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Abstract

The purpose of this study is to investigate the transverse vibration of a translating follower cam with
different cam profiles undergoing an angular acceleration. The follower is flexible and vibrates transversely.
Four different motions are employed to design the rise and fall motion of the follower. They include modified
sinusoidal acceleration motion, modified trapezoidal acceleration motion, 4-5-6-7 polynomial motion, and
3-4-5 polynomial motion. The contact position of the roller and the cam, which cannot be determined only by
the kinematics analysis is formed as geometric constraints and substituted into the dynamics modeling. The
governing system equations of motion by using Hamilton’s principle and the assumed mode method can be
derived. And Runge-Kutta method is employed to solve the vibration response of the translating follower. The
numerical results show that the vibration response is affected significantly by the cam profiles. The response
amplitude of the follower using modified sinusoidal acceleration motion and 3-4-5 polynomial motion are
smaller and slower to increase than that using the other two methods.

Keywords: cam profile, angular acceleration, translating follower, transverse vibration, different profiles.
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1. INTRODUCTION

Reference [1] introduces the related topics of
cam-actuated mechanisms. Several studies have
been reported on the kinematic analysis of cam
mechanisms [2]. Some researchers have also
investigated the dynamics of cam mechanisms.
Chang et al. [3] studied the lateral vibration of a
translational roller follower cam due to a flexible
follower rod. Cycloidal profile was used to design
the

rise-dwell-fall-dwell motion. The numerical results

rise and fall intervals of the follower’s
showed that follower rod with longer length or
smaller cross-sectional radius caused larger follower
response amplitude. Smaller cam base-circle radius
or larger total lift also resulted in a larger response.

Hejma et al. studied a mechanism

[4]
configuration consisting of a flat faced follower
pressed against the surface of a radial cam by a coil
spring. On the basis of known lifting function, a
new cam profile was proposed. The lifting function
has a polynomial character. In particular,
polynomial of degree 3, 5 and 7 were studied. A
method was proposed to calculate the torque from
the desired cam angular velocity. This method was
used to select a suitable motor and correctly select a
coil spring. The spring preload was determined to
avoid the follower bouncing off the cam surface.
Based on the analytical analysis, a new measuring
bench was proposed. Yousuf [5] studied the
influence of the inner distance of the guide rail, the
constant speed of the cam and the offset of the
follower on the chaotic phenomenon. The chaotic
phenomena was investigated using Phase-plane
portrait with Poincare’ maps, power density function
of Fast Fourier Transform (FFT), and largest

Lyapunov exponent. The chaos analysis of the offset
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flat-faced follower due to the contact with the
polydyne cam profile was controlled using multi
The
suspensions of the shocks absorbers were described

linear and nonlinear damper systems.
using spring-damper-mass systems. The nonlinear
response of the flat-faced follower due to the offset
shift was calculated at different internal distance of
the follower guide, different speeds of the cam, and

different followers’ offsets.

In this paper, following the same approach of
the previous study [3], one can study the follower
vibration of a translating follower cam system with
four cam profiles undergoing

an angular

acceleration. Four motions including modified
sinusoidal acceleration motion, modified trapezoidal
acceleration motion, 4-5-6-7 polynomial motion,
and 3-4-5 polynomial motion will be considered to
the fall of the

rise-dwell-fall-dwell (RDFD) motion of the follower.

design rise and portions
The vibration under the four profiles will be

calculated and discussed.

2. FOUR RDFD MOTION

Figure 1 shows the schematic diagram of a
cam. S(6)
follower displacement function and & is the cam
the

translating follower represents the

rotating  angle. Figure 2 shows
(RDFD) of the
translating follower. The rise of the

translating follower is Orad <@ < g rad and the

rise-dwell-fall-dwell motion

interval

fall interval is 7z rad <@ <z + g rad . The value of
p is given as /2 in this study. Four rise and
fall

acceleration

motions such as modified sinusoidal

motion,  modified  trapezoidal
acceleration motion, 4-5-6-7 polynomial motion,

and 3-4-5 polynomial motion are applied to design
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the cam profile. The displacement function S(6)

for the rise segment is given below: (Chen [1])

1. Modified sinusoidal acceleration motion:

OSHSE:
8
o Vs 470
S(0) =8| = n 1.1
(0) [ ﬂ4(4+)(ﬂ)]()
B _g 1B,
8 _8
T 0 9 o _7y|(1.2
S)= S( 4+7rﬁ 4(4+) (ﬂ e)j( )
7’8<¢9<ﬂ
4 T 0 9 . 40
_ 1.3
S@) ST[4+ 4 B A4+ )Sm(ﬁ)j( )
2. Modified trapezoidal acceleration motion:
osesﬁ:
8

S(0) =S, {0.38898448% —0.0309544 sin(%)] (2.1)

2
S(0)=5; {2.44406(;} —0.22203097 Z + 0.00723407]

(2.2)
3p

—<

B

T2
S(©0) =S, [1.61101542—0.0309533 sin(%—n) —0.3055077j
(2.3)
B

S(0) =S, [1.61101542 +0.0309544 sin(%) - 0.3055077J
(2.4)

%«932:
8 8
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2
S(0)=5; (— 2.44406184(ZJ +4.6660917 % —1.2292648]
(2.5)
% <@L p:

S(0) =5, (0.6110154 +0.38898448 % +0.0309544 sin(% - ;z)j
(2.6)

3. 4-5-6-7 polynomial motion:

0<O<p:

s o] 43 {3 )

4. 3-4-5 polynomial motion:

0<O<p:

S(0)=S; [10(£J3 —15(£J4 + 6(£J5J 4
B B B
In Equtions (1)-(4), B and S; represent the
period of the rise and fall segments and the total lift
magnitude, respectively. The above four motions are
used directly for the rise portion of the cam. The fall
displacement can also be derived by subtracting the
function S(8) from the

rise  displacement

maximum lift S; .

3. DERIVATION OF GOVERING
EQUATIONS

Following the same approach of the previous
study [3], the follower vibration of a disk cam
system with different profiles undergoing an angular
acceleration will be investigated in this study.
Figure 1 shows a disk cam with a translating roller
follower (same system as [3]). The cam is assumed
to be rigid and the roller is pinned to the follower
which is considered to be flexible and described by
using Rayleigh beam theory. By using the theory of
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envelopes (Chen [1]), the cam profile can be
determined. The profile coordinates (x.,Y,c) are

derived as follows (refer to Fig. 1):

rQ

Xic = rcos@—W, .
Yic =rsin @+ (X — rcos&)E.
Q
where
r=r,+r.+S(9),
P =rsin 8-S'(8)cosé, (6)

Q =rcosd+S'(6)sin 6.

I, is the base-circle radius of the cam, r, is
the S(6) the
displacement function of the follower rod when the

roller radius and denotes
cam rotates an angle & . And the coordinates of the

roller center E in Figure 1 are
X;g =rC0s4,
Yie =rsin 6.

()

A rotating frame O, —xy, fixed on the cam
which rotates an angle ¢ undergoing an angular
acceleration is shown in Fig. 3. A fixed frame
O,—xy is also used. The O,x axis coincides
with the centerline of the undeformed rod. The
flexible follower undergoes a transverse deflection,
v(x,t). The end point E moves to be E' after
deformation. The transverse deflection at the end
point E are denoted as vg, i.e, vg=v(l,t). A
fixed frame O, — XY

coordinates for the points C and E are given as

is also used. The fixed

follows:

X¢ =X Sin ¢ — ;¢ COSG,
Ye = Xic COSP+ Y Sin ¢,
Xe =X Sin ¢ — ;¢ COS G,
Y = Xz COS@+ Y, Sin 4.

(8)
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where the angle ¢ = j; Q(r)dz . Q represents
the rotating speed of the cam and is time dependent.

From the geometric relationship shown in Fig. 3,
two constraint equations of point E are deduced as

O, =X -V =0

(©)

(10)

The kinetic energy T, and the strain energy
U,,q of the rod can be derived as

_1 Xg ) .2 1% "2
T“"’_Ejo pA(X +v)dx+§jo pIV2dx (11)

_ 1 Xg 2
U, _Ejo Elv2, dx (12)
where p is the mass density of the rod. A is the

cross-sectional area of the rod. | is the area
moment of inertia of the rod cross-section. E is

Young’s modulus of beam material.

The kinetic energy of the roller is derived as

T

roller —

MK YD)
1J (13)
+§r_£[(xc - XE)2 + (Yc _YE)Z]

where m. and J, are the mass and the polar
mass moment of inertia of the roller, respectively.

the
conditions at the rigid cylinder end (the deflection

For satisfying geometric  boundary

and the slope vanish), one can expand the
deflections by applying the assumed mode method
as follows,

v(x(t),t) =D b, (t)X(t)’ (14)
i=2

where x' is the mode shape which is time
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dependent since the follower is driven by the cam to
lengthen or b,(t) is the associated

amplitudes for the transverse deflection.

shorten.

Applying Hamilton’s principle for the whole
system, the variation equation is established as

t
J.t 5(rrod _"Troller_U rod T ;{1(1)1 + izq)z )dt =0 (15)

where T, and T,

roller

are the kinetic energy of the
follower rod and the roller, respectively. U, is
the strain energy of the follower rod. A4®, and
A, @, are the works done by the constraint forces.

Substituting equation (14) into Hamilton’s
principle (15), one can obtain the system equation of
motion. The equation is expressed as
M(Q)) + N(Q. Q)+ @fr=0 (16)
where M, N, and A are mass matrix, nonlinear
vector, and Lagrange multiplier, respectively. Q is

the generalized coordinate vector and expressed as

Q=[b, b, by Xxg 6l (17)

The two constraints expressed in equations (9)
and (10) are combined as the following form:

oQ)=[0, @,]'=0 (18)

Using the partitioning method (Parviz [6]) and
Runge-Kutta integration method, one can solve the
vibration response of the flexible follower of a disk
cam system with different cam profiles undergoing

an angular acceleration.

4. NUMERICAL RESULTS AND
DISCUSSIONS

An example is studied to investigate the
vibration of the translating roller-follower cam with

25

the four cam profiles undergoing an angular
acceleration. The transverse vibration response at
the end point E of the follower with different cam
profile is calculated. Four cam profiles are
considered to form the different rise and fall motion.
They

motion, modified trapezoidal acceleration motion,

include modified sinusoidal acceleration
4-5-6-7 polynomial motion, and 3-4-5 polynomial
motion. The angular acceleration « in this study is
assumed to be constant, so the angular speed of the
cam is given as

Ot) =Q, +at (19)

where Q, is the initial angular speed of the cam.
The period of the rise and fall segment g is
set to % The total rise S; is set to 15 mm. The

cross section of the follower rod is a circle with

radius of r, =5mm The  associated
cross-sectional and inertia
A=7854mm? and | =490.87 mm*. The elastic
modulus and the density of the follower are

E=2.1x10® kg/mm-s® and p=7.8x10"° kg/mm?® .

area area are

The distance from the lower end of the rigid
cylinder and the rotation center of the cam is
d =112 mm. The base-circle radius of the cam is
r, =26 mm. The radius, mass, and mass polar
moment of inertia of the roller are r, =5mm,
m. =0.05kg and J, =0.625 kg-mm?.

In the previous study ([3]), the numerical results
nearly converge with N =3, so the assumed mode

method with N =3 is applied in this study. The
vibration response of the translating roller-follower
cam with four cam profiles undergoing an angular
acceleration is investigated. Three cases of angular

accelerations including 10, 20, and 30 rad /s%are
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studied. The initial angular speed is given as
240rad/s. The transverse vibration responses of the
output node E for the first five cam cycles are
plotted. They are shown in Figures 4-15.

For the cam profile of the modified sinusoidal
acceleration motion, Figures 4, 8, and 12 show the
vibration response of the system at the angular
acceleration of 10 rad/s* , 20 rad/s® , and
30 rad/s? , respectively. When the angular
acceleration gets larger, the vibration response
becomes larger. The response gets large faster
obviously as the cam undergoes a larger angular
acceleration. The vibration responses are affected
significantly by the cam rotational speed and
angular acceleration. The response amplitude tends
to increase as the rotational speed increases.

For the cam profile of the modified trapezoidal
acceleration motion, Figures 5, 9, and 13 show the
vibration response of the system at the angular
acceleration of 10 rad/s®> , 20 rad/s® , and
30rad /s?, respectively. For the cam profile of the
4-5-6-7 polynomial motion, Figures 6, 10, and 14
show the vibration response of the system at the
angular acceleration of 10rad /s®, 20rad /s®, and
30rad /s?, respectively. For the cam profile of the
3-4-5 polynomial motion, Figures 7, 11, and 15
show the vibration response of the system at the
angular acceleration of 10 rad /s?, 20rad /s?, and
30rad /s?, respectively. The results by using the
trapezoidal acceleration motion, the
the 3-4-5
polynomial motion are similar to those by using the
The
vibration response becomes larger when the angular

modified

4-5-6-7 polynomial motion, and

modified sinusoidal acceleration motion.
acceleration gets larger under the condition of the

same motion. The response amplitude enlarges as
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the angular speed increases. The response increase
faster with increasing cam rotating angle and speed
as the cam undergoes a larger angular acceleration.
The cam rotational speed and angular acceleration
affect significantly the vibration responses of the
follower.

To compare the response amplitude of the
follower, it is found from Figures 4-15 that the
response for the first five cycles is smaller for the
the
acceleration motion and the 3-4-5 polynomial

cam profile using modified sinusoidal
motion. And the increase in response during the
periods of the rise and fall using the modified
sinusoidal acceleration motion and the 3-4-5
polynomial motion is slower than that using the
other two methods. The response in the dwell
intervals using the 3-4-5 polynomial motion
increases slower than that using the other three

methods.

5. CONCLUSIONS

The equations of motion for the vibration of a
translating roller-follower cam are derived by using
Hamilton’s principle and the assumed mode method.
From the numerical studies, it is shown that the
vibration responses are affected significantly by the
cam profile. By using the same profile, the response
amplitude enlarges as the angular speed increases.
The response gets large faster obviously as the cam

undergoes a larger angular acceleration. The
response is smaller and slower to increase for the
cam profile wusing the modified sinusoidal

acceleration motion and the 3-4-5 polynomial
motion. The response in the dwell intervals using
the 3-4-5 polynomial motion increases slower than
that using the other three methods.
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Fig. 1 Schematic of a translating follower cam.
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Fig. 2 The studied RDFD motion for £ = % rad

Fig. 3 Deformed configuration of the cam
mechanism.
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Figure 4 The vibration response Vg at
a=10rad/s*  with  modified  sinusoidal

acceleration motion.
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Figure 6 The vibration response V. at

a=10rad/s® with 4-5-6-7 polynomial motion.
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Figure 7 The vibration response V. at

a=10rad/s® with 3-4-5 polynomial motion.
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Figure 13 The vibration at

a=30rad/s®>  with
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