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DESIGN OF MACHINERY SOLUTION MANUAL 15-1-1

&S PROBLEM 15-1

Statement: Design a double-dwell cam to meet the specifications given below. Size a return spring and
specify its preload to maintain contact between cam and follower. Calculate and plot the dynamic
force and torque. Repeat for a form-closed cam. Compare the dynamic force, torque, and natural
frequency for the form-closed design and the force-closed design.

Given: RISE DWELL FALL DWELL
B1:= 60-deg Bo:= 120-deg B3 :=30-deg B4:= 150-deg
hj:=25-in hy:=0-in h3:=2.5-in hyg:=0-in
Mod. sine Cycloidal
Cycletime: 1 :=4-sec Damping ratio: := 0.2 Follower mass: myg =22
Solution: See DYNACAM files P1501a and P1501b.

1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is

2m-rad d _
LA o=157112% rpm:=2-m-rad-min. ' © = 15.000 rpm
T sec

o=

2. Load the noted files into program DYNACAM. P1501a is the force-closed solution and P1501b is the
form-closed solution. In each case, after opening the file, click on the Size Cam button and then click Calculate
to see the pressure angle and minimum radius of curvature. Then click the Done button and you will see the
cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home screen.
Click its Calculate button to see the fully developed Dyramics screen. Once this sequence of commands has
been entered, you may see further data by clicking on the Print or Plot buttons on the home screen. Accept all
default values, which have been brought in from the file. It is not necessary to go to the SVAJ screen as that
data has been brought in from the files.

3. The cam is sized with an 11.125-in prime circle radius and -2.64 in eccentricity, which gives balanced pressure
angles 0f 29.8 deg and a minimum radius of curvature of 2.94 in. The roller radius is 1.00 in.

4. For the force-closed case, a spring constant of 100 1b/in with a preload of 170 1b is chosen to keep the follower
force positive and prevent jump. The maximum and minimum follower force, maximum driving torque, undamped
and damped natural frequencies, and damping coefficient are shown on the Cam Dynamics screen, which is
shown below on the next page. The system natural frequency is about 4.3 times the driving frequency. This
ratio could be increased at the expense of larger follower force by increasing the spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case, the peak follower force is greater and the
driving torque excursions are lower than in the form-closed case. This gives the form-closed cam the advantage
in terms of lower stresses in cam and follower but a larger drive motor. However, this advantage comes at the
expense of a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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DESIGN OF MACHINERY SOLUTION MANUAL 15-2-1

&S PROBLEM 15-2

Statement: Design a double-dwell cam to meet the specifications given below. Size a return spring and
specify its preload to maintain contact between cam and follower. Calculate and plot the dynamic
force and torque. Repeat for a form-closed cam. Compare the dynamic force, torque, and natural
frequency for the form-closed design and the force-closed design.

Given: RISE DWELL FALL DWELL
B1:=45-deg B2 := 150-deg B3:=90-deg B4:=75-deg
hj:=1.5-in hy:=0-in h3:=15-in hy:=0-in
3-4-5 poly 4-5-6-7 poly
Cycletime: 1 := 6-sec Damping ratio: §:= 0.1 Follower mass: my =14

Solution: See DYNACAM files P1502a and P1502b.

1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is

2-n-rad d -
LA ® = 1.047% rpm = 2-n-rad-min ! o = 10.000 rpm
T sec

o =

2. Load the noted files into program DYNACAM. Diskfile P1502a contains the force-closed solution and P1502b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Done button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. The cam is sized with an 4.25-in prime circle radius and 0.75 in eccentricity, which gives balanced pressure
angles of 30 deg and a minimum radius of curvature of 1.75 in. The roller radius is 1.00 in.

4. For the force-closed case, a spring constant of 40 1b/in with a preload of 10 Ib is chosen to keep the follower
force positive and prevent jump. The maximum and minimum follower force, maximum driving torque, undamped
and damped natural frequencies, and damping coefficient are shown on the Cam Dynamics screen, which is
shown below on the next page. The system natural frequency is about 5.3 times the driving frequency. This
ratio could be increased at the expense of larger follower force by increasing the spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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DESIGN OF MACHINERY SOLUTION MANUAL 15-3-1

&S PROBLEM 15-3

Statement: Design a single-dwell cam to meet the specifications given below. Size a return spring and specify
its preload to maintain contact between cam and follower. Calculate and plot the dynamic force
and torque. Repeat for a form-closed cam. Compare the dynamic force, torque, and natural
frequency for the form-closed design and the force-closed design.

Given: RISE FALL DWELL
B11:= 60-deg B12:=90-deg B2 :=210-deg
hj:=2-in hy:=0-in
Seventh degree polynomial
Cycletime: 1t :=5.sec Damping ratio: ¢ := 0.15 Follower mass: my =32
Solution: See DYNACAM files P1503a and P1503b.

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

2-n-rad d -
Tra 0=12571"2 rpm:= 2-n-rad-min ! ® = 12.000 rpm
T sec

o =

2. Load the noted files into program DYNACAM. Diskfile P1503a contains the force-closed solution and P1503b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Done button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. The cam is sized with an 4.40-in prime circle radius and 0.22 in eccentricity, which gives balanced pressure
angles of 29.9 deg and a minimum radius of curvature of 2.53 in. The roller radius is 1.00 in.

4. For the force-closed case, a spring constant of 60 1b/in with a preload of 15 Ib is chosen to keep the follower
force positive and prevent jump. The maximum and minimum follower force, maximum driving torque, undamped
and damped natural frequencies, and damping coefficient are shown on the Cam Dynamics screen, which is
shown below on the next page. The system natural frequency is about 3.4 times the driving frequency. This
ratio could be increased at the expense of larger follower force by increasing the spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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DESIGN OF MACHINERY SOLUTION MANUAL 15-4-1

S PROBLEM 154

Statement: Design a three-dwell cam to meet the specifications given below. Size a return spring and specify
its preload to maintain contact between cam and follower. Calculate and plot the dynamic force
and torque. Repeat for a form-closed cam. Compare the dynamic force, torque, and natural
frequency for the form-closed design and the force-closed design.

Given: RISE/FALL DWELL FALL DWELL
B1:=40-deg B2 := 100-deg B3:=90-deg B4 :=20-deg
hp:=2.5-in hy:=0.0:-in h3:=15-in hy:=00-in
Bs5:=30-deg Be = 80-deg
hs:=1.0-in hg:=0.0-in

Cycle time: 1 := 10-sec Damping ratio: ¢ := 0.12 Follower mass: my = 04

Solution: See DYNACAM files P1504a and P1504b.

1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is

2-n-rad d -
LA o = 062822 rpm:=2-n-rad-min ! o = 6.000pm
T sec

w =

2. Load the noted files into program DYNACAM. Diskfile P1504a contains the force-closed solution and P1504b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Done button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. Modified trapezoidal acceleration was used for the rise and both falls. The cam is sized with an 8.875-in prime
circle radius and 1.45 in eccentricity, which gives balanced pressure angles of 29.7 deg and a minimum radius of
curvature of 3.59 in. The roller radius is 1.00 in.

4. For the force-closed case, a spring constant of 20 Ib/in with a preload of 10 Ib is chosen to keep the follower
force positive and prevent jump. The maximum and minimum follower force, maximum driving torque, undamped
and damped natural frequencies, and damping coefficient are shown on the Cam Dynamics screen, which is
shown below on the next page. The system natural frequency is about 11.3 times the driving frequency. This
ratio could be increased at the expense of larger follower force by increasing the spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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DESIGN OF MACHINERY SOLUTION MANUAL 15-5-1

&S PROBLEM 15-5

Statement: Design a four-dwell cam to meet the specifications given below. Size a return spring and specify
its preload to maintain contact between cam and follower. Calculate and plot the dynamic force
and torque. Repeat for a form-closed cam. Compare the dynamic force, torque, and natural
frequency for the form-closed design and the force-closed design.

Given: RISE/FALL DWELL FALL DWELL
B1:=40-deg B2:=100-deg B3 :=90-deg B4:=20-deg
h;:=25-in hy:=0.0-in h3:=1.5-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

Cycletime: 1 := 15-sec Damping ratio: ¢ :=0.18  Follower mass: my =125

Solution: See DYNACAM files P1505a and P1505b.

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

2-m-rad d -
o o = 041922 rpm = 2.n-rad-min ! @ = 4.000rpm
T sec

W =

2. Load the noted files into program DYNACAM. Diskfile P1505a contains the force-closed solution and P1505b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Done button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. Modified trapezoidal acceleration was used for the rise and all falls. The cam is sized with an 7.500-in prime
circle radius and 2.35 in eccentricity, which gives balanced pressure angles of 30 deg and a minimum radius of
curvature of 3.01 in. The roller radius is 1.00 in.

4. For the force-closed case, a spring constant of 40 1b/in with a preload of 15 Ib is chosen to keep the follower
force positive and prevent jump. The maximum and minimum follower force, maximum driving torque, undamped
and damped natural frequencies, and damping coefficient are shown on the Cam Dynamics screen, which is
shown below on the next page. The system natural frequency is about 13.6 times the driving frequency. This
ratio could be increased at the expense of larger follower force by increasing the spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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&5 PROBLEM 15-6a

Statement: A mass-spring-damper system as shown in Figure 15-1b has the values shown in Table P15-1.
Find the undamped and damped natural frequencies and the value of critical damping for the
system in row a of the table.

1

Given: M:=12kg k:=14N-m c:= 1.1-N-sec-m !

Solution: See Figure 15-1b, Table P15-1, and Mathcad file P1506a.

1. Calculate the undamped natural frequency using equation 15.1d.

k rad
op= |— Wp =3416——
" M " sec

2. Calculate the damped natural frequency using equation 15.3c.

2
k c rad
of=|—-|—— w4 =3.385—
d M (2-M ) ? sec
3. Calculate the critical damping factor using equation 15.2i.
N-sec

cc=2-M-a, co= 8.198
m
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PROBLEM 15-6
Row ©, ®, c,
a 3.42 3.38 8.2
b 4.68 4.65 19.7
c 0.26 0.26 15.5
d 2.36 233 21.2
e 5.18 5.02 29.0
f 2.04 1.96 49.0

15-A-1
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&S PROBLEM 15-7

Statement: Figure P15-1 shows a cam-follower system. The dimensions and other data are given below. Find
the arm's mass, center of gravity location and mass moment of inertia about both its CG and arm
pivot. Create a linear, one-DOF lumped mass model of the dynamic system referenced to the cam
follower and calculate the cam-follower force for one revolution. The cam is a pure eccentric with
eccentricity and speed given below. Ignore damping.

Units: blob := Ibf" P ieg rpm:= 2-n-rad-min !
Given: Arm dimensions: Cutout dimensions:
Width (Z-direction):  a:=2-in Width (Z-direction):  a':=1.5-in
Height (Y-direction): b :=2.5-in Height (Y-direction):  b':=2.5-in
Length (X-direction): ¢ := 28-in Length (X-direction): ¢':= 3-in
Distance from arm pivot to spring: Ls:=19-in
Distance from arm pivot to roller center: Ly:=12-in
Cam eccentricity and speed: e:= 0.5in wy:= 500rpm
Cam radius and thickness: re:=3-in we = 0.75-in  (measured from Figure)
Roller follower dimensions:  ry:= 1-in wr = 1.5-in
Spring rate and preload: kg := 123.Ibf-in ! Fs50:=173-1bf
Solution: See Figure P15-1 and Mathcad file P1507.

1. The effective mass and spring constant of the arm referenced to the cam follower were determined in Problem
10-16 as:
5 Ibf

meg := 0.04652-blob Kaefr = 1.0131-10 T

2. The spring rate and nreload referenced to the cam follower are:
-1

1 L)y 1 Ip L
kefy = + ( ') — | k= 307418°% Fpi = L—S-F5o Fp1 = 273.917 Ibf

kaeﬁf Lg ) ks in -
3. Calculate the motion of the roller follower center Y Ty
with respect to the X axis, which goes through /
the center of rotation of the cam. / /E/\(\
[
The cam and follower are shown at right. Vs \
The origin of the coordinate frame is at the center o ‘\’i‘\n\ |
of rotation. The cam, link 2, is shown rotated an Yr \><\/ vy NG '\ fe*re
amount 0, from the position at which the / R ~. N
follower, link 3, is at its lowest position. A / S \ 4 \\ \
triangle is formed with sides e, r,+ r., and y,. | . - SR ”jr 1 X
This triangle will be used to determine the L X7 |
displacement of the follower, y; with respect to 2 e N /
the cam rotation angle, 0,. \// s N //‘\\\\
Using the law of sines, NN N
< —l ~
B (92) = asirr( ¢ -sin(e 2)) - 92
re+re
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From the relationship among the angles of a triangle, y(e 2) =0s-PB (e 2)
1
2 2 2
And, using the law of cosines, yf(ez) = [e + (rf + rc) - 2-e-(rf + 7 ~cos(y(92))]

te—\rr+re

4. Differentiate the displacement function twice to get the velocity and acceleration functions.
|4 _(d
y{02) 1= | 2 —x7(02) | @2 ar(02) = | 2—v(02) | @2
do, do;

5. Substitute the expressions for displacement, acceleration and spring preload into equation 15.9 and solve for the
force on the follower as a function of cam angle.

Fi(03) = megr-ap(62) + kegr-37(62) + Fo

6. Plot the force on the follower for one revolution of the cam. 8, := 0-deg,2-deg.. 360-deg

- FORCE ON FOLLOWER
600
500 ///\\\
/] ™\
400 / AN
= F, 0(92) / \
§ If 300
[T, ~——
200
100
0 0 45 90 135 180 225 270 315 360
02
deg

Cam Rotation Angle, deg
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&S PROBLEM 15.8

Statement: Repeat Problem 15-7 for a double-dwell cam to move the roller follower from 0 to 2.5 inches in
60 deg with modified sine acceleration, dwell for 120 deg, fall 2.5 inches in 30 deg with
cycloidal motion, and dwell for the remainder. Cam speed is 100 rpm. Choose a suitable
spring rate and preload to maintain follower contact. Select a spring from Appendix D.
Assume a damping ratio of 0.10.

Units: blob := Ibf -secz-in_ ! rpm:= 2-n-rad-min !
Given: Arm dimensions: Cutout dimensions:
Width (Z-direction):  g:=2-in Width (Z-direction):  a':= 1.5-in
Height (Y-direction): b :=2.5-in Height (Y-direction): 4’ :=2.5-in
Length (X-direction): ¢ :=28-in Length (X-direction): ¢':= 3.in
Distance from arm pivot to spring: Lg:=19-in
Distance from arm pivot to roller center: L,.:=12-in
Cam lift and speed: h:=25in ®2:= 100rpm
Roller follower dimensions:  rf:= 1-in wr = 1.5-in
Solution: See Figure P15-1, Problem 15-7, and DYNACAM file P1508.cam.

1. The effective mass and spring constant of the arm referenced to the cam follower were determined in Problem
10-16 as:

5 1
mefr = 0.04652-blob kaefr == 1.0131-10 I—’{

2. There is no extension spring listed in Appendix D that is acceptable. A 2.5-in follower lift is nearly 4 in at the
end of the arm where the spring attaches. There is no spring that has a safe maximum load that is 4 times the
spring rate. We will, therefore, have to have a custom made spring with the following rate and preload when
installed.

Spring rate and preload: kg := 75.8-Ibf-in | Fsp:= 37.9-8f
3. The spring rate and preload referenced to the cam follower are:
-1

1 LYy 1 Ibf Ly
Kefy == + = — Kefr = 190 — Fpj:=—-F Fp1 = 601b
off et ( Ls) ke eff . Pl L 50 Pl f

4. Enter the given cam data into the program DYNACAM and create a cam with acceptable pressure angles and
radius of curvature. A cam drawing from DYNACAM that meets the requirements is shown on the next page.
Find a suitable spring rate and preload to keep the minimum cam force positive and minimize the maximum cam
force. One solution is shown in the Cam Dynamics screen shown below the cam drawing.
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&5 PROBLEM 159

Statement: Repeat Problem 15-7 for a double-dwell cam to move the roller follower from 0 to 1.5 inches in 45
deg with 3-4-5 polynomial motion, dwell for 150 deg, fall 1.5 inches in 90 deg with 4-5-6 polynomial
motion, and dwell for the remainder. Cam speed is 250 rpm. Choose a suitable spring rate and
preload to maintain follower contact. Select a spring from Appendix D. Assume a damping ratio of

0.15.
Units: blob := Ibf- secin” | rpm:= 2-n-rad-min !
Given: Arm dimensions: Cutout dimensions:
Width (Z-direction): g :=2-in Width (Z-direction):  a':= 1.5-in
Height (Y-direction): b := 2.5-in Height (Y-direction):  4':=2.5-in
Length (X-direction): ¢ := 28-in Length (X-direction): ¢':= 3-in
Distance from arm pivot to spring: Ls:=19-in
Distance from arm pivot to roller center: L= 12-in
Cam lift and speed: h:=25in wy:= 100rpm
Roller follower dimensions:  rf := 1-in wr = 1.5-in
Solution: See Figure P15-1, Problem 15-7, and DYNACAM file P1509.cam.

1. The effective mass and spring constant of the arm referenced to the cam follower were determined in Problem
10-16 as:

51
Meff = 0.04652-blob kaegr == 1.0131-10 1_nf

2. There is no extension spring listed in Appendix D that is acceptable. A 1.5-in follower lift is nearly 2.5 in at the
end of the arm where the spring attaches. There is no spring that has a safe maximum load that is 2.5 times the
spring rate. We will, therefore, have to have a custom made spring with the following rate and preload when
installed.

Spring rate and preload: kg 1= 120-1bfin Fsp:= 94.7-Ibf

3. The spring rate and preload referenced to the cam follower are:
-1

1 LYy 1 Ibf Ls
kefr == e kefr = 300 — Fpj:=—F Fp=1501h
eff kaeﬁ ( Ls) ks eff in pl I, 50 pl f

4. Enter the given cam data into the program DYNACAM and create a cam with acceptable pressure angles and
radius of curvature. A cam drawing from DYNACAM that meets the requirements is shown on the next page.
Find a suitable spring rate and preload to keep the minimum cam force positive and minimize the maximum cam
force. One solution is shown in the Cam Dynamics screen shown below the cam drawing.
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&S PROBLEM 15-10

Statement: Repeat Problem 15-7 for a single-dwell cam to move the roller follower from 0 to 2 inches in 60 deg,
fall 2 inches in 90 deg, and dwell for the remainder. Use a seventh degree polynomial. Cam speed
is 250 rpm. Choose a suitable spring rate and preload to maintain follower contact. Select a spring
from Appendix D. Assume a damping ratio of 0.15.

Units: blob := Ibf- -secz-in_ ! rpm:= 2-n-rad-min !
Given: Arm dimensions: Cutout dimensions:
Width (Z-direction): a:=2-in Width (Z-direction): a':=1.5-in
Height (Y-direction): 5 :=2.5-in Height (Y-direction): b':=2.5-in
Length (X-direction): ¢ := 28-in Length (X-direction): ¢":= 3.in
Distance from arm pivot to spring: Lg:=19-in
Distance from arm pivot to roller center: L,:=12-in
Cam lift and speed: h:=25in ®y:= 100rpm
Roller follower dimensions:  rs:= 1-in wr = 1.5-in
Solution: See Figure P15-1, Problem 15-7, and DYNACAM file P1510.cam.

1. The effective mass and spring constant of the arm referenced to the cam follower were determined in Problem
10-16 as:
b
mefy := 0.04652-blob Kaefr == 1.013]-105-—.—f-
in

2. There is no extension spring listed in Appendix D that is acceptable. A 2-in follower lift is over 3 in at the end of
the arm where the spring attaches. There is no spring that has a safe maximum load that is 3 times the spring
rate. We will, therefore, have to have a custom made spring with the following rate and preload when installed.

Spring rate and preload: kg := 85.3-bf-in | Fs0:= 31.6-Ibf

3. The spring rate and preload referenced to the cam follower are:
-1

L) 1 ) L
ke = + (—') — kegr = 213_—f Fpi = Z{-F50 Fpl = 501bf

Ls) ks in -

kaeﬂ

4. Enter the given cam data into the program DYNACAM and create a cam with acceptable pressure angles and
radius of curvature. A cam drawing from DYNACAM that meets the requirements is shown on the next page.
Find a suitable spring rate and preload to keep the minimum cam force positive and minimize the maximum cam
force. One solution is shown in the Cam Dynamics screen shown below the cam drawing.
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&S PROBLEM 15-11

Statement: Repeat Problem 15-7 for a double-dwell cam to move the roller follower from 0 to 2 inches in 60 deg
with cycloidal motion, dwell for 150 deg, fall 2 inches in 90 deg with modified sine acceleration, and
dwell for the remainder. Cam speed is 200 rpm. Choose a suitable spring rate and preload to
maintain follower contact. Select a spring from Appendix D. Assume a damping ratio of 0.15.

Units: blob := Ibf secin” | rpm:= 2-n-rad-min !
Given: Arm dimensions: Cutout dimensions:
Width (Z-direction): a:=2-in Width (Z-direction): a' :=1.5-in
Height (Y-direction): b := 2.5-in Height (Y-direction):  5':=2.5-in
Length (X-direction): ¢ := 28-in Length (X-direction): ¢':= 3-in
Distance from arm pivot to spring: Lg:=19in
Distance from arm pivot to roller center: L,:=12-in
Cam lift and speed: h:=25in ®2:= 100rpm
Roller follower dimensions:  rr:= 1-in wr = 1.5-in
Solution: See Figure P15-1, Problem 15-7, and DYNACAM file P1511.cam.

1. The effective mass and spring constant of the arm referenced to the cam follower were determined in Problem
10-16 as:

5 Ib
Mefy = 0.04652-blob kaefr = 1.0131-10 Tr{

2. There is no extension spring listed in Appendix D that is acceptable. A 2-in follower lift is over 3 in at the end of
the arm where the spring attaches. There is no spring that has a safe maximum load that is 3 times the spring
rate. We will, therefore, have to have a custom made spring with the following rate and preload when installed.

Spring rate and preload: kg := 82.1.1bf-in | Fsp:= 94.7-1bf

3. The spring rate and preload referenced to the cam follower are:
-1

kefr = —
o kg in -

L b L
+ (-Lﬁ) ! kegr = 205 % Fpr:= —Li-F50 Fpi = 150 Ibf
'S

kaeﬁ

4. Enter the given cam data into the program DYNACAM and create a cam with acceptable pressure angles and
radius of curvature. A cam drawing from DYNACAM that meets the requirements is shown on the next page.
Find a suitable spring rate and preload to keep the minimum cam force positive and minimize the maximum cam
force. One solution is shown in the Cam Dynamics screen shown below the cam drawing.
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25 PROBLEM 15-12

Statement: The cam in Figure P15-2 is a pure eccentric with eccentricity = 20 mm and turns at 200 rpm. The

mass of the follower is 1 kg. The spring has a rate of 10 N/m and a preload of 0.2 N. Find the
follower force over one revolution. Assume a damping ratio of 0.10. If there is follower jump,
respecify the spring rate and preload to eliminate it.

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

Given: Cam eccentricity and speed:  a:= 20-mm o := 200rpm
Follower mass: mp = 1-kg Damping ratio: £:=0.10
Spring; ki=10N-m" ' Fy=02.N

Solution: See Figure P15-2 and Mathcad file P1512.

1.

Using the equation given in the figure, write functions for the displacement, velocity, and acceleration of the
follower. Note that the displacement function is written such that at it is zero at 7 = 0.

Displacement: 3(9) = a-(l - cos(e))
Velocity: v(e) =ao -sin(e)
Acceleration: a(0) = a-coz.cos(G)

Calculate the damping coefficient using equations 15.2i and 15.3a.

N-
c:= 2-C‘,lmf~k c=063222

m

Substitute the expressions for displacement, velocity, acceleration, and spring preload into equation 15.9 and
solve for the force on the follower as a function of cam angle.

FC(G) = mf~a(9) + c‘v(G) + k‘s(G) + Fpi

Plot the force on the follower for one revolution of the cam. 6 := 0-deg,2-deg .. 360 deg

—

5 /

F(0) /

FORCE ON FOLLOWER (ORIGINAL SPRING)

10

2,

¥

s V0 \ /

k‘ [E————

h \\_//
-10
0 60 120 180 240 300 360
0
deg

Cam Rotation Angle, deg
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5. The cam force becomes negative, which indicates that the follower will jump or lose contact with the cam. New
values of spring rate and/or preload will be tried iteratively to make the force always positive.

1

Let the new spring parameters be: k:=50.N-m Fpp:=15N
c= Z-C-,’mf-k c=1414 N-sec
m

Fm(G) = mf~a(6) + c~v(6) + k-s(e) + Fpr

FORCE ON FOLLOWER (NEW SPRING)

20
15 \\ Pl
> Fcn(e) \ /
< /|
£ N 10
R —
5 //
0
0 60 120 180 240 300 360
LR
deg

Cam Rotation Angle, deg
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&S PROBLEM 15-13

Statement: The cam in Figure P15-2 has a symmetric double harmonic rise and fall of 20 mm and turns at 200

rpm. The mass of the follower is 1 kg. The spring has a rate of 10 N/m and a preload of 0.2 N. Find
the follower force over one revolution. Assume a damping ratio of 0.10. If there is follower jump,
respecify the spring rate and preload to eliminate it.

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

Given: Cam rise/fall and speed:  h:=20-mm @ :=200rpm
Follower mass: mf = 1-kg Damping ratio: ¢:=10.10
Spring: ki=10-N-m™ ' Fp:=02-N

Solution: See Figure P15-2 and Mathcad file P1513.

1.

Using equations 8.25, write functions for the displacement, velocity, and acceleration of the follower. The value
of B for both the rise and the fall is B := 180deg. To write the global equations, define a range function that has

a value of unity between the limits of @ and b and is zero elsewhere.

R(0,a,b) = #[(6 > a)-(6 < b),1,0]

Displacement:  s(6) := R(e,o,ﬁ)-ﬁ-[ 1- cos(n--e—)] - l-(l - cos(Z-n-g)):l
VA O B\ ST O o B

Velocity: W0) = 0- %2 Ro,0,8) sih 2| - Lisi 202 .
" +—R(9,ﬁ,E-1:)(-(sii()n-92; B”§+;3}(2.n.9;ﬁ))

+-R(0,p 2n)(cos(neﬁ )+cos(2n gﬁn

Calculate the damping coefficient using equations 15.2i and 15.3a.

N
c:= 2.§-,,mrk ¢ = 0632 —=

m

Substitute the expressions for displacement, velocity, acceleration, and spring preload into equation 15.9 and
solve for the force on the cam as a function of cam angle.

FC(O) = mf-a(e) + c-v(e) + k-s(e) + Fpi

Plot the force on the cam for one revolution of the cam. 0 := 0-deg,2-deg.. 360-deg
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The cam force becomes negative, which indicates that the follower will jump or lose contact with the cam. New
values of spring rate and/or preload will be tried iteratively to make the force always positive.

Let the new spring parameters be:

k= SON-m | Fpr =8N
N-sec
ci= 2~C~,’mf~k c=1414——

m

Fm(e) = mfoa(e) + c~v(9) + k-s(G) + Fpl
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&5 PROBLEM 15-14

Statement: The cam in Figure P15-2 has a symmetric 3-4-5-6 polynomial rise and fall of 20 mm and turns at 200
rpm. The mass of the follower is 1 kg. The spring has a rate of 10 N/m and a preload of 0.2 N. Find
the follower force over one revolution. Assume a damping ratio of 0.10. If there is follower jump,
respecify the spring rate and preload to eliminate it.

Units: rpm = 2-%-rad-min

Given: Cam rise/fall and speed:  h:=20mm  ®:=200rpm
Follower mass: my = 1-kg Damping ratio: £:=0.10
Spring: k:=10.N-m ! Fp1:=02-N

Solution: See Figure P15-2 and Mathcad file P1514.

1. Using equations 8.26, write functions for the displacement, velocity, and acceleration of the follower. The value
of B for the total rise and fall is f := 360 deg.

3 4 5 6
Displacement:  s(9) := h.{m.(g.) _ 192‘(2) + 192.(9.) _ 64(9-) }
B p B B
2 3 4 5
Velocity: we) = coi.[wz.(?—) - 768.(9—) + 960-(3) - 384~(—9—) ]
B B p p p
2 3 4
Acceleration:  4(0) = o)2~—h-{384‘(9) - 2304-(?—j + 3840-(—6—) - 1920-(9—) }
l32 B B B B

2. Calculate the damping coefficient using equations 15.2i and 15.3a.

c:= 2-C-‘,mf-k ¢=0.632 N-sec

m

3. Substitute the expressions for displacement, velocity, acceleration, and spring preload into equation 15.9 and
solve for the force on the cam as a function of cam angle.

Fc(e) = mf-a(G) + c-v(G) + k-s(B) + Fpi

4. Plot the force on the cam for one revolution of the cam. 0 := 0-deg,2-deg.. 360-deg

FORCE ON CAM (ORIGINAL SPRING)
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The cam force becomes negative, which indicates that the follower will jump or lose contact with the cam. New

values of spring rate and/or preload will be tried iteratively to make the force always positive.

Let the new spring parameters be:

ki=30.Nm " Fpr:=5N
c:= 2.C-\’mf-k

¢ = 1.095 256

m
Fc,,(e) = mf-a(G) + c-v(@) + k-s(e) + Fpl
FORCE ON CAM (NEW SPRING)
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&S PROBLEM 15-15

Statement: Design a double-dwell cam to meet the specifications given below. Size a return spring, selected
from Appendix D, and specify its preload to maintain contact between cam and follower. Calculate
and plot the dynamic force and torque. Repeat for a form-closed cam. Compare the dynamic force,
torque, and natural frequency for the form-closed design and the force-closed design.

Given: RISE DWELL FALL DWELL
B1:= 60-deg B2:=120-deg B3:=90-deg B4 :=90-deg
hj:=45-mm hp:=0-mm h3:=45-mm hy:=0-mm
Mod. sine 3-4-5 poly
Cycle time: 1 :=1-sec Damping ratio: {:=0.25  Follower mass: my :=2-kg

Solution: See DYNACAM files P1515a and P1515b.

1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is

2.7 d -
n-rad o= 628372 rpm:=2-m-rad-min ' © = 60.000 rpm
T sec

® =

2. Load the noted files into program DYNACAM. Diskfile P1515a contains the force-closed solution and P1515b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Done button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. The cam is sized with an 92.5-mm prime circle radius and 10.8-mm eccentricity, which gives balanced pressure
angles 0of 29.9 deg and a minimum radius of curvature of 52.4 mm. The roller radius is 25 mm.

4. For the force-closed case, choose catalog number 447 from with a spring constant of 4.2 1b/in (735.8 N/m) with a
preload of 10 N to keep the follower force positive and prevent jump. The maximum and minimum follower force,
maximum driving torque, undamped and damped natural frequencies, and damping coefficient are shown on the
Cam Dynamics screen, which is shown below on the next page. The system natural frequency is about 5.3 times
the driving frequency. This ratio could be increased at the expense of larger follower force by increasing the
spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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&S PROBLEM 15-16

Statement: Design a single-dwell cam to meet the specifications given below. Size a return spring, selected
from Appendix D, and specify its preload to maintain contact between cam and follower. Calculate
and plot the dynamic force and torque. Repeat for a form-closed cam. Compare the dynamic force,
torque, and natural frequency for the form-closed design and the force-closed design.

Given: RISE FALL DWELL
B11:= 60-deg B 12 := 90-deg B2 :=210-deg
hy:=25-mm h3:=0-mm
Seventh-degree polynomial
Cycletime: 1 :=2.sec Damping ratio: {:=0.15  Follower mass: my = 10- kg
Solution: See DYNACAM files P1516a and P1516b.

1. The camshaft turns 27 rad during the time for one cycle. Thus, its speed is

2-n-rad d -
T o = 3.142 = rpm = 2-n-rad-min ! ® = 30.000 rpm
T sec

w =

2. Load the noted files into program DYNACAM. Diskfile P1516a contains the force-closed solution and P1516b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Dore button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. The cam is sized with an 85-mm prime circle radius and 2.8-mm eccentricity, which gives balanced pressure
angles of 21.5 deg and a minimum radius of curvature of 50.0 mm. The roller radius is 25 mm.

4. For the force-closed case, choose catalog number 447 from with a spring constant of 4.2 Ib/in (735.8 N/m) with a
preload of 10 N to keep the follower force positive and prevent jump. The maximum and minimum follower force,
maximum driving torque, undamped and damped natural frequencies, and damping coefficient are shown on the
Cam Dynamics screen, which is shown below on the next page. The system natural frequency is about 2.7 times
the driving frequency. This ratio could be increased at the expense of larger follower force by increasing the
spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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&S PROBLEM 15-17

Statement: Design a four-dwell cam to meet the specifications given below. Size a return spring and specify
its preload to maintain contact between cam and follower. Calculate and plot the dynamic force
and torque. Repeat for a form-closed cam. Compare the dynamic force, torque, and natural
frequency for the form-closed design and the force-closed design.

Given: RISE/FALL DWELL FALL DWELL
B1:=40-deg 2 := 100-deg B3 :=90-deg B4 :=20-deg
hj:=40-mm hy:=0.0-in h3:=20-mm hy:=0.0-in
Bs5:=30-deg B¢ = 40-deg B7:=30-deg Bg:= 10-deg
hs:=10-mm hg:=0.0-in h7:=10-mm hg:=0.0-in

Cycle time: 1 := 10-sec Damping ratio: ¢ :=0.25  Follower mass: mf = 3-kg

Solution: See DYNACAM files P1517a and P1517b.

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

2-n-rad d -
e o = 0628 2% rpm = 2.n-rad-min ! o = 6.000rpm
T sec

o =

2. Load the noted files into program DYNACAM. Diskfile P1517a contains the force-closed solution and P1517b
the form-closed solution. In each case, after opening the file, click on the Size Cam button and then click
Calculate to see the pressure angle and minimum radius of curvature. Then click the Done button and you will
see the cam drawing. After clicking the Done button on that screen, click the Dynamics button on the Home
screen. Click its Calculate button to see the fully developed Dynamics screen. Once this sequence of
commands has been entered, you may see further data by clicking on the Print or Plot buttons on the home
screen. Accept all default values, which have been brought in from the file. It is not necessary to go to the
SVAJ screen as that data has been brought in from the files.

3. Modified trapezoidal acceleration was used for the rise and all falls. The cam is sized with an 130-mm prime circle
radius and 34-mm eccentricity, which gives balanced pressure angles of 29 deg and a minimum radius of
curvature of 50 mm. The roller radius is 25 mm.

4. For the force-closed case, a spring constant of 150 N/mm with a preload of 5 N is chosen to keep the follower
force positive and prevent jump. The maximum and minimum follower force, maximum driving torque, undamped
and damped natural frequencies, and damping coefficient are shown on the Cam Dynamics screen, which is
shown below on the next page. The system natural frequency is about 11.3 times the driving frequency. This
ratio could be increased at the expense of larger follower force by increasing the spring constant.

5. For the form-closed case, it is only necessary to define spring constant and preload values of zero. The "b"
diskfile does this. The maximum and minimum follower force, maximum driving torque, undamped and damped
natural frequencies, and damping coefficient for this case are shown on the second Cam Dynamics screen,
which is shown below on the next page.

6. Comparing these two cases shows that in the force-closed case both the peak follower force and driving torque
excursions are greater than in the form-closed case. This gives the form-closed cam the advantage in terms of
lower stresses in cam and follower and a smaller drive motor. However, this advantage comes at the expense of
a more difficult and costly cam to make, since two cam surfaces must be machined instead of one.
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&S PROBLEM 15-18

Statement:

Units:

Given:

Solution:

Design a cam to drive an automotive valve train whose parameters are given below. Select a
spring constant and preload to avoid jump to 3500 rpm. Fast opening and closing and maximum
open time are desired.

rpm:= 2-n-rad-min_ ! kN = 103-N
Cam rise/fall and speed:  h:= 122mm ® := 3500rpm
Valve train mass:  m,,:= 0.2-kg Damping ratio: ¢:=0.30

Roller follower: Rf:=5-mm

Open-close event is 160 deg, low dwell is 200 deg.
See Mathcad file P1518.

1. Use a 3-4-5 polynomial for both the rise and the fall. Although peak jerk is higher with this choice than with the
4-5-6-7 polynomial, peak acceleration is considerably lower. Using equation 8.24, write functions for the
displacement, velocity, and acceleration of the follower. The value of for the both the rise and fall is

B := 40-deg. To write the global equations, define a range function that has a value of unity between the limits

of a and b and is zero elsewhere.

R(O,a,b) = 1][(9 > a)~(6 < b),l,O]

Displacement:
Rise: B1:=8 B1 = 40.000 deg
3 4 5
(6) := A 10-(1) - 15-(—9—] +6- 9—)

! B1 B1 B1
Highdwell: B := 160-deg — 2-B B2 = 80.000 deg s2(0) := h
Fall: B3:= B3 = 40.000 deg

T 3 4 7]
0—-B1 - —B1 -
s3(0):=h{1- 10.(__BI_E) _ 15.(9_B]_B_3)
B3 B3

5
+6_(9 -B1- Bz)
L L B3 1]
Globtction: )= H(0,0,6:516) + KO,1.8, + 02)06) .
+R(9,31 +B2,B1+ B2+ B3)-S3(8)

Velocity:

Rise: v/(8) = m.B_hl..[m.( % Jz ) 60.(5—1)3 + 30.(-;—])4}

Highdwell:  v(8) := 0-——
sec

2 3 4
Fall: v3(6) = _Q)_h_ 30.(9_.—ﬂ__ﬁ_2 - 60,(6 —Bi- BZ) + 30 6-B1-B2
B3 B3 B3 B3
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Global equation: we) = R(O,O,B1)~V1(9) +‘R(9,ﬁ1,ﬁ1 + B2)~V2(9)
+R(9,ﬁl +PB2,B1+ B2+ 53)"’3(9)

Acceleration:
2 3
Rise: a1(0) = 02— 60. O isof &) s 120[ 2
B 2 B1 B1 B1
1
Highdwell:  a5(0) := 0.2
S802
[ (0-pi-p 6-p1-po) |
Fall asf6) = 02 60{#}180{_1_3)
ﬁ32 B3 B3

3
c10] 22 P17P2
L B3

Global equation: a(G) = R(G,O,B])-al(e) + R(E),Bl,ﬁl + [32)'02(9)
+R(0,B1+ B2,B1 + B2 + B3)as(6)

2. Iteratively choose spring parameters that will prevent follower jump and then, calculate the damping coefficient
using equations 15.21 and 15.3a.

Spring: ki=350-Nomm™ | Fyppi= 1200.N
N-sec
o= 28\ [myk ¢ = 158745
C-ymy -

3. Substitute the expressions for displacement, velocity, acceleration, and spring preload into equation 15.9 and
solve for the force on the cam as a function of cam angle.

FC(G) = mv~a(6) + c-v(G) + k!s(E)) + Fpi

4. Plot the force on the cam for one revolution of the cam. 0 := 0-deg,2-deg.. 360-deg

FORCE ON CAM

F(0)
kN

A A

Force, kN

0 20 40 60 80 100 120 140 160
o

deg
Cam Rotation Angle, deg
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&5 PROBLEM 15-19

Statement:

Units:
Given:

Solution:

For the cam-follower train described in Problems 10-30 and 10-31, determine and plot the
kinetostatic follower force and camshaft torque over one cycle if the cam provides a 3-4-5
polynomial double dwell angular motion to roller arm 2 with a rise of 10 deg in 90 camshaft degrees,
dwell for 90 deg, fall 10 deg in 90 deg and dwell for the remainder. The camshaft turns 100 rpm.

rpm:= 2-n-rad-min ! blob := Ibf -secz- in :

Follower rise: o:= 10-deg Cam speed: n:= 100rpm Roller arm radius: r:=8-in

From problems 10-30 and IO-31:meﬁ = 0.165-blob kefr = 52600-%—1- Foefy := 1201bf

in
See Figure P10-5 and Mathcad file P1519.

1. The program DYNACAM will be used for this solution. Calculate the speed in rad/sec and the effective lift in
inches for input to the SVAJ screen of DYNACAM.

d
W:=~n m=l(}l.472i h:=ro h=14in
sec

?DYHACAM for Windows by R. L. Norton - Copyright 1998 Input Screen
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EE 2

N EE 2 B

| zzd ol e

Choose poly functions for the rise and fall segments and, when calculating these segments, choose 6 BCs,
setting V and A to zero at the beginning and end of the segments. This will result in 3-4-5 polynomials for the

rise and fall.

2. Click Done and then, at the Home screen, click Size Cam. Choose a follower radius and then a prime circle
radius that will make the radius of curvature, p,; . significantly larger than the follower radius.
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Reey

3. Click Done and then, at the Home screen, click Dynamics. Enter the effective mass, spring rate, and spring

preload. The results are shown below.
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Cam Dynamics
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1 -307383.4
4877068
2 4537207 0

Average Torque:
16258.77 b-in







