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Abstract

The problem of this paper is the high contact stress at the point of contact between the cam and the follower. A pear
cam and roller follower mechanism were studied and analyzed for different position of the follower and different con-
tact compression load. The objective of this paper is to study the effect of contact compression load on the contact
stress distribution of the cam profile at the point of contact. Four different positions of the follower with the cam was
considered (0°,90°, 180°, and 270°). The theory of circular plate was applied to derive the analytic solution of the con-
tact stress. The numerical simulation had been done using ANSYS Ver. 19.2 package to determine the contact stress,

while SolidWorks software was used to investigate follower displacement, velocity, and acceleration. Four distinct
values of the compression contact load, such as 3.121 N, 6.242 N, 9.364 N, and 12.485 N, were used in the numerical
simulation. In the experiment setup, a photo-elastic technique was carried out in the field of polarized light to exhibit
the stress distribution on the cam specimen. The annealed PSM-4 backalate material was used in the experiment
setup. The experimental value of contact stress was checked and verified analytically and numerically at the point of
contact. The innovation in this paper the use of spring-damper system which reduce the value of contact stress at the
point of contact. The contact stress was maximum 2.136 MPa when the follower located at 270° with the cam, while
the contact stress was minimum 1.802 MPa when the follower located at 180° at compression load 12.485 N.

Keywords: Contact stress, Compression load, Bending deflection, Photo-elastic technique, Finite element analysis

1 Introduction

Cam-follower system is connected to a bionic robotic
through a linkage mechanisms to keep the robot walking
on a horizontal territory. The contact stress between the
cam and the follower is crucial especially at high speed.
In this paper, spring-damper system was used at the end
of the follower stem to retain the contact stress as much
as possible. Pear cam with roller follower mechanism is
extensively used in paper processing machines and auto-
matic assembly lines. Sundar et al. [1] used Hertzian con-
tact theory to calculate the contact stiffness at the point
of contact. They analyzed numerically the coefficient of
restitution. The Hertzian laws were used with a damp-
ing term to accommodate the energy loss during the

*Correspondence: louaysabah79@yahoo.com

! Department of Mechanical Engineering, San Diego State University,
5500 Campanile Drive, San Diego, CA 92182-1323, USA

Full list of author information is available at the end of the article

@ Springer Open

impact [2]. The stiffness model for the active and dwell
periods of the globoidal fluctuation due to the contact.
They investigated cam was used by Kuang et al. to char-
acterize the mesh stiffness the correlation between the
dynamic response of the globoidal cam system and the
motor driving speed numerically and experimentally [3].
A cam profile with concave-convex surface of contact
had been selected between the cam and follower to sup-
press the high contact forces at high speeds. Moreover,
a hertz contact theory of stress analysis is important to
improve the contact fatigue life cycles of cam-follower
system. Hua et al. found that the smooth surface of cam
profile provides a (53%) reduction in maximum subsur-
face von Mises stress [4]. Contact stress is reduced to
(41%) experimentally by taking into consideration the use
of a constant velocity in a dwell stroke [5]. Hsu et al. [6]
used a cam mechanism with a translating follower of a
dual concave faces to reduce the contact stress over the
constant-breadth and the constant-diameter of the cam.
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Fabien et al. [7] selected a cam with dwell-rise-dwell pro-
file to reduce the peak of contact stress over a range of
speeds. Angeles et al. [8] calculated the contact pressure
into a series of a harmonic waves of a local deformation
and sub-surface stress fields. Optimal-control-theory
was used by Chew et al. to optimize the contact stress
and pressure angle of D-R-D and D-R-R-D cam profiles
numerically [9, 10].

The problem of this paper is the high contact stress at
the point of contact between the cam and the follower.
The contribution of this research is the use of spring-
damper system (one degree of freedom system) at the
end of the follower stem. The innovation in this paper
the use of spring-damper system which reduce the value
of contact stress at the point of contact. The aim of this
paper is to study the effect of contact compression load
on the contact stress distribution of a pear cam profile
with roller follower mechanism.

2 Analytic Solution of Dynamic Response

The follower with simple harmonic motion was assumed
since it is widely used and simple to design. Cam-follower
mechanism was treated as a one-degree-of-freedom sys-
tem as indicated in Figure 1 [11].

The system with a mass (m = 0.2759 kg), spring stiff-
ness (k = 7 N/mm), and viscus damper coefficient (¢ =
0.875 N-s/mm) [12] was considered in the solution of one
degree of freedom equation. The equation of motion of
cam-follower mechanism is as below:

Spring-Damper
System

Roller Follower
with Mass (m)

Contact Force

f"/ Between Cam

p |and Follower

Figure 1 One degree of freedom system
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After simplification the equation of motion will be:

¥+ 2B% + w’x = Fsin(Qt). ()
The homogeneous solution of Eq. (2) is:
xy =e Pt {Clsin( w? — ,32t) + Czcos( w? — ﬂzt)}. (3)
The particular solution of Eq. (2) is:

xp = C3sin(Q2t) + Cy4cos(R2), 4)

where Cj, Cy, C3 and Cy4 are constants. The first and sec-
ond derivatives of Eq. (4) are:

xp = QC3c08(Q2t) — QCysin(Q21),

¥p = —Q2Cssin(Q) — Q2Cycos(Q21).

Substitute xp, xp, Xp into Eq. (2) to obtain:

Xst. QZ
S=m 2]

Xse. 22
=y
where
F
Xst. — —=,
St. a)2
Q* ? aprq?

H=[-C5)] + =

The complimentary solution is as below:
XCc = Xy + xp. (5)

Substitute Eq. (3) and Eq. (4) into Eq. (5) to obtain:
xc =e Pt {Clsin<\/a)2 — ﬁzt) + Cgcos(\/a)2 — ,B%ﬂ

Q? 289
+ % [1 — (wz)] sin(2t) — %%cos(ﬂt).
(6)
The constants C; and Cy are calculated from the initial

boundary conditions as illustrated below:
B.C.(1)att=0,xc = 0,B.C.(2) att = 0,%c = 0.



Yousuf and Hadi Chin. J. Mech. Eng. (2021) 34:24

After applying the boundary conditions on Eq. (6), the
constants C; and Cy will be:

2 2
QX [L + 2 — 1)

C = ,
H\/w? — p2
2Xst‘:3w
C) = .
2 Hw?

The general solution of follower response is as below:

X | % + % 1]
LY 2 sin(\/a)2 - ﬁzt)

H\/w? — p2

2Xst.feo cos (\/afﬁ%) ]

Hw?

Xst, Q2\1 . Xt 2BQ
+ ﬁ |:1 — <w2):| Sll’l(Qt) — ??COS(QD.
7)

Xc —e Pt

3 Numerical Simulation of Contact Model of Basic
Kinematic Relationships

SolidWorks software was used to draw a disc cam, roller
follower, and the two guides to investigate follower linear
displacement, velocity, and acceleration at the point of
contact [13]. Before the cam start spinning, a spring with
elastic constants such as spring constant (k; = 38.0611 N/
mm), length (/ = 28 mm}), spring index (C; = 7), preload
extension (A = 37 mm), coil diameter (d = 0.8 mm) and
outside diameter (OD = 6.4 mm) was selected. In this
paper, the spring force was expressed as an external force
in SolidWorks software to keep the cam and follower in
permanent contact. The spring force was applied at the
point in which it has the coordinates (x: 0, y: 161.76 mm,
z: 0) between the follower body and the installation table.
The contact expression force function was as below [14]:

. w..
P = ki(A 4+ x(t)) — kx(t) — cx(t) — gx(t). (8)

The spring and damper were applied at the end point
of the follower stem in which it has the coordinates (x:
0, y: 227.79 mm, z: 0). The contact model of a pear cam
and roller follower with its dimensions is illustrated in
Figure 2.

The area of contact can be assumed to be semi-ellipsoid
in SolidWorks software with a rectangular contact zone
of a half-width () and length (L) (contact between two
parallel cylinders), as below [15]:

bl = Kb“/ﬁ’ (9)

where
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Kp= |[(=)—F~—F7~.
nl” (1 1
(#)+ (@)
The maximum depth (z;) underneath the surface of
contact in terms of damping ratio was occurred when

(2,/b = 0.786) as illustrated in the following equation [15,
16]:

(10)

The penetration distance (9) is related to the field sur-
face displacement when (v; =vy =v) and (E; = E»)
which characterized by the following equation [17]:

2P(1—v?)[2 4R 4R
— & ,+1n71+1n72 s

8
nLE 3 b b

(11)

where

1 1—vi 1-3

E  E E»

The impact between the follower and the cam had been
occurred due to the impulse and momentum theory of
the follower velocity:

Ve =V/2gAh.

Hertzian contact theory predicts the value of the expo-
nent (1) based on the flattening law of the shape of the

(12)

Roller Follower

Force Point Applied
Point No. 1 ‘

[ ]
Figure 2 Contact model of cam-follower system
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first asperity. The exponent value (#) is ranging from 1.5
for spherical punch to 2 for wedge shaped punch [15, 18].

The contact parameters, such as the contact force (P),
contact bodies stiffness (K}), damping ratio (¢), penetra-
tion (d), sliding contact velocity (V¢), and exponent (n),
were entered as an inputs in SolidWorks software to cal-
culate follower linear displacement.

4 Cam Profile Layout

The points of cam profile were calculated by rotating the
radius of curvature of the roller follower in an opposite
direction to the rotation of the cam [19]. The parameters
(p(0),S(¥), ¥ and 0) were used in the equation of cam
profile as follows [20]:

x1 = ecos(¥) + S(¥)sin(¥), (13)

y1 = —esin(y) + S(¥)cos(y),
Where
e = p(&)cos(y +0),

(14)

S() = p@)sin(y +6).
The points of cam profile were calculated using Eq. (15)
and Eq. (16):

xc1(¥) = ecos(¥ +ay) +SW)sin(y +a1),  (15)

ye1(¥) = —esin(Y +a;) + S(¥)cos(¥ +a1). (16)

Figure 3 shows the verification design of analytic and
numerical cam profile. The numerical cam profile was
drawn using SolidWorks software. The analytic cam pro-
file was designed by applying Eq. (15) and Eq. (16) at the
point of contact between the cam and the follower.

There was no error at the base circle of the cam
because the contact between the cam and the follower
when (a; = 85°). The analytic solution of Eq. (15) and

Figure 3 Verification of cam profile
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Eq. (16) gives the exact value of Cartesian coordinates
of the cam profile at the point of contact with no error.
The tangent command in SolidWorks software was used
between flank No. (1) and the nose or between flank No.
(2) and the nose which gives an error to the Cartesian
coordinate during the drawing. The error between the
analytic solution and SolidWorks software is around
(8.823%).

5 Follower Motion Verification

A pear cam with return-rise-dwell-return-rise-dwell-
return profile was proposed. The cam starts spinning
with a return stroke for (20°) followed by a rise stroke
with (80°) and a dwell motion for the next (8°). Return
stroke for the next (67°) of the cam rotation had been
occurred accompanied by a rise stroke with (101°) and a
dwell motion for the next (7°) followed by return stroke
for the next (77°) of the cam cycle. Follower displace-
ment was determined using Eq. (7), while the numeri-
cal simulation of follower displacement was done using
SolidWorks software. Figure 4 indicates the verification
of follower displacement.

6 Numerical Simulation of Contact Stress

The numerical simulation of bending deflection was
done by using ANSYS Ver. 19.2 package [21]. Linear
elastic isotropic model was used to calculate the bend-
ing deflection of the cam profile. Element (PLANE 42)
was assigned to create the mesh generation of finite ele-
ment analysis. This element was defined by four nodes
which is having two degrees of freedom at each node:

35 ! ' — Rise—~+ Dwell+ Return]
——Equation (7)
301 Simulation \
E sl
g 25
g
£ 20r
8
&
A 15F
5}
=z ,_Rise | Dwell, Return
= 100 =2
5]
P Retum //f\
5 \ / \/
0 / 1 L 1 L 1
0 60 120 180 240 300 360
Cam Angle of Rotation (Degree)
Figure 4 Verification of follower displacement
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ELEMENTS

Figure 5 Mesh generation when the follower located at 0° with the
cam

ANSYY

ELEMENTS

[ o

Figure 7 Mesh generation when the follower located at 180° with
the cam

ANSYS

"ELEMENTS

Figure 6 Mesh generation when the follower located at 90° with the
cam

(translations in the nodal x, y directions). The trans-
lation degrees of freedom were assumed to be zero
(clamped boundary conditions) at the hub radius when
(r = r1) of the motor shaft. In contact analysis, element
(TARGE 170) and element (CONTA 174) had been
used to create the contact mesh generation between
the target and the contact surfaces. The disc cam rep-
resented the source, while the roller follower was the
target. In this simulation, two load steps were used. In
the first load step, a small displacement was imposed
on the target surface because of the small value of the
radius of curvature. In the second load step, the small
imposed displacement was deleted in which the force
was applied at the point of contact. Four different val-
ues of compression loads, such as 3.121 N, 6.242 N,
9.364 N, and 12.485 N, were considered in the simu-
lation. The follower was located at 0°, 90°, 180°, and
270° with the cam. Figures 5, 6, 7, 8 show the mesh
generation of the cam with the follower at the point of
contact.

"ELEMENTS

Figure 8 Mesh generation when the follower located at 270° with
the cam

Base Circle] ,

Figure 9 Points of the cam profile

In this study, the profile of disc cam was divided into
two tracks at the point of contact:
Path No. (1): [nose, flank (1), and base circle].
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Maximum Contact
Load P,

1
t| ~7 " [Contact Load
e e Distribution
bl N X
| b
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Figure 10 Contact load distribution between two curved bodies
[24]

Path No. (2): [nose, flank (2), and base circle].

Path No. (1) was formed from the points 1, 2, 3, 4, 5, 6,
7, 8, while path No. (2) was arranged from the points 9,
10, 11, 12, 13, 14, 15, 16, as shown in Figure 9.

7 Contact Load Calculation
Both cam and roller follower were assumed to be parallel
cylinders with the length of (L = 10 mm) in the calcula-
tion of contact load. A convex surface of the cam profile
was considered to have positive radius of curvature, while
the concave surface was negative [22]. In this paper, the
contact pressure showed that the intensity of the pres-
sure between the two contacting surfaces could be rep-
resented by the elliptical or semi-ellipsoid regions as
indicated in Figure 10, [23]. Therefore, this small region
exhibits a very high contact stress specifically during the
active region of the cam, when the most significant load-
ing of the followers occurs [5].

The maximum contact load is given by the volume of a
small elliptical region (contact between two curved sur-
faces) as below [24]:

3P
o — 27‘[6{1b1’ (17)
where
(3PA1)1/3
al = m »
1 1 24,
3PA; 13
b = ,
1 = n1( e )
A1 =05 1 + ! + ! + =
TURDTR TR, R

Page 6 of 14

Bi=os[(~ L (oY
PN R R R, R,
0.5

Iyl o L cos@w)]
7 cos(2¥y)] ,

1
HR TR R
2

R’y
1 2 1 2
AI:E(I_UI) +F2(1—U2>,

INEYART0
y1 =tan (x(t)+Rb>'

The values of (m11) and (n1) were taken from Table 1
based on the pressure angle between the cam and the fol-
lower [24]:

8 Experiment Setup of Photo-Elastic Technique
The experimental setup was carried out using a photo-
elastic technique [25, 26]. Four different positions of the
follower with the cam were considered (0°, 90°, 180°, and
270°) by taking into consideration four distinct value of
contact compression load, such as 3.121 N, 6.242 N,
9.364 N, and 12.485 N. A photo-elastic stress analysis is
one of the most powerful techniques in which it gives an
overall picture for the stress field quickly. Photo-elastic
approach deals with the systems which is having compli-
cated geometry, such as (pear cam), complicated load-
ing conditions or both. Photo-elastic rig is constructed
from a plane polariscope with a light source, a polarizer,
the specimen, and an analyzer that is always crossed
with respect to the polarizer, as indicated in Figure 11.
Plane polariscope with a dark field was used to show the
regions of stress intensification.

In this paper, the zero degree direction of polarization
was assumed to be vertical in which it rotates the polar-
izer and analyzer together in order to determine the
principal stress directions. Pear cam and roller follower
were made from an annealed plastic of PSM-4 backalate
material with modulus of elasticity (4 MPa.) and Pois-
son’s ratio (0.5). Machining process was used during the
manufacturing of the cam and the follower in which a

Table 1 Values of (m;&n,) versus the angle of contact («°)
[24]

al(®) 20 40 60 80 90

m 3.778
m 0.408

2.136
0.567

1.486
0.117

1.128 1
0.893 1
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Light source

Figure 11 Plane polariscope of photo-elasticity apparatus

smooth surfaces were created and left no residual stress
on the model. The PSM-4 specimen was placed in the
trough to remove the cracks caused by machining and
after machining, the specimen was placed in the polari-
scope to ensure that there is no residual stress occurred.
The follower axis passed longitudinally through the axis
of pear cam when the follower located at 0° and 180°
degrees and transversely through the axis of pear cam
when the follower located at 90° and 270°. In this paper,
photo-elasticity technique had been applied over two
stages. In the first stage, a material calibration was per-
formed using four-point bending test in order to cal-
culate the stress fringe constant. In the second stage, a
sequence of colored brands was implemented based on
a birefringence phenomenon of the pear cam geometry.
Four-point bending test was used effectively to extract
the value of stress fringe constant. The straight beam was
supported by two ends, while a transverse downward
loading had been applied at the two points as illustrated
in Figure 12a. A sample of straight beam of four-point
bending test was manufactured using ASTM (D6272)
dimensions, as indicated in Figure 12b.

The value of stress fringe constant (f;) can be deter-
mined experimentally by inducing a difference between
o1 and oy in a model that is made from PSM-4 material,
as in below:

(07 —02)

fa =h N (18)

M _ Fs(Lo - Ll)y

1 41 (19)

01 — 0 =

By substituting Eq. (18) into Eq. (17) and after sim-

plification we can obtain the value of quantity (Z), as in
below:

7 - Fs(Lo — L1)yh,

41 (20)

, N
===

Calibrated Mass

p—
Load Pan ——

)
\ ‘Fs/2 ’stz

’ { | x
st/Z st/Z

a Force Distribution of Four-Point Bending Test.

NS
~ 1

b Sample of Four-Point Bending Specimen Test.

Figure 12 Visualization of forces and ASTM dimensions in a straight
beam subjected to four-point bending test

where

w hw?
Fs=mg,y= 5,1 = TZ’

my = 0.318 kg, 0.636 kg, 0.954kg, 1.272 kg.

Hence, (f5) can be determined by plotting the quantity
(2) versus the fringe order (N), as shown in Figure 13 in
which the stress fringe constant represents the slope.

From Figure 13, it can be found that the value of stress

fringe constant is (f, = 178.323#1%6). The mass with

the value (m; = 1.272 kg) was used in the experiment

Quantity (Z) (N/m)

100 i L L i L L L
05 1 15 2 25 3 35 4 45

Fringe Order (N)

Figure 13 Calibration of fringe constant (f,)
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Figure 14 Four-point bending test using photo-elastic technique

Roller Follower

Bottom Ruler|

Analyzer

Figure 15 Stress analysis when the follower located at 0° with the
cam

since the fringe order (N) was more obvious and clear.
The photo-elasticity experiment of four-point bending
test is shown in Figure 14.

Figures 15, 16, 17, 18 reflect the stress distribution for
different positions of the follower (0°, 90°, 180°, and 270°)
with the cam using photo-elastic technique.

In this paper, photo-elastic technique represents the
three dimensional of experimental stress analysis in two
dimensional form using the state of plane stress. The pear
cam with the hub diameter (25 mm) was mounted on the
aluminum shaft, while the aluminum shaft with the hub
diameter (6 mm) was installed on the square grooving
key. The sample test of pear cam and roller follower were
cut off from a 6.35 mm thick plate of PSM-4 material.
The pear cam and the aluminum shaft were suspended

Roller Follower

Square Grooving
Key

Upeer Ruler

Bottom Ruler

1Analzer
Pear Cam

Pn]zlri/cri

Figure 16 Stress analysis when the follower located at 90° with the
cam

Upper Ruler } Roller Follower

Pear Cam

[Bottom Ruler
.

Aluminum Shaft

Square Grooving
. Key

Figure 17 Stress analysis when the follower located at 180° with the
cam

on the bottom ruler, while the roller follower with the
diameter (5 mm) was installed on the upper ruler to
make the contact between the cam and the follower. The
upper and bottom rulers were suspended on the photo-
elastic apparatus. The weights was hanged on a hook load
pan to exhibit the stress analysis in the field of polarized
light in order to represent the birefringence phenomenon
of the pear cam geometry.

9 Analytic Solution of Contact Stress Analysis

The general equation of circular plate in terms of (r, ©, )
is [27]:
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Roller Follower

Upper Ruler

Pear Cam

Bottom Ruler
® &

Analyzer
&1 Polarizer

Figure 18 Stress analysis when the follower located at 270° with the
cam

a2+2M 19 1 82
ar r g ror r?962

M 232+28M+82 +P,=0
07 \Fora0 T 290 )0 TP T =D
(21)
where
M- DaZW 1aW+1a2W
! r2 W7 or 2 902 )|’
o b 18W+ 192w Zw
= — _—— —_ V1i—— |,
o ror - r? 92 o2
Iy D ) 132W 10w
= - — - — =,
o VN 9r00 ~ 12 90
_ ER
120 =)’

Substitute M,, My, and M,y into Eq. (21), it can be
obtained [27]:

*w 29%W 1 9°W
art r ar3 2 ar?
1awW 2 a*w
3 ar | r2 ar2ae?
2 W 49w
3902 | 4 9e%
10*w  po*W P,
Y%t Thar T D (22)

The homogeneous solution of Eq. (22) will be [28]:
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W(r,0,t)y = Y [Asin(m®) + Bcos(mf)Isin(wut),
m=1,3,5
(23)

where

A=A, "™+ Br " + Cpr" % + D,y 2,

B=Ar"+B, r "+ C;nrer2 —i—D/mrmfz.

For non-symmetric cam profile, the deflection, slope,
and the moment must be infinite at the center of the
plate. Then the homogeneous solution of Eq. (22) will be
[28]:

o
W(r,0,t)y = Z [(Amr™ + Cpur™2)sin(m6)
m=1,3,5
+ (A, + C;nrm”)cos(me)]sin(wnt).
(24)
By applying the infinite series theorem on the homoge-
neous solution of Eq. (24), as in below:

r’”sin(me)=<1+r+r2+r3+r4+r5+...)

(mo)*  (mh)°
(m@— 3] + 2 —)

Cam profile was unsymmetrical (odd function), the
symmetric terms (even function) was ignored, as in
follows:

(rm6)®  (rm0)°®
3! 5!

rsin(mb) = (rmf) — = sin(rmo0)

Also the same procedure was processed on the second
term:

" +25in(m0) = sin(r6).
As stated above:

rmcos(me)=(1+r+r2+r3+r4+l..)

(mo)>  (mo)*
1- o TR

) = cos(rf),
" +2cos(mb) = cos(rb).

The homogeneous solution of Eq. (22) will be [28]:
W (r,0,t) = [Asin(r0) + Bcos(rf)]sin(wyt), (25)

where A and B are constants.
The particular solution of Eq. (22) will be [28]:
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o0
W(r,0,p= Y _ [Crisin(md)lsin(Qe), (26)
m=1,3,5

where C is constant of the particular solution.
By applying the infinite series theorem on the particu-
lar solution, as indicated below:

r4sin(m9) :(1+r+r2+r3—|—r4+...)
6)3 6)°
<m9_(’” > ) )
3! 5!

By ignoring the higher order terms of the above series
and by taking the non-symmetric terms into account:

r4sin(m9) = rm0.
The particular solution of Eq. (22) will become:

W(r,0,t)p = Crosin(Q2t) (27)

Substitute Eq. (27) into Eq. (22), the particular solution
of Eq. (22) will be:

PRE  pQ™RS

W6, 0p = [BPD 0pD

] rfsin(2t). (28)

The general solution of bending deflection of the
cam profile of Eq. (22) will be depicted in the following
equation:

W (r,0,t) =[Asin(rf) + Bcos(rf)]sin(w,t)

PR3 Q2R3
+ [OP 4+ PR

rfsin(2t).
6pD 6pD

(29)
It can be applied the boundary condition on Eq. (29) to
obtain the constants (4) and (B).

(1) At(r =r1),(0 =0p), (t = 1), W(r,0,1) =0

(2) At(r=r1), (6 = 6p), (t = 1), "0 = 0.

The constants A and B is as follows:

PR3 pQPR3
A=— L L) (r10psin(r16
<9pD + ) (r10psin(r16p)
sin(2¢7)

0p)) ——,
Feos(ribp)) o)

) , sin(Q2t7)
(sin(r16p) — Opcos(r16p))—

6pD 6pD

3 213
B P,Rp " PRy ‘
sin(wyt1)

The general solution of the bending deflection of the
cam profile at the point of contact will become:
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Table 2 Verification of contact stress at different
compression load and different followers’ positions

Load (N) Location (°) Experiment Simulation Error (%)
3.121 0 0.1544 0.1527 1.101
90 0.1474 0.1570 6.114
180 0.0561 0.0593 5.396
270 0.198 02189 9.547
6.242 0 0.2808 0.3054 8.055
90 0.287 03141 8.627
180 0.1075 0.1186 9.359
270 0413 04378 5.664
9.364 0 04212 0.4581 8.055
90 0.4352 04712 7.640
180 0.1685 0.1780 5337
270 0.6016 0.6569 8418
1248 0 0.5876 0.6108 3.798
90 0.5816 0.6282 7418
180 0.2206 0.2373 7.037
270 0.833 0.8758 4.887
W6.8) = (PORI% pQ2R§)) s'in(Qtl)
6pD 6pD sin(wyt1)
[(r16psin(r16p) + cos(r16p))sin(r6)
+ (Opcos(r10p) — sin(r16p))
) PR pQPRS
cos(rf)]sin(wy,t) + [ + 1r0sin(2t),

oD ' 6pD
(30)

where t; = %P

The bending deflection of Eq. (30) can be derived once
and twice to obtain the contact stress at the point of con-
tact, as in below [29]:

h
2
M, :/ ,OrZ dz, (31a)
-3
5
My :/ hogz dz, (31b)
-3
4
Mo =/ L 0r0Z dz (31c)
-2
After integration, (o, 0y, and o,9) will be:
6M,
Oy = F (323)
6M
op = =2 (32b)

h2
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6M, ¢
0 = =5 (32¢)
The principal stresses are:
oy — 0 oy +0op 2
o =" 9+\/(’2 % +02, (33a)
oy, — Oy o, + 0y 2 2

The general von Mises stress equation is illustrated in
the following equation:
2 _ 1 2 2 2
o} = 5[ =2+ @) + @?]. (34)
The single trigonometric (71) has been taken as a n
infinite series (m = 1, 2, 3,..., 00) in which there will be
a compatible between the analytic and numerical solu-
tions. The percentage of error will be under (10%).

10 Results and Discussions

Table 2 shows the experimental and simulation verifica-
tion of contact stress at different compression load and
different followers’ positions with the cam profile. The
contact stress is increased with the increasing of com-
pression load for all followers’ positions with the cam. All
values of the contact stress were in MPa.

Figures 19 and 20 show the bending deflection of path
of contact No. (1) and No. (2) versus the angle of con-
tact at different values of compression load. The bending
deflection is increased with the increasing of compres-
sion loads since it reaches the maximum value at points
4 and 12 on flank No. (1) and flank No. (2) respectively.
The maximum value of bending deflection is in the mid-
dle points of flank No. (1) (0.00157 m) and flank No. (2)
(0.00137 m) at compression load (12.485 N). The bend-
ing deflection of path No. (1) is higher than path No.
(2) because of the bigness of radius of curvature of path
No. (1). ANSYS software was used to find the bending

0.001 T s

[ ———— 6

= 2 —=— Compression Load

0.00141 BT —e— Comprassion Load
1 Compression Load
- Compression Load 1
0.0012 e — 4

oomp " —

0.0008 b

jon al the Poinl of Conuact (m]

floc i

Z 0.0006[ 1

uding Dy

2 0.0004)

B

0.0002 L 1 I L
10 20 30 40 50 60 70 30
Angle of Contact (Degree)

Figure 19 bending deflection against the contact angle of path No.
Q)
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deflection of the points on flanks No. (1) and flank No.
(2).

Figures 21, 22, 23, 24 show the Von Mises contact
stress contour when the follower located at 0°, 90°, 180°,
and 270° with the cam at compression load 12.485 N.
The contours of contact stresses were determine by using
ANSYS software. All values of the contact stress are in
MPa. Maximum contact stress is 0.8758 MPa when the
follower located at 270° with the cam, while the minimum
contact stress is 0.2373 MPa when the follower located at
180°. The contact stress has a minimum value for all com-
pression loads when the follower located at 180° with the
base circle of the cam profile since the acceleration fluc-
tuation was equal to zero.

Figure 25 shows the verification of contact stress ver-
sus the compression load at different followers’ posi-
tions with the cam. The analytic results was done using
Eq. (34) of Von Mises stress, while the simulation results
were done using ANSYS software. In general, the analytic
results were very close to ANSYS results within the per-
centage of error. The percentage of error between the two

0.00

(m)

. 0.0014- 10 o
9 e

0.0012]

0001 s

0.0008|

0.0006

Bending Deflection at the Point of Contact

7 0.0004

: .
0000215 o 5 0 70 30

40 S0
Angle of Contact (Degres)
Figure 20 Bending deflection against the contact angle of path No.
(@)

Figure 21 Contact stress contour when the follower located at 0°
with the cam
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Figure 22 Contact stress contour when the follower located at 90°
with the cam

Figure 24 Contact stress contour when the follower located at 270°
with the cam

Figure 23 Contact stress contour when the follower located at 180°
with the cam

sets of results are acceptable since the results are under
10% at 0°, 90°, 180°, and 270°, respectively.

Figure 26 shows the variation of contact stress with
the compression load at different followers’ positions
0°, 90°, 180°, and 270° with the cam. The contact stress
is increased linearly with the increasing of compression
load. The contact stress is maximum when the follower
located at 270° with the cam, while the contact stress is
minimum when the follower located at 180° with the cam
at compression load 12.485 N.

11 Conclusions and Future Work

This study analyzed and discussed the calculation of con-
tact stress distribution at the point of contact for path
No. (1) and path No. (2). The numerical procedure was
done using ANSYS package and SolidWorks software.
SolidWorks software was used to calculate follower dis-
placement, velocity, and acceleration, while ANSYS pack-
age was carried out to determine the contact stress. The
theory of circular plate was applied to derive the general
equation of the bending deflection and contact stress
distributions. In the experiment setup, four points bend-
ing test and birefringence analysis were conducted using
photo-elastic technique to determine the contact stress.
The contact stress was maximum 2.136 MPa when the
follower located at 270° with the cam, while the con-
tact stress was minimum 1.802 MPa when the follower
located at 180° at compression load 12.485 N. The con-
tact stress has a minimum value for all compression loads
when the follower located at 180° with the base circle of
the cam profile.

The recommendation of the future work is as below:

(1) Contact stress reduction using genetic algorithm
technique.

(2) Study the effect of Hertzian contact stress on the
bending deflection of cam profile.
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Abbreviations

P: Contact force between cam and follower, N; x, 56, X: Linear displacement,
velocity, and acceleration of the roller follower, mm, mm/s, mm/s% w: Weight
of roller follower, N; m: Mass of follower stem, kg; g: Gravitational acceleration,
mm/s? k, ¢: Spring stiffness and viscous damping coefficient, N/mm, N-s/
mm; X, Xp: Homogeneous and particular solutions of the follower displace-
ment, mm; x Analytic complementary solution of the follower displace-
ment, mm; x;;: Static deflection, mm; : Cam angular velocity, rad/s; t: Time of
contact including the time of the dwell stroke, s; A: Spring extension due to
the preload external force, mm; k;: Stiffness of the preload spring, N/mm; L:
Length of the cam and follower along z-axis, mm; b: Half width of the rectan-
gular contact zone, mm; K,: Contact body stiffness, N/mm; V1, Vg: Poisson’s
ratio for cam and follower respectively; E1, E9: Modulus of elasticity for both
cam and follower respectively, N/mm?; d1, da: Diameter for cam and follower

Fj;: Shear force, N; L1: Distance between the two ends of the load pan hook,
mm; LO: Distance between the two ends support, mm; h: Thickness of PSM-4
material, mm; W: Width of PSM-4 material, mm; /: Second moment of inertia,
mm* m,: Mass of the grooved disc in the load pan hook, kg; y: Any distance
from the neutral axis along the width (W), mm; P.: Maximum contact load per
unitlength, N/mm; a,, b;: Major and Minor axis of the Hertzian contact eflipse,
mm; 111, 111: Functions of the geometry of the contact surfaces; Rl’ RZ:
Principal radii of relative curvature, mm;\Iflz Pressure angle between cam and
follower, (°); a: Angle between the planes containing curvatures R—and Ri
(); Rp: Radius of the base circle, m; M., Mg, M yg: Circular benéing and 2
twisting moments, N-mm; o: Pear cam density, kg/m?; D: Bending rigidity,
N-mm; r: Radius of curvature at any point on the cam profile, mm; W(r, ©, 1):
Bending deflection, mm; wy;: Natural frequency of the cam, rad/s; m: Single
trigonometric of infinite series (m = 1,2,3,...,00); Rp, ep: Radius of curvature
and angle of contact at the point of contact, mm and (°) respectively; r'1: Hub
radius, mm; £1: Time at any angle of contact (Qp) excluding the time of the
dwell stroke, s; z: Variable thickness through the pear cam thickness, mm;

Oy, 09, 0. Circular bending and twisting stresses, N/mm?; 01, 0; Principal
stresses, N/mm?; @y Von Mises stress, N/mm?,
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