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Clearance always exists in revolute kinematic joints and spherical joints due to
manufacturing, assembly, wear, etc., Proper clearance helps the mechanism operate
smoothly. However, the friction inside the joint causes the joint clearance to increase,
resulting in mechanical vibrations. These are demonstrated through the analysis of the
dynamics of the spatial slider crank mechanism using Rigid dynamics. in ANSYS. To
ensure smooth operation of the space slider crank mechanism. It is necessary to select
the length of the crank, the revolute and ball joint clearances, the friction coefficient
inside the kinematic joint and the crank driving speed. Because these design parameters
all affect the slider acceleration and the contact force within revolute and clearance ball
joints. To do this, the Grey-Taguchi method is proposed. From the results of the rigid
dynamics analysis of the spatial slider crank mechanism, it has been proven that
increasing the design variables causes the acceleration and contact force to increase
significantly, causing instability for the crank mechanism. space slider. The grey
relational analysis -Taguchi optimization results also confirm this. The results of grey
relational Analysis-Taguchi method achieved the optimal acceleration of the slider and
the optimal contact force in the revolute joint of the space slider crank mechanism being
32.72 m/s? and 1.3452 kN, respectively. To increase the reliability of this optimization
method, decision-making methods with multiple criteria or multiple objectives are also
applied, such as the TOPSIS method, the SAW method and the WASPAS method. The
results of these methods confirm the same results as the Grey-Taguchi method. The
optimal results were chosen the space slider crank mechanism model with crank size,
friction coefficient, revolute joint and ball joint clearance sizes and crank driving speed
80 mm, 0.01, 0.1 mm and 800 rpm, respectively.

1. INTRODUCTION

the oscillation of the slider-crank mechanism caused by the
translational and revolute clearances. The accuracy of the

The clearance in traditional joints not only helps the link
joints move easily but also affects the workability of the
mechanical system, such as wear due to friction and the noise
caused by vibration due to impact. To reduce the influence of
dry friction inside the joint with clearance, lubrication for
multiple joints with clearance was studied and the dynamic
model of the multi-joint planar mechanism with clearance is
constructed based on the dynamic accuracy reliability model
and the Lagrange multiplier method for the 2DOF mechanism
with 9 links [1]. The clearance model of the through-joint and
the forward-joint is used to establish the dynamic equation of
the 6-bar planar mechanism based on the Lagrange multiplier
method [2]. This model is further confirmed by ADAM and
experimentally. The Baumgarte method was used to improve
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model was evaluated experimentally [3]. The experimental
results also showed that the revolute clearance caused more
oscillation than the translational clearance. The contact force
model and the internal wear model in a rotary joint with
clearance are proposed to determine the wear amount by the
non-contact method. A contact force model and an internal
wear model in a rotary joint with clearance are proposed to
determine the wear amount by a non-contact method [4]. The
measured results are compared with the numerical simulation
results. The extended alpha method is based on Newton's
collision law to describe the dynamic model of a spherical
joint with clearance [5]. This method can avoid singularities
and invariances. The time method is also used to determine the
results of the alpha method. The effects of curvature radius of
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asperities contact speed, and roughness on dynamic response
of rudder loop with revolute joint clearance were determined
the Lagrange method [6]. The outcomes identified that when
clearance size increased and impacted frequency nonlinearly
increased, rudder angle error and contact force increased. The
finite particle method is proposed to determine the influence
of internal friction in revolute joints with clearance [7]. The
proposed model determines that as the clearance size
increases, the mechanism oscillates more strongly. As the
friction coefficient increases, the oscillation of the mechanism
decreases, and as the damping coefficient increases, the energy
dissipation increases significantly. The fuzzy sets and fuzzy
algorithms were utilized to determine the influence of
clearance tolerance on the dynamic behavior of the mechanism
[8]. The contact force model was applied to determine the
internal contact force in the effective clearance rotary joint for
small clearance sizes. The center of curvature method is
applied to determine the effect of non-circular joints with
clearance on the dynamic behavior of the mechanism [9].
Simulation results confirm that the center of curvature model
achieves the dynamic behavior of the multi-body mechanism
similar to the traditional geometric center method. The
flexibility of the mechanism significantly affected the dynamic
behavior of the slider-crank mechanism [10]. The Lagrange
multiplier technology [11] was applied to develop a dynamic
model of a mechanism with three spherical joints. The results
of this model indicate that as the gap size increases the
dynamic behavior of the mechanism oscillates chaotically.
ADAMS and MATLAB were used to validate the results. The
edited friction force model and innovated nonlinear impact
force model were applied to investigate the dynamic behavior
of a planar mechanical system [12]; the models were then
experimentally validated. The influences of clearance size and
input velocity on the dynamic response of the slider-crank
mechanism were estimated by the nonlinear continuous
contact force model and flexible link [13]. The revised
Coulomb’s friction law and Archard’s wear law were applied
to investigate a rigid-flexible coupling system's dynamic
behavior and wear with clearance joints based on the NCF-
ANCF formulation [14]. The influences of the clearance size
and the cylinder stiffness were analyzed by a modified CF
model and LuGre model [15]. The experiment was carried out
to validate the effectiveness of the proposed method, as well
as to demonstrate a new method to construct the manipulator,
which has high computational efficiency and accurately. A
dynamic equation with a Lagrange multiplier was established
for the spherical clearance joints of the parallel spatial
mechanism [16]. The effects of one clearance joint were
approximated for the case of an ideal joint. The dynamic
behavior of a mechanical system is more strongly affected than
those with one clearance joint and an ideal joint. The clearance
and the branched-chain elasticity introduced errors to the robot
motion, which was investigated by the rigid—flexible coupling
dynamic model having clearance and the spatial beam
element. The wear of the spherical clearance joint was
investigated [17] by the Archard wear model. The edited
Flores CF model and the modified Coulomb friction model
using the Newton-Euler method, and the 4%-order Runge-
Kutta method were applied to analyze the dynamic model of
the parallel mechanism with the spherical clearance joint [18].
The effects of the clearance joint on the wear of the mechanical
systems [19] were confirmed by Archard’s theory and
Coulomb’s model. The contact collision model, friction model
and the modified Coulomb friction model [20] were applied to
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investigate the effect of friction in the clearance joint. The
transfer matrix method was applied to determine the effects of
the RCJ on the rigid-flexible coupling multi-link dynamics
model. The influences of clearance size on the translation
clearance joint and driven speed of the slider-crank
mechanism were investigated [21] using the LuGre friction
model and the modified L-N contact model. Analysis of design
variable on rigid and flexible dynamics of space slider crank
mechanism [22]. A grey relational analysis based Taguchi
method [23] was utilized to optimize dynamic of space slider-
crank mechanism and the stress in the flexible connecting rod.
The optimal results were verified by TOPSIS method. The
spherical clearance joint model, contact force model and
spherical clearance joint lubrication model [24] has been
established to describe the dynamics of multi-body systems
with spherical joints. The simulation results indicated that
spherical clearance joint lubrication model took simulation
much more time than the other. In order to reduce the effects
of contact force are due to friction causes. Therefore, the
improvement lubrication model in spherical clearance joint
[25] proposed. The simulation results identified that the effects
of clearance size and friction on the acceleration significantly
reduced. The effects of the clearance size and friction in
spherical clearance joint and revolute clearance joint were
analyzed by the Lagrange multiplier technique and Jacobian
of constraint matrix [26] and were confirmed by ADAMS and
Newton—Euler method.
The novel in this investigation identified as following:

*The model of space slider crank mechanism in this
investigation was designed to reduce the weight and was
optimized the effects of the design variables on the
acceleration of the slider and the contact force in the revolute
clearance joint. While the reference [22] only analyzed the
effect of the design variable.

*The design model of the space slider crank mechanism in
reference [23] designed the working length of the slider to be
large. Because the crank was designed in the plane made with
the horizontal plan of 135 degrees. While the design model of
the investigation, the working length of the slider is lower.
Because the crank was designed in the plane made with the
horizontal plan of 90 degrees.

*The Runge-Kutta 4 rigid dynamics model in ANSY'S, the
grey relational analysis based on the Taguchi method [27], and
the TOPSIS, WASPAS methods [28] and SAW method [29],
and were used to estimate and reduce the influences of
clearance size in the revolute and spherical joints with
clearance and friction on the dynamic behavior of the space
slider-crank mechanism. Other models, such as the analysis of
variance, analysis of means, and analysis of the interaction of
the design variables, were also applied to verify the design
variable influence on the acceleration of the slider and the CF
in the RCJ and spherical clearance joints.

*Previous studies mostly used the Lagrange equation or
Neton's 2nd law to model and establish the differential
equation of motion of the system and used the programming
language MATLAB or Fortran to solve this system of
equations. This is an effective method. However, this method
requires the researcher to be proficient in using programming
language to solve the problem. For researchers who do not
know how to use programming languages, solving is very
difficult. Different from the previous study, in this study, it is
proposed to analyze and simulate the dynamics of the
mechanical system using ANSYS and the optimization is



performed using grey relational analysis methods - Taguchi
method, TOPSIS method, SAW method, WASPAS method.

The remaining of the investigation was written as following:
The clearance model in the revolute and spherical joints, the
mechanism model, the Runge-Kutta 4 model, and the MEREC
method are presented in Section 2. The grey relational analysis
based on the Taguchi method and the TOPSIS, SAW, and
WASPAS methods are presented in Section 3. The results are
discussed in Section 4, and the conclusions are presented in
Section 5.
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Simulation results

2. DESIGN OF THE SPACE SLIDER CRANK
MECHANISM AND SIMULATION

2.1 Mechanism model and configuration in ANSYS

The space slider-crank mechanism, depicted in Figure 1,
was created in SolidWorks and analyzed by the Runge-Kutta
4 rigid dynamics model in ANSYS as presented in Table 1.
The model consists of the following links: the base is the first
link, the crank is the second link, the connecting rod is the third
link, and the slider is the fourth link.

Revolute clearance joint

Figure 1. Space slider-crank mechanism model

Table 1. Set up initial condition and select time integration

type
Step Control
Number of Steps 1
Current Step Number 2s
Auto Time Stepping off
Time Step 0.001s

Solver Control

Time Integration Type
Correction Type
Assembly Type

Runge-Kutta 4
With Inertia Matrix
Pure Kinematic

Nonlinear Control
Energy Accuracy Toler... Program Controlled
Output Control
Store Results at All Time Points
Analysis Data Management
E:\3D-SILDER-
FLEXIBLE\ fil..

Solver Files Directory
Scratch Solver Files Di...
Visibility
[A] Joint-Rotational...

Display

In the plane slider-crank mechanism, all points on the
moving link move in planes parallel to each other, the slider
runs in a direction perpendicular to the centreline of the crank's
bearing. The space slider-crank mechanism is not subject to
the above constraints, so it is very diverse. According to the
coordinate system as shown in Figure 1, the space slider crank
mechanism works according to the principle: first the crank
rotates around the x axis in the YOZ plane and is driven by
hand or by a motor that transmits motion through the
connecting rod. The first spherical joint with clearance was
utilized to link between crank and connecting rod. Next, the
rotating connecting rod transmits motion through the slider
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thanks to the second spherical joint with clearance. This causes
the linear motion slider along the x axis in the XOZ plane. This
principle puts the rotational motion of the crank into the
translational motion of the slider. This mechanism has many
widespread applications in industry such as presses, aircraft
wheel folding mechanisms, hydraulic cylinders.

The Runge-Kutta 4 model in ANSYS was utilized to
determine the velocity and acceleration of the slider as well as
the CF in the spherical joints and the RCJ. The simulation
parameters are listed in Table 2.

Table 2. Dimensions and weights of the links

Parameters Value
Crank length (mm) 80, 100 and 120
Crank mass (kg) 0.72009
Connecting rod length (mm) 350
Connecting rod mass (kg) 0.5166
Slider mass (kg) 3.5826

Structural steel was used for all the links in the model with
a modulus of elasticity of 200 GPa, Poisson's ratio of 0.3, and
density of 7850 kg/m?>. The model of the meshed divide was
automatically used for dividing the mesh of a model with four
elements and four nodes. The fixed joint was set as the first
link, the revolute joint was configured to connect the first link
and the second link, the first spherical joint was configured to
connect the second link and the third link, and the translation
joint was configured to connect the third link and the fourth
link. The journal's and bearing's initial centers were
concentric, and the ball's and socket's centers were concentric,
with a time step of 0.001 seconds. The values of four design
parameters were varied to perform 27 simulation cases: crank
lengths (80 mm, 100 mm, and 120 mm); driven speeds (800



rpm, 1000 rpm, and 1200 rpm); friction coefficient (0.01, 0.05,
and 0.1); and clearance size (0.1 mm, 0.4 mm, and 0.7 mm).

2.2 RCJ model

The RCJ model is shown in Figure 2 [30-35]. The clearance
size was determined by the bearing radius minus the axle
radius and is written in Eq. (1).

C=ra—, ()
where 73 and r; are the bearing radius and the axle radius,

respectively, and dp are the bearing length and the bearing
diameter, respectively.

Bearing

' 0O

Figure 2. Revolute clearance axle model [35]

——Journal

2.3 SCJ model

The SCJmodel [16, 18, 22-26] is illustrated in Figure 3. The
clearance size in the spherical joint was determined by the
socket radius minus the ball radius.

Figure 3. Spherical clearance joint model
2.4 Estimating the weight by MEREC method

To obtain the weight of each output, MEREC method [36-
39] is applied and is implemented:

Step 1: Determine the target

The target: “The largest value is the best”.

min a;
hy=—— @
&
The target: “The smallest value is the best.”
&
i = ax 3)
&

where, aj; are the output values. u;; are the acceleration and CF.
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The values are archived by the Runge-Kutta 4 rigid dynamics
model in ANSYS.
Step 2: Determine the total performance of the criteria

1 n
S = |n{1+(ﬁzhn(hij )\ﬂ 4)
i
Step 3: Determine the performance of the criteria
, 13
S;=In| 1+ = 3" |In(ny ) (5)
N\ =j
Step 4: Determine the deviation
E; =[s; -S| (6)
Step 5: Determine the weight of every criterion
EJ
W, =
(7)

3. OPTIMIZATION METHOD
3.1 Grey relational analysis

In order to achieve the optimal solution, the smallest
acceleration and contact force is best. This is a multi-objective
problem that cannot be achieved with the Taguchi method.
Therefore, grey relational analysis [27, 40-44], is applied and
performed as follows. Firstly, the design variables were
selected. After, 27 models were designed by SolidWorks
based on the design of experiment result of Minitab software.
Finally, acceleration and contact force are recorded from the
results of dynamic analysis:

Step 1: Determine the target:

The target: “The largest value is the best.”

D® (k) —min D? (k)

(i . 8
max D (k) —min D (k) ®
The target: “The smallest value is the best.”
. max D (k) — D (k)
9

'~ max D (k) —min D (k)

where, Di(o)(k) are the output values. Di(o)(k) are the

acceleration and CF which were obtained by the Runge-Kutta
4 rigid dynamics model in ANSYS.
Step 2: Calculation deviation:

Ag =[D5 (k)= D} (k)| (10)
Anin = MaX ;i min., ”D(:(k) - Dr(k)" (11)
Ay =Max,;; Max,, | D; (k) — D}’(k)” (12)




Step 3: Estimate the grey relational coefficient (GRC) (y)
as follows:

Amin + gAmax

yi (k) B AOi + gAmax

(13)

where, & € [0,1] is the distinguishing coefficient, typically
with a value of 0.5.
Step 4: Compute GRG (1;) as follows:

v =D W7 (K) (14)
k=1

where, n=27, where wy is determined in Section 2.4.

Step 5: Determine the maximum value of GRG as the
optimal value. The case where this maximum value is
achieved is the optimal case.

The signal to noise ratio obtained by “the maximum value
is better” [45-48]:

141
S/N=-10log| = ) — 15
131 09
where, y; is GRG values:
Determine the forecasted value of GRG:
q
H =Gy +2(Gy = G,) (16)
i1
Compute CI value at a = 0.05 by employing Eq. (17):
Cl.. =+ |F (L fe)Ve[ L 1] (17)
ce =5 e Tt
; neff Re

The F,(1, fe) was obtained from Table B-2 in reference
[49].

3.2 TOPSIS method

The decision-making method based on multiple criteria is
the technique for order preference by similarity to ideal
solution (TOPSIS) invented in 1980. This method helps select
an optimal model based on many criteria such as the required
slider speed being small, the contact force inside the rotary
joint and ball joint of the system must be small, and the system
must be durable enough. With different model sizes, different
criteria are achieved. It is necessary to determine an optimal
model with many criteria or multiple goals. To achieve the
desired advantages, the TOPSIS method is very useful in this.
In order the optimal case, the TOPSIS method [28, 50-54] is
utilized and is implemented:

Step 1: Determine the normalized values of the objective

a;

ij =
Q/Zau?

where, a;; the acceleration and CF archived by the Runge-

(18)
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Kutta 4 rigid dynamics model in ANSYS.
Step 2: Determine the weighted normalized values of the
acceleration and CF

Vij = Wi (19)
where, wy is determined in Section 2.4.
Step 3: Determine the biggest and smallest of b;;
b*=(b",b;,...b7) (20)
b =(br.b;,...by) 1)

Step 4: Determine the values S;" and S; of the optimal
criteria

+ +\2
s = Sty 1) @
=1
- N RY:
S = Z;(bij ~by) (23)
j=
Step 5: Determine the values for CC;
s
CC =—
' TShs (24)

Step 6: Determine the biggest value of CC; as the optimal
values. The case where this maximum value is achieved is the
optimal case.

3.3 SAW method

In order to increase the reliability of the Grey-Taguchi and
TOPSIS methods, the SAW (Simple Additive Weighting)
Method commonly used in decision making for multi-
objective problems [52] and was carried out step by step:

Step 1: Determine the normalized values of every criterion

The target: “The largest value is the best.”

G
n; = maxa, (25)
minu;,
n; = " (26)

U]

where, a;; the acceleration and CF which are archived by the
Runge-Kutta 4 rigid dynamics model in ANSYS.
Step 2: Determine the sum of the weight normalized values

Vi = ZWk -y 27)
=

where, wy is determined in Section 2.4.

Step 3: Determine the biggest value v; as the optimal value.
The case where this maximum value is achieved is the optimal
case.



3.4 WASPAS method

Besides, optimum results were also performed using the
WASPAS method [28, 49, 55, 56]. WASPAS is also one of
the most effective decision-making methods for selecting the
optimal case that meets multiple criteria or multiple objectives,
was performed as follows:

Step 1: Using Eq. (25) and Eq. (26) to determine n;;, next
determine vy, O;, and P;.

Vv =W -y (28)

Q= Zvij (29)
1
Q=2 VvPR= (Vij )WI (30)
j=1 j=1
Step 2: Determine 4;
A=1-Q+(@1-12)-R,A1=09 3D

Step 3: Determine biggest value 4; as the optimal value. The
case where this maximum value is achieved is the optimal
case.

The acceleration and CF which are two criteria that need to
be achieved when designing a space slider crank mechanism
with design variables being crank length, clearance size,
coefficient friction and input velocity. The optimal case is
selected as the highest value of the grey relational grade, and
the optimal result of the Grey-Taguchi method is determined

by the TOPSIS method, SAW method and WASPAS method.
Applying the Taguchi method by performing 27 cases is
relatively sufficient to determine the optimal case.

4. RESULTS AND DISCUSSION
4.1 Design simulation

In order to minimize the CF and acceleration, it is necessary
to obtain the optimal values for the design variables. The 27
experimental cases were established using Minitab 18
software, with the design variables highlighted in Table 3. In
this table, the first variable is crank length and is symbolled by
x with three level 80 mm, 100 mm and 120 mm, the second
variable is clearance size and is symbolled by y with three
level 0.1 mm, 0.4 mm and 0.7 mm, the third variable is
coefficient friction and is symbolled by z with three level 0.01,
0.05 and 0.1, the fourth variable is input velocity and is
symbolled by t with three level 800 rpm, 1000 rpm and 1200
rpm. The values for the acceleration of the slider and CF were
calculated from the 27 experimental cases, as presented in
Table 4. As can be seen in the table, increasing crank length
significantly increases the acceleration and CF. Similarly,
increasing clearance size and friction coefficient increases the
acceleration and CF slightly. However, the input velocity
significantly affects acceleration and CF.

Table 3. Design variables and their level

. Levels
Factor Symbol Unit 1 2 3
Crank length X mm 80 100 120
Clearance size y mm 0.1 0.4 0.7
Coefficient friction z 0.01  0.05 0.1
Input velocity t pm 800 1000 1200

Table 4. The L7 orthogonal array and simulation results

Trial No. Crank Length (mm) Clearance Size (mm) Coefficient Friction Input Velocity (m/s) Acceleration (m/s?>) CF (KN)

1 80 0.1
2 80 0.1
3 80 0.1
4 80 0.4
5 80 0.4
6 80 0.4
7 80 0.7
8 80 0.7
9 80 0.7
10 100 0.1
11 100 0.1
12 100 0.1
13 100 0.4
14 100 0.4
15 100 0.4
16 100 0.7
17 100 0.7
18 100 0.7
19 120 0.1
20 120 0.1
21 120 0.1
22 120 0.4
23 120 0.4
24 120 0.4
25 120 0.7
26 120 0.7
27 120 0.7

0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1
0.01
0.05
0.1

800 32.72 1.3452
1000 51.128 1.7555
1200 73.624 1.9552
1000 41.157 1.594

1200 62.67 1.7622
800 70.799 1.0611
1200 50.666 1.6565
800 54.741 1.0114
1000 80.158 1.1767
800 52.498 1.2356
1000 66.842 2.0509
1200 83.371 3.0839
1000 62.803 2.151

1200 76.316 2.9921
800 79.471 3.1202
1200 72.147 2.9518
800 70.399 2.9368
1000 87.684 4.0212
800 93.69 4.6123
1000 100.9 59118
1200 110.83 7.5641
1000 103.06 6.4221
1200 110.04 7.8202
800 106.8 8.6251
1200 112.74 8.0592
800 105.54 8.6719
1000 114.23 10.4971
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Table 5. Results of the weight determination method

Experiment No. hi Si by E
D; St St
1 0.2864 0.1281 0.9755 0.4856 0.7067 0.4899 0.2211
2 0.4476 0.1672 0.8312 0.3379 0.6388 0.4934 0.3009
3 0.6445 0.1863 0.7227 0.1985 0.6099 0.5241 0.4114
4 0.3603 0.1519 0.8972 0.4124 0.6639 0.4849 0.2516
5 0.5486 0.1679 0.7850 0.2625 0.6378 0.5225 0.3753
6 0.6198 0.1011 0.8692 0.2145 0.7636 0.6548 0.5491
7 0.4435 0.1578 0.8457 0.3411 0.6540 0.5046 0.3129
8 0.4792 0.0964 0.9313 0.3132 0.7747 0.6180 0.4615
9 0.7017 0.1121 0.8204 0.1631 0.7392 0.6573 0.5761
10 0.4596 0.1177 0.8995 0.3284 0.7274 0.5712 0.3991
11 0.5852 0.1954 0.7345 0.2374 0.5969 0.4971 0.3595
12 0.7299 0.2938 0.5709 0.1462 0.4778 0.4247 0.3315
13 0.5498 0.2049 0.7380 0.2617 0.5837 0.4763 0.3220
14 0.6681 0.2850 0.6039 0.1837 0.4871 0.4202 0.3034
15 0.6957 0.2972 0.5811 0.1667 0.4741 0.4144 0.3074
16 0.6316 0.2812 0.6228 0.2068 0.4912 0.4160 0.2844
17 0.6163 0.2798 0.6307 0.2167 0.4928 0.4140 0.2761
18 0.7676 0.3831 0.4775 0.1242 0.3919 0.3533 0.2677
19 0.8202 0.4394 0.4123 0.0945 0.3444 0.3178 0.2499
20 0.8833 0.5632 0.2994 0.0602 0.2524 0.2393 0.1922
21 0.9702 0.7206 0.1646 0.0150 0.1517 0.1496 0.1367
22 0.9022 0.6118 0.2602 0.0502 0.2197 0.2100 0.1695
23 0.9633 0.7450 0.1535 0.0185 0.1373 0.1350 0.1188
24 0.9350 0.8217 0.1238 0.0331 0.0937 0.0908 0.0606
25 0.9870 0.7678 0.1299 0.0065 0.1241 0.1234 0.1176
26 0.9239 0.8261 0.1267 0.0388 0.0912 0.0879 0.0524
27 1.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Table 6. Grey relational analysis and GRG rank
Experiment No. D;(1) D;(2) Ay (1) 40,i(2) 7, (D 7,(2) v, Rank
1 1.0000 0.9650 0.0000 0.0350 1.0000 0.9346 0.9726 1
2 0.7740 0.9220 0.2260 0.0780 0.6887 0.8651 0.7625 6
3 0.4980 0.9010 0.5020 0.0990 0.4990 0.8347 0.6395 12
4 0.8960 0.9390 0.1040 0.0610 0.8278 0.8913 0.8544 2
5 0.6330 0.9210 0.3670 0.0790 0.5767 0.8636 0.6968 8
6 0.5330 0.9950 0.4670 0.0050 0.5171 0.9901 0.7151 7
7 0.7800 0.9320 0.2200 0.0680 0.6944 0.8803 0.7722 5
8 0.7300 1.0000 0.2700 0.0000 0.6494 1.0000 0.7962 3
9 0.4180 0.9830 0.5820 0.0170 0.4621 0.9671 0.6735 9
10 0.7570 0.9760 0.2430 0.0240 0.6729 0.9542 0.7907 4
11 0.5810 0.8900 0.4190 0.1100 0.5441 0.8197 0.6595 11
12 0.3790 0.7820 0.6210 0.2180 0.4460 0.6964 0.5508 17
13 0.6310 0.8800 0.3690 0.1200 0.5754 0.8065 0.6721 10
14 0.4650 0.7910 0.5350 0.2090 0.4831 0.7052 0.5761 15
15 0.4260 0.7780 0.5740 0.2220 0.4655 0.6925 0.5605 16
16 0.5160 0.7950 0.4840 0.2050 0.5081 0.7092 0.5923 14
17 0.5380 0.7970 0.4620 0.2030 0.5198 0.7112 0.5999 13
18 0.3260 0.6830 0.6740 0.3170 0.4259 0.6120 0.5038 18
19 0.2520 0.6200 0.7480 0.3800 0.4006 0.5682 0.4708 19
20 0.1640 0.4830 0.8360 0.5170 0.3743 0.4916 0.4234 20
21 0.0420 0.3090 0.9580 0.6910 0.3429 0.4198 0.3751 22
22 0.1370 0.4300 0.8630 0.5700 0.3668 0.4673 0.4089 21
23 0.0510 0.2820 0.9490 0.7180 0.3451 0.4105 0.3725 23
24 0.0910 0.1970 0.9090 0.8030 0.3549 0.3837 0.3670 25
25 0.0180 0.2570 0.9820 0.7430 0.3374 0.4023 0.3646 26
26 0.1070 0.1920 0.8930 0.8080 0.3589 0.3823 0.3687 24
27 0.0000 0.0000 1.0000 1.0000 0.3333 0.3333 0.3333 27

4.2 Results of the weight determination method

The outcomes of Egs. (3)-(6) as listed by Table 5. The
weight of the acceleration and CF obtained by Eq. (7) are

0.5814 and 0.4186, respectively.
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4.3 Grey relational analysis

The results of GRA are listed in Table 6. The values of the
objective functions D; (1), D;(2) were determined by Eq. (9)
with the values of the acceleration of the slider and contact
force. The deviation values Aoi(1), Aoi(2) were determined by



Eq. (10). The GRC (y«(1), y{(2)) were obtained by Eq. (13). The
GRG (y;) were obtained by Eq. (14). The rank values were
determined by ranking the GRG. The maximum value for
GRG was determined by the first rank; thereby, the case
ranked as one is considered the optimal case. The simulation
results of 27 cases obtained with the different values of GRG
indicated that the design variable have affected on the
acceleration and CF. The problem consistent with previous
studies [2, 5-7, 23, 24]. This means the acceleration and the
contact force depend on the crank length, clearance size,
coefficient friction and input velocity.

4.4 Analysis of signal to noise (S/N)

The values of the S/N average of the design variables
thereby every level was listed in Table 7. The delta is
computed by the values of Level 1 minus Level 3. The values
in the table reveal that the maximum values are the optimal
cases for the design variables. The rank of 1 indicates that
variable (x) strongly effected on the acceleration and CF; next
is variable (z), variable (t), and finally, variable (y). The data
in this table were also used to create the graph shown in Figure
4. The effect of the level of the design variables was verified
by applying the Taguchi Method based on the analysis of S/N,
as shown Figure 4. The levels of the design variables are listed
horizontally, with the S/N values presented vertically. The
high peak on the graph indicates that at the position obtained,
the optimal levels of the design variables were x;y;z,t;. The
larger the slope, the stronger the influence of those variables
on the GRG values. The variable (x) therefore, has a
significant influence on the acceleration of the slider and CF
in the revolute clearance joint and spherical joints, followed
by the variable (z), variable (t), and finally, variable (y). The
problem consistent with previous studies [2, 5-7, 23, 24]. This
means the acceleration and the CF depend on the crank length,
clearance size, coefficient friction and input velocity.

Table 7. Values of S/N of GRG

were calculated as the values of Level 1 minus Level 3. The
rank values were determined for the maximum of the delta
values. The maximum delta values determined the influences
of the design variables. Variable (x) significantly affected the
acceleration and CF, followed by variable (z), variable (t), and
finally, variable (y). The data in Table 8 created the curves in
Figure 5. Similar to Table 7, in this Fig, the effects of the
design variables were determined by the slope of the graph;
the larger the slope, the stronger the influence of those
variables on the GRG values or the acceleration and CF. As
such, variable (x) showed the most significant influence on the
acceleration and the CF of the slider and crank, followed by
variable (z), variable (t), and finally, variable (y). The high
peaks on the plot indicate the optimal levels of the design
variables, meaning that the optimal level was Level 1 for the
design variables obtained. The problem consistent with
previous studies [2, 5-7, 23, 24]. This means the acceleration
and the VF depend on the crank length, clearance size,
coefficient friction and input velocity.

Table 8. Mean values of GRG

Level X y z t

1 0.7861 0.6422 0.6669 0.6424

2 0.6310 0.5961 0.5998 0.6033

3 0.3931 0.5719 0.5435 0.5645
Delta 0.3929 0.0704 0.1234 0.0779
Rank 1 4 2 3

Main Effects plot for means
Data means
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Figure 5. The graph of main effects plot for mean

Interaction Plot for SN ratios

Level X y z t
1 -2.139 -4.208 -3.942 -4.299
2 -4.069 -4.862 -4.787 -4.781
3 -8.157 -5.295 -5.636 -5.285
Delta 6.018 1.087 1.694 0.986
Rank 1 3 2 4
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Figure 4. Main effects plot for S/N ratios
4.5 Analysis of mean

The average values of GRG for every level of every design
variable are listed in Table 8. In this table, the delta values
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Figure 6. Interaction plot for S/N
4.6 Analysis of interaction

In order to verify variable interactions, the interaction
analysis tool in Minitab was used to estimate the interaction



level between the variables. The outputs highlighted in Figure
6 verify that variables (x) and (t) significantly affect the S/N
of GRG, while the variables (y) and (z) have slight effects on
the S/N of GRG. The variables (x) and (t) significantly affect
the acceleration and CF, as depicted on the interaction plots as
non-parallel lines, while variables (y) and (z) slightly affect the
acceleration and CF, as illustrated on the interaction plots as
parallel lines. The problem consistent with previous studies [2,
5-7, 23, 24]. This means the acceleration and the CF depend
on the crank length, clearance size, coefficient friction and
input velocity.

Similarly, Figure 7 highlights that variables (x) and (t)
significantly affect the mean values for GRG, while the
variables (y) and variable (z) slightly affect the mean values
for GRG. The variables (x) and (t) significantly affect the
acceleration and the CF, as depicted on the interaction plots as
non-parallel lines. In contrast, the variables (y) and (z) slightly
affect the acceleration and the CF and are shown on the
interaction plots as parallel lines. The problem consistent with
previous studies [2, 5-7, 23, 24]. This means the acceleration
and the CF depend on the crank length, clearance size,
coefficient friction and input velocity.

4.7 Analysis of variance

The effect of the variables on acceleration and CF was
confirmed by GRA based on S/N analysis as well as by

analysis of variance (ANOVA), the results of which are
presented in Table 9. The contribution percent of (X) is
83.32%, (y) is 2.72%, (z) is 8.11%, (t) is 3.23%, (x*y) is
0.59%, (x*z) is 1.04%, (x*t) is 0.75%, and the error is 0.23%.
The P-values equal to zero reveal that variable (x) has the
strongest influence, followed by variable (z), variable (t), and
finally, variable (y). These results are also true for S/N. The
problem consistent with previous studies [2, 5-7, 23, 24]. This
means the acceleration and the CF depend on the crank length,
clearance size, coefficient friction and input velocity.
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Figure 7. Interaction plot for means

Table 9. Analysis of variance

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
X 2 0.704990 83.32% 0.704990 0.352495 1074.79 0.000
y 2 0.023005 2.72% 0.023005 0.011503 35.07 0.000
z 2 0.068661 8.11% 0.068661 0.034330 104.68 0.000
t 2 0.027308 3.23% 0.027308 0.013654 41.63 0.000
x*y 4 0.004968 0.59% 0.004968 0.001742 5.79 0.042
x*z 4 0.008842 1.04% 0.008842 0.002210 6.74 0.021
x*t 4 0.006370 0.75% 0.006370 0.001593 4.86 0.043
Error 6 0.001968 0.23% 0.001968 0.000328
Total 26 0.846112 100.00%

The outcomes of R-sq, R-sq (adj), and R-sq (pred) are
99.77%, 98.99%, and 97.29%, respectively, as presented in
Table 10.

Table 10. Model summary

PRESS
0.0398478

S R-sq
0.0181098  99.77%

R-sq (adj)
98.99%

R-sq (pred)
97.29%

q
Hors =GRG, + Y (GRGy —GRG,, ) = XL+ yl+ z1+t1-3GRG,,
i=1
=0.7861+0.6422+0.6669 + 0.6424—370.6034 = 0.9273

At 0=0.05, fe=6, Foos(1,6)=5.9874 [49], Ve=0.000328,
R=20, Re=1, n=27,

Cl == |5.9874x0.000328 x +1|=+0.06

1

27
1+ 20

0.86728 < L4 imetion < 0-98728

The optimal and forecasted values of GRG are 0.967 and
0.9273, respectively, with a very low error of 3.97%. These
results clearly indicate that the variables significantly affect
the CF and acceleration. The predicted and optimal outcomes
determined by the GRA based on the Taguchi method have an
error of less than 4%.

4.8 Results of TOPSIS

In order to confirm the optimal results of the GRA, TOPSIS
was also utilized in this investigation. The values of nj;, were
calculated by inserting the acceleration and CF values listed in
Table 3 in Eq. (18). Next, Eq. (19), Eq. (22), Eq. (23), and Eq.
(24) were applied to determine the values of
v, S;+,S;-,and CC; respectively. All of the TOPSIS
outcomes are presented in Table 11. The maximum value of
CC; indicates that the first case was optimal and ranked 1. The
problem consistent with previous studies [2, 5-7, 23, 24]. This
means the acceleration and the CF depend on the crank length,
clearance size, coefficient friction and input velocity.

4.9 Results of SAW

In addition to the TOPSIS method, the SAW method was



also applied to verify the results of GRA. Following the SAW
method, the values of njj were obtained by inserting the
acceleration and CF values in Table 3 in Eq. (25). Next, Eq.
(26) was applied to determine the values of v;. The results of
this method are presented in Table 12. The maximum value of

vi was obtained for the first case, pointed out that the 1% case
was the optimum case. The problem consistent with previous
studies [2, 5-7, 23, 24]. This means the acceleration and the
CF depend on the crank length, clearance size, coefficient
friction and input velocity.

Table 11. Results of the TOPSIS method

Experiment No. D, L s, D, bi 5, S+ Si- CC; Rank
1 0.0767 0.0535 0.0446 0.0224 0.0056 0.1884 0.9714 1
2 0.1198 0.0698 0.0697 0.0292 0.0280 0.1689 0.8580 5
3 0.1725 0.0777 0.1003 0.0325 0.0579 0.1525 0.7248 11
4 0.0964 0.0633 0.0561 0.0265 0.0150 0.1784 0.9223 2
5 0.1469 0.0700 0.0854 0.0293 0.0427 0.1614 0.7909 7
6 0.1659 0.0422 0.0965 0.0177 0.0519 0.1677 0.7638 9
7 0.1187 0.0658 0.0690 0.0276 0.0267 0.1707 0.8647 4
8 0.1283 0.0402 0.0746 0.0168 0.0300 0.1774 0.8553 6
9 0.1878 0.0468 0.1092 0.0196 0.0647 0.1618 0.7144 12
10 0.1230 0.0491 0.0715 0.0206 0.0272 0.1755 0.8658 3
11 0.1566 0.0815 0.0911 0.0341 0.0496 0.1546 0.7571 10
12 0.1954 0.1225 0.1136 0.0513 0.0771 0.1303 0.6281 17
13 0.1472 0.0855 0.0856 0.0358 0.0452 0.1555 0.7750 8
14 0.1788 0.1189 0.1040 0.0498 0.0679 0.1351 0.6655 15
15 0.1862 0.1240 0.1083 0.0519 0.0727 0.1315 0.6440 16
16 0.1691 0.1173 0.0983 0.0491 0.0627 0.1380 0.6877 14
17 0.1650 0.1167 0.0959 0.0489 0.0605 0.1392 0.6970 13
18 0.2055 0.1598 0.1195 0.0669 0.0901 0.1136 0.5578 18
19 0.2195 0.1833 0.1276 0.0767 0.1024 0.1018 0.4985 19
20 0.2364 0.2349 0.1375 0.0983 0.1236 0.0784 0.3882 20
21 0.2597 0.3006 0.1510 0.1258 0.1523 0.0490 0.2434 22
22 0.2415 0.2552 0.1404 0.1068 0.1315 0.0695 0.3457 21
23 0.2579 0.3108 0.1499 0.1301 0.1547 0.0449 0.2249 23
24 0.2503 0.3427 0.1455 0.1435 0.1619 0.0327 0.1682 25
25 0.2642 0.3203 0.1536 0.1341 0.1601 0.0406 0.2023 24
26 0.2473 0.3446 0.1438 0.1442 0.1615 0.0326 0.1679 26
27 0.2677 0.4171 0.1556 0.1746 0.1929 0.0000 0.0000 27
Table 12. Results of the SAW method 4.10 Results of WASPAS
Experiment No n; . Rank In order to determine that the 1% case is the optimum case-
} D; S; ! as indicated by the GRA-the WASPAS method was also
1 1.00000  0.75186  0.89613 1 applied to increase the reliability. Following this method, the
2 0.63996  0.57613  0.61324 7 n; were obtained by substituting the acceleration and CF
i 8‘7‘3233 82;1?(9) 8‘71;‘7‘25 132 values in Table 3 in Eq. (25). Next, the values of
5 052210 057394  0.54380 9 v, Qi) Pi, and A; were deter'mlned using Eqs. (%8)—(31),
6 046215 095316  0.66769 5 respectively. The results of this method were listed in Table
7 0.64580 0.61056 0.63105 6 13. The maximum value of A; was obtained for the first case,
8 0.59772  1.00000  0.76611 2 indicating that it was the optimal case. The problem consistent
9 0.40819  0.85952  0.59712 8 with previous studies [2, 5-7, 23, 24]. This means the
10 0.62326  0.81855  0.70501 4 acceleration and the CF depend on the crank length, clearance
11 0.48951  0.49315  0.49103 11 size, coefficient friction and input velocity.
12 039246 032796  0.36546 17 The limitation of the proposed method is that it has not been
13 0.52099  0.47020  0.49973 10 . s
confirmed by experimental results because it will cost a lot as
14 0.42874  0.33802  0.39077 15 . . .
15 041172 032415 037506 16 well as not being able to establish a mathematical model and
16 0.45352 034264  0.40710 14 solve the mathematical model using a programming language
17 0.46478 034439  (0.41438 13 because this method is quite complicated.
18 037316 025152 032224 18
19 0.34924 021928 029484 19 4.11 Optimal results
20 032428  0.17108 026015 20
21 0.29523  0.13371  0.22762 23 For the optimal case, the graph of the slider's velocity is
22 031748 0.15749  0.25051 21 provided in Figure 8. In the figure, the slider's velocity with a
23 0.29735  0.12933  0.22702 25 . . .
clearance size of all clearance joints equal to 0.1 mm and an
24 0.30637 0.11726  0.22721 24 . . .
25 029023 012550 022127 26 ideal clearance size of zero are plotted.on th<? same axis. A plgt
26 031002  0.11663  0.22907 27 of the acceleration of the slider with slight vibrations is
27 028644  0.09635 0.20687 27 presented in Figure 9. Plots of the CF in the RCJ, two spherical
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clearance joints, and a translation joint are shown in Figures



10-13, respectively. The vibrations are stronger than those
with ideal joints due to the journal and ball impact on the
bearing and socket in the joints with clearance. From the plots
of the acceleration of the slider and the CF in the revolute,
spherical joints with clearance, and translation joints, the
motion of the journal and ball in the bearing and socket has

three types of motion: free light, contact, and impact. These
phenomena were also described in references [2, 5-7, 23, 24].
However, these oscillations are stable based on the
optimization by GRA based on the Taguchi method; the
optimal results were also confirmed by the TOPSIS, SAW, and
WASPAS methods.

Table 13. Results of the WASPAS method

. n;j Vij
Experiment No. D, s, D, s, Q; P; A; Rank
1 1.0000 0.7519 0.5814 0.3147 0.8961 0.4497 0.8515 1
2 0.6400 0.5761 0.3721 0.2412 0.6132 0.3103 0.5830 7
3 0.4444 0.5173 0.2584 0.2165 0.4749 0.2400 0.4514 12
4 0.7950 0.6345 0.4622 0.2656 0.7278 0.3665 0.6917 3
5 0.5221 0.5739 0.3036 0.2402 0.5438 0.2752 0.5169 9
6 0.4622 0.9532 0.2687 0.3990 0.6677 0.3171 0.6326 5
7 0.6458 0.6106 0.3755 0.2556 0.6310 0.3196 0.5999 6
8 0.5977 1.0000 0.3475 0.4186 0.7661 0.3757 0.7271 2
9 0.4082 0.8595 0.2373 0.3598 0.5971 0.2825 0.5657 8
10 0.6233 0.8185 0.3624 0.3426 0.7050 0.3540 0.6699 4
11 0.4895 0.4931 0.2846 0.2064 0.4910 0.2488 0.4668 11
12 0.3925 0.3280 0.2282 0.1373 0.3655 0.1845 0.3474 17
13 0.5210 0.4702 0.3029 0.1968 0.4997 0.2529 0.4750 10
14 0.4287 0.3380 0.2493 0.1415 0.3908 0.1967 0.3714 15
15 0.4117 0.3241 0.2394 0.1357 0.3751 0.1887 0.3564 16
16 0.4535 0.3426 0.2637 0.1434 0.4071 0.2044 0.3868 14
17 0.4648 0.3444 0.2702 0.1442 0.4144 0.2077 0.3937 13
18 0.3732 0.2515 0.2170 0.1053 0.3222 0.1603 0.3060 18
19 0.3492 0.2193 0.2030 0.0918 0.2948 0.1456 0.2799 19
20 0.3243 0.1711 0.1885 0.0716 0.2602 0.1257 0.2467 20
21 0.2952 0.1337 0.1716 0.0560 0.2276 0.1074 0.2156 23
22 0.3175 0.1575 0.1846 0.0659 0.2505 0.1200 0.2375 21
23 0.2973 0.1293 0.1729 0.0541 0.2270 0.1063 0.2149 24
24 0.3064 0.1173 0.1781 0.0491 0.2272 0.1038 0.2149 25
25 0.2902 0.1255 0.1687 0.0525 0.2213 0.1035 0.2095 26
26 0.3100 0.1166 0.1803 0.0488 0.2291 0.1043 0.2166 22
27 0.2864 0.0964 0.1665 0.0403 0.2069 0.0920 0.1954 27
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Figure 10. Contact force of the revolute clearance joint
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5. CONCLUSION

Based on the results of the Runge-Kutta 4 rigid dynamics
model in ANSYS, the design variables significantly affected
on the acceleration and the CF in the RCJ and imperfect
spherical and translation joints. The output of the GRA based
on the Taguchi method confirmed that the crank length and
driving speed significantly affect the acceleration of the slider
and CF in the clearance joints. In contrast, clearance size and
friction slightly influence the acceleration and CF. Outcomes
of the interaction analysis, ANOVA, and regression analysis
also confirmed the model outcomes. In addition, the optimal
values are compared with predicted values; all of the outputs
are in good agreement with the GRA based on the Taguchi
method, with an error of less than 4%. The optimal values
obtained for the acceleration of the slider and the CF were
32.72 m/s? and 1.3452 kN, respectively. The TOPSIS, SAW,
and WASPAS methods also verified the optimal values. All
four methods provide outputs that identify the first case as
optimal; the combination design includes a crank length of 80
mm, a clearance size of 0.1 mm, a friction coefficient of 0.01,
and an input velocity of 800 rpm. To reduce vibration in the
mechanical system, acceleration and force must be limited.
The proposed method also achieves a reliable assessment
result and is confirmed by the decision-making criteria. The
deviation between the predicted value and the optimal value is
very low. It indicated that the results of the proposed
optimization method are reliable. The factors that affected on
the vibration of the mechanical system are the selected design
variables. The limitation of this study is that the optimal case
is within the limit of 27 cases. Compared to other methods, the
optimal level of design variables and optimal cases are outside
the 27 cases. That means it cannot be ruled out that the optimal
case is something else. Because of the limitations of the
proposed method in the analysis and discussion section.
Therefore, future research will focus on theoretical and
experimental research to confirm the results of ANSYS
simulation analysis and the results of the optimization methods
proposed.
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