120 180 240 300
b
deg

Cam Rotation Angle, deg

360

17. Write the complete global equation for the jerk and plot it over one rotation of the cam, which is the sum of the

eight intervals defined above.
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&S PROBLEM 8-12

Statement: Size the cam from Problem 8-7 for a 1-in-radius roller follower considering pressure angle and
radius of curvature. Use eccentricity only if necessary to balance those functions. Draw the cam
profile. Repeat for a flat faced follower. Which would you use?

£ -1
Units: rpm:= 2-w-rad-min
Given: RISE DWELL FALL DWELL
B1:=60-deg B2 := 120-deg B3:= 30-deg B4:=150-deg
hj:=25-in hy = U0-in h3:=25-in hy = 0-in

Cycle time: 1 := 4-sec

Solution: See Mathcad file P0812.
1. The camshaft turns 2n rad during the time for one cycle. Thus, its speed is

2 d
i o=15n122= ® = 15.000 rpm
T Sec

2. Problem 8-7 used a four-segment cam with modified trapezoidal acceleration for the rise and fall. Enter the above
data into program DYNACAM. The input screen is shown below.

DYNACAM for Windows by R. L. Morton - Copyright 1998 Input Screen

rCem Data 7

Cam Omega
(rpm)

FS
No. Sgmits

—

Delta Theta
(deg)

F.O vI 7

Follower — 8
@ Trans

_Position (in)
Start End

SF B
Bz
A F

3. The cam was sized iteratively to balance the positive and negative extreme values of the pressure angle by
varying the eccentricity and to reduce the maximum absolute pressure angle to 30 deg or less by increasing the
prime circle radius. The resulting cam is shown below.
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) A H [
[z oeta [|(TRedrawcam | Copy | Pritform | Do | (&msizebah-"
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CEC ok TG
= oI
a
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End Theta
I o
Delta Theta
I ceo
Design No. 2. Time Deley —
06-09-1999 '
i 08120 |Cam Drawing for Problem 8-12 ___J

4. The minimum and maximum pressure angles and radius of curvature are shown in the figure above. The design
has the following dimensions:

Prime circle radius Rp:=11.5:in
Roller follower radius Rf = 1.00-in
Follower eccentricity €:=-2375in

5. Graphs of ¢ and p for the roller follower are shown on the following page.

6. The cam was sized for a flat-faced follower and the cam drawing is shown on the next page. In order to avoid
undercutting, a base circle radius 0of 43 in is required. Obviously, the roller follower is to be preferred over the
flat face follower in this case.



DESIGN OF MACHINERY SOLUTION MANUAL 8-12-3

w DYNACAM for Windows by R. L. Morton - Copyright 1998

Cam Angle (Deg)

m DYNACAM foi Windows by R. L. Noiton - Copynight 1398 Diaw Cam

Folwr Width

l 14.323¢ | in
Ofiset
E.39 in

Max Phi
N -0
Min Phi
I -0
Min Rho +
o=
Min Rho -

[ i~
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25 PROBLEM 8-13

Statement: Size the cam from Problem 8-8 for a 1.5-in-radius roller follower considering pressure angle and
radius of curvature. Use eccentricity only if necessary to balance those functions. Draw the cam
profile. Repeat for a flat faced follower. Which would you use?

Units: rpm:= 2-m-rad-min I

Given: RISE DWELL FALL DWELL
B1:=45deg B2:=150-deg B3:=90-deg B4 :=T75-deg
hjp:=1.5-in hy:=0-in h3:=1.5-in hy:=0-in

Cycletime: 1 := 6-sec

Solution: See Mathcad file P0813.
1. The camshaft turns 2x rad during the time for one cycle. Thus, its speed is
2-n-rad rad

o = 1.047— o = 10.000 rpm
T sec

o =

2. Problem 8-8 used a four-segment cam with modified sinusoidal acceleration for the rise and fall. Enter the above
data into program DYNACAM. The input screen is shown below.

DYNACAM for Windows by R. L. Norton - Copynight 1998 Input Screen

FCam Data [ Segment Data
Cam Contour Position  (in)
Cam Omega| || ey Beta  Start  End  Motion Frogram Starl . End

(pm) =] Ms-moasine =] o f1s
: o W el s
Ne DS s o [ S fFat  w]Ms-modsne =] 5 o
r. . PS_ - - IWell 3 I(n_.f._e' - Dwvell EI F p
Delta Theta 3

3. The cam was sized iteratively to balance the positive and negative extreme values of the pressure angle by
varying the eccentricity and to reduce the maximum absolute pressure angle to 30 deg or less by increasing the
prime circle radius. The resulting cam is shown below.
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w DYMNACAM for Windows by R. L. Norton - Copyrnght 1998 Diaw Cam

4. The minimum and maximum pressure angles and radius of curvature are shown in the figure above. The prime
radius had to be increased above that which was necessary for the pressure angle constraint in order to provide
a minimum radius of curvature that was twice the roller follower radius. The design has the following
dimensions:

Prime circle radius Rp:=6.5-in
Roller follower radius Rr:=1 .50-in
Follower eccentricity €:=0.82-in

5. Graphs of ¢ and p for the roller follower are shown on the following page.

6. The cam was sized for a flat-faced follower and the cam drawing is shown on the next page. In order to avoid
undercutting, a base circle radius of 12 in is required. Obviously, the roller follower is to be preferred over the

flat face follower in this case.
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[Cam Basic Data |

Cam Omega
S o

Cam Rotates

wm DYNACAM for Windows by B. L. Norlon - Copynght 1938 Diaw Cam

Oftset
o n
Max Phi
N ceo

jpos13d

FmDrnwiuthldFmFolowerforPrma-ﬁ

Time Delay —
-
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2S PROBLEM 8-14

Statement: Size the cam from Problem 8-9 for a 0.5-in-radius roller follower considering pressure angle and
radius of curvature. Use eccentricity only if necessary to balance those functions. Draw the cam
profile. Repeat for a flat faced follower. Which would you use?

; -1
Units: rpm:= 2-n-rad-min
Given: RISE/FALL DWELL
B := 150-deg B2 := 150-deg
hj:=2.0-in h3:=0.0-in

Cycletime: 1 :=2-sec

Solution: See Mathcad file P0814.
1. The camshaft turns 2x rad during the time for one cycle. Thus, its speed is

atorad
i o =3 ® = 30.000 rpm

T sec

W =

2. Problem 8-9 used a two-segment cam with one polynomial segment for the rise and fall. Enter the above data
into program DYNACAM. The input screen is shown below.

DYNACAM for Windows by R. L. Norton - Copynight 1998 Input Screen

3. The cam was sized iteratively to balance the positive and negative extreme values of the pressure angle by
varying the eccentricity and to reduce the maximum absolute pressure angle to 30 deg or less by increasing the
prime circle radius. The resulting cam is shown below.
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wm DYNACAM for Windows by R. L. Norton - Copyrnight 1938 Draw Cam

4, The minimum and maximum pressure angles and radius of curvature are shown in the figure above. The design
has the following dimensions:

Prime circle radius Rp:= 4.40-in
Roller follower radius Ry = 0.50-in
Follower eccentricity £:=022-in

5. Graphs of ¢ and p for the roller follower are shown on the following page.

6. The cam was sized for a flat-faced follower and the cam drawing is shown on the next page. In order to avoid
undercutting, a base circle radius of 7.81 in is required. Obviously, the roller follower is to be preferred over the
flat face follower in this case.
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w DYNACAM for Windows by R. L. Norton - Copyright 1998

m DYNACAM for Windows by R. L. Morton - Copynght 1998 Draw Cam
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&S PROBLEM 8-15

SOLUTION MANUAL 8-15-1

Statement: Size the cam from Problem 8-10 for a 2.0-in-radius roller follower considering pressure angle and
radius of curvature. Use eccentricity only if necessary to balance those functions. Draw the cam
profile. Repeat for a flat faced follower. Which would you use?

. -1

Units: rpm:= 2-n-rad-min

Given: RISE/FALL DWELL FALL DWELL
B1:=40-deg B2 := 100-deg B3:=90-deg B4 :=20-deg
hj:=25-in hy = 0.0-in h3:=15-in hy:=0.0-in
B5:= 30-deg B := 80-deg
hs:=1.0-in hg = 0.0-in
Cycletime: 1 := 10-sec

Solution: See Mathcad file PO815.

1. The camshaft turns 2x rad during the time for one cycle. Thus, its speed is

2-w-rad

o

T
2.

o = 0.628 —

d
4 ® = 6.000 rpm
sec

Problem 8-10 used a six-segment cam with modified sinusoidal acceleration for the rise and fall. Enter the above

data into program DYNACAM. The input screen is shown below.

DYNALCAM tor Wwindows by H. L. Norton

- Copynght 19498

Input Screen

R 4 T el
B .

Angles Cam Contour Posttion _ (in)
c""_gm"r’a Seg Beta Start End  Motion Program Start | End
e | - s oo IF

2 I‘F -- jowel =] oy - Dwel = s 25
e S 3o 8 B8 o =|fts-moasne <] s |
|| o
Deta Theta s o 250 B8 fFar | fvs-Modsne <] fi o
G | et — 1 o s
i |5
@ Trans 9
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3. The cam was sized iteratively to balance the positive and negative extreme values of the pressure angle by
varying the eccentricity and to reduce the maximum absolute pressure angle to 30 deg or less by increasing the
prime circle radius. The resulting cam is shown below.

4. The minimum and maximum pressure angles and radius of curvature are shown in the figure above. The prime
radius had to be increased above that which was necessary for the pressure angle constraint in order to provide
a minimum radius of curvature that was twice the roller follower radius. The design has the following
dimensions:
Prime circle radius Rp:=10.50-in
Roller follower radius Ry :=2.00-in

Follower eccentricity g:=127in

5. Graphs of g and p for the roller follower are shown on the following page.

6. The cam was sized for a flat-faced follower and the cam drawing is shown on the next page. In order to avoid
undercutting, a base circle radius of 25.9 in is required. Obviously, the roller follower is to be preferred over the
flat face follower in this case.
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w DYNACAM for Windows by B L. Norton - Copyright 1998

[ Cam Basic Data |
Cam Omega
[ o

Cam Rotates

w DYNACAM for Windows by R. L. Norton - Copynght 1998 Draw Cam
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S PROBLEM 8-16

Statement: Size the cam from Problem 8-11 for a 0.5-in-radius roller follower considering pressure angle and
radius of curvature. Use eccentricity only if necessary to balance those functions. Draw the cam
profile. Repeat for a flat faced follower. Which would you use?

Units: rpm:= 2-n-rad-min :

Given: RISE/FALL DWELL FALL DWELL
B1:=40-deg B2 :=100-deg B3:=90-deg B4 :=20-deg
hj:=25-in h:=0.0-in h3:=15-in hy:=0.0-in
Bs5:=30-deg B :=40-deg B7:=30-deg Bg:= 10-deg
hs:=0.5-in hg:=0.0-in h7:=0.5-in hg:=0.0-in

Cycle time: 1 := 15-sec

Solution: See Mathcad file P0816.
1. The camshaft turns 2x rad during the time for one cycle. Thus, its speed is
2-m- d
pun =20 o = 04192 © = 4.000 rpm
T sec

2. Problem 8-11 used an eight-segment cam with modified trapezoidal acceleration for the rise and fall. Enter the
above data into program DYNACAM. The input screen is shown below.

DYNACAM for Windows by R. L Norton - Copyright 1998

Input Screen

SegrnemDatem oo i Ppt Py |

&mm Seg Befa ~Stert Program “Sat  End
L ol | ) i ) | == = 1
o e | e | = 1
s 3o 8BS Far |MT-ModTren <] 5 i [ e piot ff Print
Y | o | s ) | = e
ota heta | ||| 5 oo IO BB o <] p-woaTee <] i fos Cicf Piot ff print
- s [0 [B88 B8 ower <] Ol s o5 EE 3
el ol oo e | ] | = e
Fotower— [f| & 0 [ fowell =] [0 - Dvel Pk o i piot [ it

@ Trans g

"
12

13
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3. The cam was sized iteratively to balance the positive and negative extreme values of the pressure angle by
varying the eccentricity and to reduce the maximum absolute pressure angle to 30 deg or less by increasing the
prime circle radius. The resulting cam is shown below.

| wm DYNACAM for Windows by B. L. Norton - Copynight 1998 Draw Cam

Lam size Data

CHL N B B

J

4. The minimum and maximum pressure angles and radius of curvature are shown in the figure above. The design
has the following dimensions:

Prime circle radius Rp:=17.50-in
Roller follower radius Ry :=0.50-in
Follower eccentricity €:=2.35-in

5. Graphs of pand p for the roller follower are shown on the following page.

6. The cam was sized for a flat-faced follower and the cam drawing is shown on the next page. In order to avoid
undercutting, a base circle radius of 23.25 in is required. Obviously, the roller follower is to be preferred over the
flat face follower in this case.



DESIGN OF MACHINERY SOLUTION MANUAL 8-16-3

w DYNACAM for Windows by R. L. Norton - Copynght 1998
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25 PROBLEM 817

Statement: A high friction, high inertia load is to be driven. We wish to keep peak velocity low. Combine
segments of polynomial displacements with a constant velocity segment on both rise and fall to
reduce the maximum velocity below that obtainable with a full period modified sine acceleration
alone (i.e., with no constant velocity portion). Compare the two designs and comment. Use an ®
of one for comparison.

Given: RISE DWELL FALL DWELL
B1:=90-deg B9 = 60-deg B3 :=50-deg B4 := 160-deg
hp:=1.0-in hy = 0-in h3:=1.0-in hy:=0-in

Solution: See Mathcad file PO817.

1. Use DYNACAM to get the data for comparison of these two cam profiles. Start with the CV-poly profile, which
is shown below. In this design eight segments were used: three each for the rise and fall and one each for the
two dwells. The (nearly) constant velocity segments were each 54 deg. The maximum acceleration and jerk are
12.2 and 446, respectively.

Cam Aagle (Deg)

0 90.0
Cam Angle (Deg)
446
Jerk
0 +——t —t—t ot ¥ )
infsec"3
6. g 90.0 180.0 270.0 360.0
l Cam Angle (Deg)

1. The DYNACAM output screen for the modified sine profile is shown below. The maximum acceleration and jerk
are 74.4 and 105, respectively. Obviously, for the CV-poly design choices that were made, the modified sine
profile results in lower inertia forces and a smoother follower motion.
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&S PROBLEM 8-18

Statement: A constant velocity of 0.4 in/sec must be matched for 1.5 sec. Then the follower must return to

your choice of starting point and dwell for 2 sec. The total cycle time is 6 sec. Design a cam for a
follower radius of 0.75 in and a maximum pressure angle of 30 deg, absolute value.

Given: Required constant velocity Vey = 0.4-in-sec : tey = 1.5-sec
Dwell time tdwell == 2-sec
Cycle time Leyele = 6-sec
Follower radius Ry = 0.75-in
Solution: See Mathcad file P0818.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is
_ Zmrad o = 1.0477%
leycle sec

Use a four-segment polynomial cam as described below.

Segment Function Motion

1 Constant velocity Rise
2 Polynomial (5 deg) Fall

3 None Dwell
4 Polynomial (5 deg) Rise

Calculate the two known cam rotation interval widths.

[§
Constant velocity segment Bii= ——2.1 B1 = 90.000 deg
feycle
tdwell
Dwell segment B3:= 2-m B3 = 120.000 deg
leyele

This leaves 150 deg to allocate to segments 2 and 4. Tentatively, let
B2 := 100-deg B4 := 50-deg
Calculate the lift for the constant velocity segment.
L= Vepley L; =0.600in
Make other initial design choices.
Lift of segment 4 (and starting position for segment 1) Ly:=0.1-in

Prime circle radius Rp:=2.50-in

Enter the above data into program DYNACAM. The input screen and resulting SV AJ diagrams are shown on
the next page.
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DYMNACAM for Windows by R. L. Norton - Copynght 1998 Input Screen
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8. From SVAJ diagrams we see that all design goals are met but the peak acceleration in segment 2 is higher than
the peak in segment 4. These can be more evenly balanced by increasing the segment 2 interval and decreasing
the segment 4 interval, Iterate on these intervals until the peak accelerations are more nearly the same.

9. The second interval was changed to 120 deg and the fourth to 30 deg, and the prime circle radius was increased
t0 2.625 in (to maintain p,y,;,/R;> 3). The resulting peak accelerations are more in balance and are shown in the
SVAJ diagram below. The maximum pressure angle is well within the required limit.

w DYNACAM for Windows by B. L. Morton - Copynght 1398
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@S PROBLEM 8-19

Statement: A constant velocity of 0.25 in/sec must be matched for 3 sec. Then the follower must return to
your choice of starting point and dwell for 3 sec. The total cycle time is 12 sec. Design a cam for a
follower radius of 1.25 in and a maximum pressure angle of 35 deg, absolute value.

Given: Required constant velocity Vey = 025-in-sec ! toy = 3-sec
Dwell time Ldwell == 3-sec
Cycle time teycle = 12-sec
Follower radius Ry :=125-in
Solution: See Mathcad file P0819.
1. The camshaft turns 2x rad during the time for one cycle. Thus, its speed is
o = 2mrad o = 05247
Leycle sec

2. Use a four-segment polynomial cam as described below.

Segment Function Motion

1 Constant velocity Rise
2 Polynomial (5 deg) Fall

3 None Dwell
4 Polynomial (5 deg) Rise

3. Calculate the two known cam rotation interval widths.
t

Constant velocity segment Bi:= d -2-n B = 90.000 deg
Leycle
Ldwell

Dwell segment B3i= — 2.n B3 = 90.000 deg
Leycle

4. This leaves 180 deg to allocate to segments 2 and 4. Tentatively, let
B2 :=120-deg B4 := 60-deg
5. Calculate the lift for the constant velocity segment.
Lp=Veyley L;=0.750in
6. Make other initial design choices.
Lift of segment 4 (and starting position for segment 1) Ly=0.15-in

Prime circle radius Rp = 4.00-in

7. Enter the above data into program DYNACAM. The input screen and resulting S¥A.J diagrams are shown on
the next page.
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8. From SVAJ diagrams we see that all design goals are met but the peak acceleration in segment 2 is higher than
the peak in segment 4. These can be more evenly balanced by increasing the segment 2 interval and decreasing
the segment 4 interval. Iterate on these intervals until the peak accelerations are more nearly the same. Note

also that p,,;, is not greater than 3 times Ry

9. The second interval was changed to 140 deg and the fourth to 40 deg, and the prime circle radius was increased
t0 4.125 in (to maintain p,,,/Ry> 3). The resulting peak accelerations are more in balance and are shown in the
SVAJ diagram below. The maximum pressure angle is well within the required limit.

m DYNACAM for Windows by R. L. Norton - Copynght 1998
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&S PROBLEM 8-20

Statement: A constant velocity of 2 in/sec must be matched for 1 sec. Then the follower must return to your
choice of starting point. The total cycle time is 2.75 sec. Design a cam for a follower radius of 0.5
in and a maximum pressure angle of 25 deg, absolute value.

Given: Required constant velocity Vey = 2.0-in-sec ! ley = 1-s€C
Cycle time Leyele = 2.75-sec
Follower radius Ry :=05-in
Solution: See Mathcad file P0820.
1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is
2%
o = nrad ® = 2.285£lg
leyele sec

2. Use a two-segment polynomial cam similar to that used in Example 8-10 and described below.

Segment Function Motion
1 Constant velocity Rise
2 Polynomial (5 deg) Fall

3. Calculate the known cam rotation interval width.

4
Constant velocity segment By:= A, B1 = 130.909 deg

leycle

4. This leaves 229.091 deg for segments 2.
B2:=360-deg — B B2 = 229.091 deg
5. Calculate the lift for the constant velocity segment.

Ly=Veyley L;=2.000in

6. Make other initial design choices.

Prime circle radius Rp := 4.00-in

7. Enter the above data into program DYNACAM. The input screen and resulting SVA4J diagrams are shown on
the next page.
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8. From SVAJ diagrams we see that all design goals are met but the maximum pressure angle is considerably lower
(in absolute value) than the minimum pressure angle. These can be balanced by making the follower eccentric
with respect to the cam centerline. This will also allow the prime radius to be reduced. Iterate on these
parameters until the maximum and minimum pressure angles are nearly the same (numerically) and reduce the
prime circle radius until the pressure angle is at, or below, the required limit.

9. The eccentricity was iterated to -0.23 in and the prime circle radius was reduced to 2.45 in. This resulted in a
balanced maximum and minimum pressure angle that is just below the required limit. The minimum radius of
curvature is almost 5 times the follower radius, which is ample. The SVAJ diagram for the final iteration is shown
below.

w DYNACAM for Windows by BR. L. Morton - Copyright 1998
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2 PROBLEM 8-21

SOLUTION MANUAL 8-21-1

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the s v a j diagrams for a modified trapezoidal acceleration cam function for any specified
values of lift and duration. Test it using a lift of 20 mm over an interval of 60 deg at 1 rad/sec.

Enter: Lift: hj:=20-mm
Duration: ﬂ] = 60deg

Solution: See Mathcad file PO821.

1. Enter values for lift and duration above.

2. The numerical constants in these SCCA for the modified trapezoidal equations are given in Table 8-2.
b:=0.25 c:=0.50 d:=025
Cy:=2.0000 C,:=4.8881 Cj:= 61426

3. The SCCA equations for the rise or fall interval (B) are divided into 5 subintervals. These are:

for 0 <=x <= b/2 where, for these equations, x is a local coordinate that ranges from 0 to 1,

b
yi(x) = Ca-IVx-- -

T

(¢ (5]

y'ix) = Ca-sin(%- )

for b2 <=x <= (1 -d)I2

2
X 1 1 2({1 1
x)=Cpl —+b|———=|x+b:|—-——
y2(x) a > (n 2) (8 2)

y'ax) = Cq yaAx)=0

for (1 -dy2 <=x <= (1 +d)2
oy cuf (£ £ (z) . bz.[é ) -1_2] IR
x
V'3(x) = ca-[% + % + %-sir{%-(x - —li‘fﬂ}
V) = ca-coxB-( - ;")]

for(1 +d)2 <=x<=1-b/2

T 2 8

Vix)=Cqg—
i

y"i(x) = Ca-%-cos

yAx) =Cq
L

m .|
y3x) = fa-;-sm[—-

el

HEHS

2
1 1
y4(x) = Cy __x; + (—b— +1 - g)x + (2-d2 - bz)-(L - ——j - Z

T

b b
y'(x) = Ca-(—x +—+1- ;) y'y(x) :=-Cq4

n
forl-bR2<=x<=1
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2 2 2 2 2
y5(x) = Cq: 2"‘ + 2‘(‘1 o~ ) * - (i) 'si’{%'(x— 1)}
T

2 4 T
T
A ]
V'5(x):=Cq—-| 1 —cos| —(x- 1)
T b
y"5(x) = Ca-sir{%-(x - 1)] y"'5(x) = Ca--;i-cosl:l;--(x - 1)]

4. The above equations can be used for a rise or fall by using the proper values of 6, B, and h. To plot the SV4J
curves, first define a range function that has a value of one between the values of @ and b and zero elsewhere.

R(x,x1,x2) := iff(x > xI) A (x < x2),1,0]

5. The global SVA.J equations are composed of four intervals (rise, dwell, fall, and dwell). The local equations
above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0 <= 8 <= 360
deg.

6. Write the local svaj equations for the first interval, 0 <=6 <= $,. Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For 0 <=0 <=, (Rise)

b 1-d -d 1+d
S](x) = h]' R( ) J’I(x) + R(x’—y )')’2(-7‘) + K(x’ ! > s )'}’30‘) e
2 2 2
) Pa0) + R( - g,lj-m(x)

V() = — R( ) Vi) + R( gl—;—) 200 + B x,~ 5= d 1 : d)-y'3(x)
) Y4 + R(x,l - % 1)~y'5(x)

h b 1-d 1-d 1+d
ax) = _LZ R( ) "1(x)+R( ,E,T)'}’"Z(x)w“ x, > ; )-y”3(x)
Bi 1 d b b
R( —~La- 5)~y"4(x) + R(x,l -5 1)-y"5(x)

. h] " 2 1 - d e l - d 1 + d e
J1(x) = — R( ) (x)+R( 3T )-y 2x) + R| x, > 5 )-y '3(x) ...
b1 +d b

P RETREE NV (R

5. Plot the displacement, velocity, acceleration, and jerk functions over the lift interval: 8 := 0-deg,0.5-deg.. B

[\
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SOLUTION MANUAL 8-21-3
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&S PROBLEM 8-22

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the s v a j diagrams for a modified sinusoidal acceleration cam function for any specified
values of lift and duration. Test it using a lift of 20 mm over an interval of 60 deg at 1 rad/sec.

Enter: Lift: hp:=20-mm
Duration: g, := 60-deg

Solution: See Mathcad file P0822.

1. Enter values for lift and duration above.

2. The numerical constants in these SCCA for the modified trapezoidal equations are given in Table 8-2.
b:=025 c:=0.00 d =075
Cy:=1.7596 Cq:=5.5280 Cj:= 69.466

3. The SCCA equations for the rise or fall interval (§) are divided into 5 subintervals. These are:

for 0 <= x <= b/2 where, for these equations, x is a local coordinate that ranges from 0 to 1,

2
yix) = Ca'l:x"ll - (3) -Siﬂ(—n‘- ):I y'i(x) = Ca.g.(] — COS(E- ))
T ) b n b

yr'I(x) = Ca-sin(%.x) ynll(x) . Ca'%'COS(%-x
for b2 <=x <= (1 -d)2

2
x 11 2(1 1 ey (1 1
yg(x) = Ca' —2—+b-(;—~5)-)€+b (E——Z) yz(x) = Cal:x+b(n 2\):’

n
y'2x) = Cq yAx) =0

for (1 - d)2 <=x <= (1 +d)2
S RO Rty
y'3(x) = Ca-[% + % + %sn{g( - l;_djﬂ
yae= C”'COSB'( - ; d)] Y"3x) = —Ca-§~si’{§.( ! - d)]

for(1+d)2<=x<=1-b/2

2
x b b 2 2\ (1 1 1
::C..___+ _+1__.,+2.d _b J—_— e - = -
ya(x) al ™, ( 2)x ( )( ] 4

T 2 8
P

b b
Y'4(x) = Ca-(—x +=+ 1= -2-) Y 4(x) == —Cq Y4(x) =
m

forl-5bR2<=x<=1



DESIGN OF MACHINERY SOLUTION MANUAL 8-22-2

(OREEY

2{a? - ) = by - 4
4

b

y5(x) = Cq| —x +
s

T

V's5(x) = Caﬁ-[l - co{f-(x - 1)]]
T b
y's5(x) = Ca-sir{%{x - 1)]

The above equations can be used for a rise or fall by using the proper values of 8, 8, and h. To plot the SVA4/
curves, first define a range function that has a value of one between the values of a and b and zero elsewhere.

V"s(x) = Cq -l—)- cos[ -(x - l)]

R(x,x1,x2) := if[(x>xI) A (x £x2),1,0]

The global SFA.J equations are composed of four intervals (rise, dwell, fall, and dwell). The local equations
above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0 <= 8 <= 360
deg.

Write the local svaj equations for the first interval, 0 <= 6 <= 8;. Note that each subinterval function is
muitiplied by the range function so that it will have nonzero values only over its subinterval.

1-d 1+d
2

For 0 <=6 <= B, (Rise)
b 1-d
5,——)0/2():) +

sj(x):=hy- R(x ) yI(x) + R( >
b
R(x +d 1= 5) y4(x) + R(x,l - 5,1)-y5(x)
b1-d)
yix) + R( ,E,T)')’Z(x) +
,1— —) Ya(x) + K(x,l - g,l}y’s(x)

)-y3(x)

2

o

vi(x) = —

1-d 1+d
x, s y'3(x) ..
> > )ys()

hj

ajx)=——--

2
i3}

hy
Jji(x) = ——

,313

3.

| o
RSy
e
3

+ R(x,

) Y'ix) +

b 1- 1—d1+d
y—,— "sx) + R -y3(x) ...
R( > 5 ) 2x) 5 > )y3()

1+d 1= —) Y'hx) + R(x,l - g,l)-y"ﬂX)

o) o,

1+d
2

11— =
2

Plot the displacement, velocity, acceleration, and jerk functions over the lift interval:

b 1-d 1-d 1+
—,— | y"Ax) + R x, R
"2’ 2) 2% 2 2

d
) "t (x)

0:= 0-deg,0.5-deg.. B

b) '"4(X) + R(x,l _ 3,1) e (X)
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JERK, j

AN /

1500

Acceleration, in

’ \\ //

\“‘/

=500
0 10 20 30 40 50 60

6

deg
Cam Rotation Angle, deg



DESIGN OF MACHINERY SOLUTION MANUAL 8-23-1

&3 PROBLEM 8-23

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the s v a j diagrams for a cycloidal displacement cam function for any specified values of
lift and duration. Test it using a lift of 20 mm over an interval of 60 deg at 1 rad/sec.

Enter:
Lift: h:=20-mm
Duration: B := 60-deg
Solution: See Mathcad file PO823.

1. Cycloidal motion is defined in local coordinates by equations 8.12. They are:

I o £ IR OFEA (BP0}

a(G) = 2-1:-—h—-sin(2~1t-§-} j(G) = 4-1r2~—-h—-cos(2-1c-9—)
ﬁ2 B l33 B

2. Plot the displacement, velocity, acceleration, and jerk functions over the lift interval: 0 := 0-deg,0.5deg..
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25 PROBLEM 8-24

Statement: Write a computer program or use an equation solver such as Mathcad or TK Solver to calculate
and plot the s v g j diagrams for a 3-4-5 polynomial displacement cam function for any specified
values of lift and duration. Test it using a lift of 20 mm over an interval of 60 deg at 1 rad/sec.

Enter: Lift: h:=20-mm
Duration: B = 60-deg

Solution: See Mathcad file P0824.
1. The 3-4-5 polynomial is defined in local coordinates by equations 8.24. They are:

0|85 oo )] 0= (2 -of2) ()]
- a(8)- (2] (2 = 2 e0-s0(2) 20(2)

B

2. Plot the displacement, velocity, acceleration, and jerk functions over the lift interval: 0 := O-deg,0.5deg .. B

DISPLACEMENT, s

’ / —
&
§ s®
§ mm 10
Y
Q
. L /
0 10 20 30 40 50 60
i
deg
Cam Rotation Angle, deg
VELOCITY, v
40
2
-§ mm 20 / \
N
| \
0 10 20 30 40 50 60
0
deg

Cam Rotation Angle, deg



DESIGN OF MACHINERY SOLUTION MANUAL 8-24-2
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25 PROBLEM 8-25

SOLUTION MANUAL 8-25-1

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the s v a j diagrams fora 4-5-6-7 polynomial displacement cam function for any specified
values of lift and duration. Test it using a lift of 20 mm over an interval of 60 deg at 1 rad/sec.

Enter: Lift: h:=20-mm
Duration:  f := 60-deg

Solution: See Mathcad file PO825.

1. The 4-5-6-7 polynomial is defined in local coordinates by equation 8.25. Differentiate it to get v, a, and j.

6

+(0) = h.{%@“ _ 84,(5)5 . 70.(%)6 ) 20_(%)7]
0=4[0(2) (2] s n(2) ro(3]]

h
a(e) = —';
#0) ==
p

Plot the displacement, vel

3.

2 3 4 5
420-(-6—) - 1680-(2) + 2100-(9-) - 840-(2j
L p B B B/ |
i 2 3 4
840~(g) - 5040-(3) + 8400-(9—) - 4200-(9—)
L B B B B/ |

ocity, acceleration, and jerk functions over the lift interval: 6 := 0-deg,0.5deg.. B
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&S PROBLEM 8-26

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the s v a j diagrams for a simple harmonic displacement cam function for any specified
values of lift and duration. Test it using a lift of 20 mm over an interval of 60 deg at 1 rad/sec.

Enter: Lift: h = 20-mm
Duration: B := 60-deg

Solution: See Mathcad file PO826.

1. The simple harmonic motion (SHM) is defined in local coordinates by equations 8.6. They are:

O-4-ofl)  o-rhefd)

2 3
IR () ©) = "2 gin 2.2
a(G) = BZ 5 cos(n ﬁ) j(G) =37 sm(n Bj

2. Plot the displacement, velocity, acceleration, and jerk functions over the lift interval: 0 := 0-deg,0.5deg..
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ACCELERATION, a

SOLUTION MANUAL 8-26-2
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&S PROBLEM 8-27

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the pressure angle and radius of curvature for a modified trapezoidal acceleration cam
function for any specified values of lift and duration. Test it using a lift of 20 mm over an interval
of 60 deg at 1 rad/sec, and determine the prime circle radius needed to obtain a maximum pressure
angle of 20 deg. What is the minimum diameter roller follower needed to avoid undercutting with

these data?
Enter: Laft: hp:=20mm Eccentricity €:=4-mm
Duration: B1:=60-deg Prime circle radius Rp = 50-mm
Solution: See Mathcad file P0827.

1. Enter values for lift and duration above.

2. The numerical constants in these SCCA for the modified trapezoidal equations are given in Table 8-2.
b:=025 c:=0.50 d =025
C, = 2.0000 C, = 4.8881 Cj:=61.426

3. The SCCA equations for the rise or fall interval (§) are divided into 5 subintervals. These are:

for 0 <= x <= b/2 where, for these equations, x is a local coordinate that ranges from 0 to 1,

2
yix) = Ca'!:x'£ - (2) -Sir{l- )jl Y'ix) = Ca'i-(l - cos(l- ))
b m b 7 b

n n n
"1(x) ;= Cpyrsin) —-x "1(x) = Cq-—-cos| —-x
' i(x) a (b) yx) ay (b

for b2 <=x <=(1-d)2

2
x 1 1 2(1 1 e e (1 1
yox) = Cypr ? + b(; —E)-x+b (E— —2) y'ox):=Cq lix+b(7t 2):'

y"2x) = Cq y"2(x) =0

for (1 -d)2 <=x<=(1 +d)2

2 2 2
N N A N 4 201 _1) (-4 (4} =
y3(x) = Cq (n + 2)x+(n) +b [8 nz] 2 (nj co{d
’ — . E 2 g 1 lt_ —_ ]—d
y'3(x) = Cal:n + 5 + . szr{d (x 5 ):H
oy e Cocod Ef 5 129 oy e i B - 124
y"3(x) == Cq co:,:d (x 5 )] y"'3(x) = —Cq 2 slr{d ( 3 ):l

for(1 +d)2 <=x<=1-b/2

2
b 1 1 1
y4(x) = Cqy —%— + (-— +1- g)x + (ZZ-d2 - bz)-(-—2 - —) - =

&
=
!
N
au
1

T

b b
Ya(x) = Ca-(—x +—+1- 5) y"4(x) = —Cq Y"4(x) =0
1’

forl -bR2<=x<=1
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2 2 2 2 2
y5(x) = Cqg- ﬁ'x“‘ 2'(d — ) * - (ﬁ) 'si’{i'(X— 1)]
T 2 4 b

n
T
y'5(x) == Ca-z-[l - coxl:ﬁ-(x - 1)]:]
Tt b
y's5(x) = Ca-sir{%-(x - ]):] y's5(x) = Ca-%-cos[%-(x - 1)]

4. The above equations can be used for a rise or fall by using the proper values of 0, B, and h. To plot the SVAJ
curves, first define a range function that has a value of one between the values of a and b and zero elsewhere.

R(x,x1,x2) = iff(x>x) A (x <x2),1,0]

5. The global SVAJ equations are composed of four intervals (rise, dwell, fall, and dwell). The local equations
above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0 <= 6 <= 360
deg.

6. Write the local svaj equations for the first interval, 0 <= 0 <= ,. Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For 0 <=0 <= B, (Rise)

b b 1-d 1-d 1+d
Sl(x) = h]' ixaoa-z_)'yl(x) + R(X,E,'T)'}?(x) + R(xa 5 ) 2 )'J’.i’(x) oee
1+d b b
+R(x,'_2—,l - E)'y4(x) + R(xrl - 571)'y5(x)
h _ _
Vi) = ﬂ—i- R(x,O,g)-y’z(x) + R(x,g,‘—z—d-)-y'z(x) " R(x, == ;“)-y's(x)
1+d b b
+R(x,——§—,1 - 5)-)}'4()6) + R(x,l - 5,1)0"50)

hj b b 1-d 1-d 1+d
ajx) = — R(x,O,E)-y”I(x) + R( ,E,T}J’"z(x) + R(x, - ; )-}’"3(30
Bi 14+d b b
+ R(x’ -; ’1 - EJ.y”Ax) + R(x’l - —2-’ 1).y"5(x)

hj b b 1-d 1-d 1+d
i — x,O’__ ' + y—y— |- ", + x, , Ly "
Ji(x) ; 3 R( Z)y 1(x) R( >3 )y 2Ax) R( 3 5 )y '3(x)
1 1+d b b
+ y—— 1 == [ y"x) + Rl x,1 — —,1]-y"5(x
R(x > 2)}’ (%) R( > )y '5(x)

5. Using equations 8.31d and 8.33, write the pressure angle and radius of curvature functions.

v,(i .
A1
s](-—e—J + J sz - 82

¢( g, Rp,a) = atan

Bi
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3

p(6,Ry) = {(fzp + sl( /_:7 D: . %ﬂz
(w25 o7 (med2)

6. Plot the pressure angle and radius of curvature functions over the lift interval: 6 := 0-deg,0.5-deg.. 8;
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7. The graphs above show the pressure angle and radius of curvature for the values of R, and € entered on the
first page. These values will be iterated below to obtain a balanced pressure angle wﬁose absolute value is not
greater than 20 deg.

Ry = 52-mm €:=17.5mm
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PRESSURE ANGLE
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8. From the graph of radius of curvature above, we see that the minimum value occurs at a cam angle of about 45
deg.
Pmin = P(45~deg,Rp) Pmin = 32.123 mm

Using a multiple of 3, the maximum roller follower radius is Rp:= p':i" Rf = 10.7mm
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@S PROBLEM 8-28

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the pressure angle and radius of curvature for a modified sinusoidal acceleration cam
function for any specified values of lift and duration. Test it using a lift of 20 mm over an interval
of 60 deg at 1 rad/sec, and determine the prime circle radius needed to obtain a maximum pressure
angle of 20 deg. What is the minimum diameter roller follower needed to avoid undercutting with

these data?
Enter: Lift: hj:=20mm Eccentricity €:=4-mm
Duration: B1:=60-deg Prime circle radius Rp = 50-mm
Solution: See Mathcad file P0828.

1. Enter values for lift and duration above.

2. The numerical constants in these SCCA for the modified sinusoidal equations are given in Table 8-2.
b:=025 ¢:=0.00 d:=0.75
Cy:=1.7596 Cq:=5.5280 Cj:= 69.466

3. The SCCA equations for the rise or fall interval ($) are divided into 5 subintervals. These are:

for 0 <=x <= b/2 where, for these equations, x is a local coordinate that ranges from O to 1,

2
yi(x) = Ca-[x-ﬁ - (3) -sir{f-- )] V() = Ca.ﬁ.(l _ cos(i. D
T s b . b

n n T
"1(x) ;= Cyesin| —- "1(x) ;= Cq-—-cos| —-x
Y'i(x)=Cq (b) y"i(x) ay (b

for b2 <=x <= (1 -d)I2

2
x 1 1 2(1 1 , o l_l
yax) == Cq -2— +b-(-n-_5).x+b (E— _Z—J y'ax):=Cq, l:x+b(1t 2)}

Y'2x) = Cq y"Ax) =0

for(1-d)2 <=x<=(1+d)2

2 2 2
—cllfl,.), . [4 2(1 1Y) (-4 (d)y I=n( 1-4d
e () (4 (s 55 -]
ey e | e 4 gnf  1-d
y'3(x) = CaLt + > + . S"{d (x 3 ):H
o) e coood B 14 o) = —ConTosid B[ - 124
y3(x)-—Cacm{d( 5 )] y"3(x) : -Cadw{d( 5 )]

for(1+d)2<=x<=1-b2

2
x b b 2 2 1 1 1
x)=Cgl——+|—+1-=|x+2d -b )| —-—=|-—
y4(x) a 2 (n 2) ( )(2 SJ 4

T

b b
V(%) = Ca-(—x +—+1- 5) Y'4(x) = —Cq Y'q(x) =0
14

forl-bR2 <=x<=1
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y's(x) =Cqp—+ 1 -cos|]—-(x—-1)
n b
y's5(x) = Ca-siv{%-(x - 1)] y"'s(x) == Ca--:—-coxl}:u(x - l):]

4. The above equations can be used for a rise or fall by using the proper values of 6, B, and h. To plot the SVAJ
curves, first define a range function that has a value of one between the values of a and 5 and zero elsewhere.

R(x,x1,x2) == iff(x>xD) A (x £x2),1,0]

5. The global SVAJ equations are composed of four intervals (rise, dwell, fall, and dwell). The local equations
above must be assembled into a single equation each for S, ¥, 4, and J that applies over the range 0 <= 6 <= 360
deg.

6. Write the local svaj equations for the first interval, 0 <=0 <= 3,. Note that each subinterval function is
multiplied by the range function so that it will have nonzero values only over its subinterval.

For 0 <=8 <= B, (Rise)

b b 1-d 1-d 1+d
57(x) := hy- R(x0 2) z(x)+R(x,—,T)-y2(x)+R(x, - ; )-ys(x)
1 b
> )y4(x) + R(x,l - 5,1)-)*5(16)

b 1-4dY , 1-d 1+d) ,
VI(x)‘— R( )yJ(x)+§(,E,—2—)-y2(X)+ * o )~y3(x)-..

) + R(x,l . g,l)-ys(x)

b 1-d 1-d d
a](x)‘_‘ R( )y"z(x)m( E'T) Y120 + R 3, ,1; )-y"3(x)
R( 1+d 1——) y"4(x)+k(x,1 —g,l)-y's(x)

hy b b 1-d 1-d 1+d
i1(x = —— x,o, e x) + y—,— e, x) + x, , Ly o
Ji(x) 3 R( z)y 1(x) R( > 5 ) 2Ax) 5 5 )y '3(x)
1+

Bi
+ R(x, 5 d ,1 = -g) y'x) + R(x,l - g,l)-y"’_s(x)

5. Using equations 8.31d and 8.33, write the pressure angle and radius of curvature functions.
o
Bi
2
S] 0 + Rp
Bi

N

(b( 6, Rp, e) = atan
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6. Plot the pressure angle and radius of curvature functions over the lift interval: € := 0-deg,0.5-deg.. B;

p(6,Ry) =
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7. The graphs above show the pressure angle and radius of curvature for the values of R, and ¢ entered on the
first page. These values will be iterated below to obtain a balanced pressure angle whose absolute value is not

greater than 20 deg.

Ry = 45-mm - e:=152.mm
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8. From the graph of radius of curvature above, we see that the minimum value occurs at a cam angle of about 52
deg.
Pmin = p(SZ-deg,RP) Pmin = 25.562 mm

Using a multiple of 3, the maximum roller follower radiusis Ry := p’;m

Rf =85mm
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23 PROBLEM 8-29

Statement:

Enter:

Solution:

Write a computer program or use an equation solver such as Mathcad or TK Solver to calculate

and plot the pressure angle and radius of curvature for a cycloidal displacement cam function for
any specified values of lift, duration, eccentricity, and prime circle radius. Test it using a lift of 20
mm over an interval of 60 deg at 1 rad/sec, and determine the prime circle radius needed to obtain a
maximum pressure angle of 20 deg. What is the minimum diameter roller follower needed to avoid
undercutting with these data?

Lift: h=20-mm Eccentricity e =4-mm
Duration: B := 60-deg Prime circle radius Ry, := 50-mm
See Mathcad file P0829.

1. Cycloidal motion is defined in local coordinates by.equations 8.12. They are:

W0) = g(l - (Z%D

J(e) = 4'752‘1'006‘(2‘11:-&)
p’ p

5(6) = hl(% - E%-sir{lm%))

a(G) = 2-11:-—h—.sin(2.n.g)
i P

2. Using equations 8.31d and 8.33, write the pressure angle and radius of curvature functions.

V(G) -

{©) + [R5
3
2

(R, + s0))° + v(0)]

(R, + 5(0)) + 2:40)° - a(6)-(R, + 5(0))

¢(9 ,Rp,e) = atan

p(6,Ry) =

3. Plot the pressure angle and radius of curvature functions over the lift interval: 6 := O-deg,0.5deg .. B

=
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4. The graphs above show the pressure angle and radius of curvature for the values of R,, and ¢ entered on the
first page. These values will be iterated below to obtain a balanced pressure angle wﬁose absolute value is not
greater than 20 deg.

Rp = 52-mm g:=17.5mm
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5. From the graph of radius of curvature above, we see that the minimum value occurs at a cam angle of about 45
deg.

Pmin = p(45-deg > Rp) Pmin = 28.093 mm
Pmin

Using a multiple of 3, the maximum roller follower radiusis Ry := 3 Rf = 9.4 mm
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25 PROBLEM 8-30

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate
and plot the pressure angle and radius of curvature for a 3-4-5 polynomial displacement cam
function for any specified values of lift, duration, eccentricity, and prime circle radius. Test it
using a lift of 20 mm over an interval of 60 deg at 1 rad/sec, and determine the prime circle radius
needed to obtain a maximum pressure angle of 20 deg. What is the minimum diameter roller
follower needed to avoid undercutting with these data?

Enter:
Lift: h:=20-mm Eccentricity = 4mm
Duration: B := 60-deg Prime circle radius R, := 50-mm
Solution: See Mathcad file PO830.

1. The 3-4-5 polynomial is defined in local coordinates by equations 8.24. They are:

@={of()u(t) ] - t{nT i) 3]
0= (8] w2+ (5] 0 & - s0(3) (3]

p
2. Using equations 8.31d and 8.33, write the pressure angle and radius of curvature functions.
¢(6,Rp,s) = atan v(e) —°
s(e) + ,,sz - 82
3
2 2 2
(&, + s0)* + v(o)’]

(6 ,R ) =
o (R, +50)) + 2000)° - al0)-(R, + 5(0))

3. Plot the pressure angle and radius of curvature functions over the lift interval: 0 := 0-deg,0.5deg .. B
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4. The graphs above show the pressure angle and radius of curvature for the values of R, and € entered on the
first page. These values will be iterated below to obtain a balanced pressure angle wﬁose absolute value is not
greater than 20 deg.

Rp = 48-mm €:=163.-mm
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5. From the graph of radius of curvature above, we see that the minimum value occurs at a cam angle of about 48
deg.

Pmin = p(48~deg,Rp) Pmin = 26.885mm

Using a multiple of 3, the maximum roller follower radius is Ry := pr;in Rf =9.0mm
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25 PROBLEM 8-31

Statement: Write a computer program or use an equation solver such as Mathcad or TKSolver to calculate

and plot the pressure angle and radius of curvature for a 4-5-6-7 polynomial displacement cam
function for any specified values of lift, duration, eccentricity, and prime circle radius. Test it
using a lift of 20 mm over an interval of 60 deg at 1 rad/sec, and determine the prime circle radius
needed to obtain a maximum pressure angle of 20 deg. What is the minimum diameter roller
follower needed to avoid undercutting with these data?

Enter:
Lift: h = 20-mm Eccentricity ¢ = d-mm
Duration: B := 60-deg Prime circle radius Ry, := 50-mm
Solution: See Mathcad file PO831.

1.

The 4-5-6-7 polynomial is defined in local coordinates by equation 8.25. Differentiate itto getv, a, and .

=i =3 w3 en(3) -=(3]]
o) = —3—{140-(%)3 - 420‘(%)4 + 42‘04(%)5 - 140.(%)6]
a(®) := %-{420.(%)2 - 1680.(%)3 + 2100‘(%]4 _ 840,(% )S]

B
Using equations 8.31d and 8.33, write the pressure angle and radius of curvature functions.
¢(9,Rp,e) = atan v(@) —°
s(e) + J sz - 82
3
’ 2
(&, + s(0)* + v(o)’]

p(0,Ry) =

(Ry + 5(0))° + 2:46)° - al6) (R, + s(0))

Plot the pressure angle and radius of curvature functions over the lift interval: 0 := 0-deg,0.5-deg.. 8
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4. The graphs above show the pressure angle and radius of curvature for the values of R, and € entered on the
first page. These values will be iterated below to obtain a balanced pressure angle Wﬁose absolute value is not

greater than 20 deg.
Rp = 5T-mm €:=192.mm
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5. From the graph of radius of curvature above, we see that the minimum value occurs at a cam angle of about 45
deg. '

Pmin ‘= p(45~deg,Rp) Pmin = 28317 mm

Using a multiple of 3, the maximum roller follower radius is Ry = L ';'i"

Rf =94 mm



