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The gripper mechanism is widely utilized in industry and life. The request for
displacement amplifier ratio for this mechanism is high. However, the first modal shape
frequency is also required high. Therefore, in this investigation, a novel model of
gripper mechanism was designed optimum by employing an artificial neural network
(ANN) model. The bridge-type compliant mechanism was applied in the new model
mechanism which was drawn by SolidWorks. The first modal shape frequency was
determined by finite element analysis (FEA) in ANSYS. The simulated data was used
for the analysis of the signal-to-noise, and analysis of variance. The results of the
analysis are good and agreed that the design variables have significantly affected on the
first modal shape frequency. The statistical analysis outcomes indicated that all the error
values are less than 1. The R-square values of training and testing results of ANN model
obtained 0.9999 and 1, respectively. The predicted value and the optimal value of the
first modal shape frequency obtained 404.6784 Hz and 390.72 Hz, respectively. The

deviation of the values is 3.45%.

1. INTRODUCTION

The gripper was designed with a simple structure when
using the flexure joint. Many the gripper-compliant
mechanisms are designed and manufactured with flexure joint
to eliminate the effects of clearance size, friction in the
traditional joint [1, 2]. The micro-gripper compliant
mechanism employing the bridge-type amplifier (BTA) [3-7]
was designed and manufactured for testing. The outcomes of
the finite element analysis and the experimental results are
good agree. In order to the micro-gripper works better, the
magnification ratio displacement (MRD) of the mechanical
systems is high. Therefore, to choose the optimal solution,
many experiments or simulations must be performed. This will
take a long time. Taguchi method is a method that helps
choose the optimal method without performing too many
experiments or simulations. However, this method only
optimizes a single objective. For multi-objective optimization
problems, the grey relational analysis should be used to select
the optimal case. And the artificial neural network was also
utilized to confirm the optimal result. The artificial neural
network based on grey relational analysis was utilized to
determine this MRD of the BTA [8, 9]. The result obtained
displacement amplification ratio to 95 times. The experiment
result verified that the outcomes of FEA and Taguchi method
based on the artificial neural network achieved magnification
ratio of BTA over 65 times [10]. Taguchi method based grey
relational analysis was applied to estimate the optimal value of
the MRD of tesural displacement compliant mechanism [11].
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The L-shape and half bridge-type were applied for a new
design of XYZ mircro/nano positioner [12]. The mechanism
can work with scope 128.1 pm>131.3 um>17.9 pum at a high
resolution of 8 nm. The effects of variables design on the
displacement amplification ratio (DAR) of the two degree of
freedom moving platform using BTA were confirmed by
Taguchi method (TM) [13]. The outcomes of FEA pointed out
that the design variables (DV) have influenced on the first
modal shape frequency (FMSF) of the tensure displacement
amplifier using flexure hinge. The results were also verified
by TM [14] or analysis of signal to noise result. The TM based
on GRA predicted displacement amplification ratio of BTA
over 63 times. And the method confirmed that the selection
design variables are very important cannot ignore when
designs compliant mechanisms [15]. The DAR was
determined based on the model of full flexure [16]. The Z
shape flexible joint was applied for two DOF moving plate
form based on three DOF XYZ [17]. The planar compliant
parrallelogram mechanism was designed by 8 compliant
flexure beams to create a tesural and compresural
characteristic [18]. The model for experiment verified the
nonliear FEA manufactured. The stic-slip actuator employing
rhom-bus type was designed and manufactured based on the
theory analysis and FEA for coupling ratio and natural
frequency [19]. The result of velocity of forward and
backward motion obtained 428.5 um and 443.2 pm. Two port
dynamic stiffness model was used to ameliorate frequency of
the BTA and obtained 120 Hz with pressure of 30 bar [20].
The serial parallel dual stage amplifier using BTA, z-shape
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motion steering mechanism and decoupled mechanism were
applied for ultra-compact decoupled XYZ0 stage. The
displacement amplification, stress and the first modal shape
frequency were determined by theory analysis and FEA. The
studying model is also fabricated for testing to verify the
theory analysis and results and the FEA results [21]. The
differential displacement reducer using BTA was designed by
a kinetostatic model and FEA. The studying model was
fabricated for experiment to confirm the results of a
kinetostatic model and FEA [22]. In order to increase the DAR,
reduces stress and increases the modal shape frequency for
micro grasping system, the BTA using circular axis leaf type
flexure hinge was designed by FEA and deflection model [23].
The XY stage was designed based on BTA. The DAR, stress
and the modal shape frequency were determined by the
stiffness matrix transfer method and was confirmed by FEA.
The studying model was fabricated for experiment. All results
are good agree [24]. The synthesizing type combined semi
BTA in the amplifier piezoelectric actuators. The traditional
transfer matrix method was applied to analyzed kinetostatic
and dynamics of the studying model [25]. The closed form
compliance equation was applied for designing elliptic
revolute notch type multiple axis flexure hinge. The FEA was
utilized to verify the proposed method [26]. The nonlinear
characteristic of BTA was analyzed by nonlinear closed form
equation and was confirmed by FEA and experiment [27]. The
two DOF millimeter range monolithic flexure mechanism was
designed based the pseudo static model [28]. The outcomes of
the proposed model were verified by FEA and experiment.
The nonlinear analytical model and the beam constrain model
were applied to compute and design the rhombus-type
amplifier. The FEA and the experiment are also used to verify
the results of two model [29]. The leaf flexure hinge, V-
flexure hinge and support beam were combined in the BTA.
The kinestostatic model based on compliance matrix method
and the dynamics model based on Lagrange method were
utilized to determine DAR [30]. The model is also fabricated
for testing to verify the outcomes of two model and the results
of the FEA.

In the previous study, the methodology, the FEA and the
experiments were applied. However, the natural frequency
results did not reach expectations and the error was relatively
large. In addition, previous studies also have experiments to
confirm algorithm and simulation results. Reliable results but
high cost. Therefore, in this investigation utilized the FEA in
ANSYS to determine the FMSF of the gripper mechanism
flexure hinge based on two BTASs. Because, the advances of
the BTA are high DAR, high frequency, high load capacity.
The FEA is also identified that the DV have influenced
significantly on the FMSF. In order to verify this problem,
Taguchi method and an artificial neural network model was
utilized. In the remainder of this work consists of the section
following as: design a new model of gripper mechanism and
the model of finite element analysis in ANSYS were presented
in section 2. The section 3 presented an artificial neural
network. The results and discussions were shown in section 4.
The section 5 presented the conclusions.

2. A NEW MODEL OF GRIPPER MECHANISM AND
FINITE ELEMENT ANALYSIS

2.1 A new model of gripper mechanism

The studying model using flexure hinge as depicted in
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Figure 1 is the 2-dimension sketch of the gripper mechanism
amplifier flexure hinge (GMAFH). The GMAFH based on the
combination of two the BTA using flexure hinge. The
dimension of the model is 55 mm>86 mm>8 mm. The
dimension of GMAFH and design variables were illustrated in
Figure 1. In this study, the design variables consist of the
horizontal distance 1 (0.6 mm < x < 0.8 mm), vertical distance
(4 <y <6), horizontal distance 2 (0.9 mm <z <1.3 mm), width
of the model (6 <w <10). The material was used for this model
is aluminum with young modulus of 71 Gpa, density of 2810
kg/m3, and Poisson’s ratio 0.33. the level of the design
variables was selected as following: variable (x) has level 1 of
0.6 mm, level 2 of 0.7 mm, and level 3 of 0.8 mm; variable (y)
has level 1 of 4 mm, level 2 of 5 mm, and level 3 of 6 mm;
variable (z) has level 1 of 0.9 mm, level 2 of 1.1 m, and level
3 of 1.3 mm; variable (w) has level 1 of 6 mm, level 2 of 8 mm,
and level 3 of 10 mm.
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Figure 1. Gripper mechanism
2.2 Finite element analysis

The 3D FEA was built as pointed out in Figure 2. Figure 2
(a) presents the GMAFH model, which was divided meshing
by the automatic method with element size 0.5 mm. The
divided meshing result obtained 69399 elements and 332493
nodes. The boundary condition was set up for the GMAFH
model as presented in Figure 2 (b). First step, fixed support
was set up at A surface with 2 holes. Next step, input
displacement 1 and input displacement 2 with 0 mm were set
up for B and C surface, input displacement 3 and input
displacement 4 with 0 mm were set up for D and E surface.
And the final step determined output of the modals shape
frequency. In the modals shape frequency, the investigation
selected the first modal shape frequency to maximum this
frequency by the model of an artificial neural network.
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Figure 2. (a) Divide meshing of the gripper model; (b) input
boundary condition for the GMAFH model
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3. AN ARTIFICIAL NEURAL NETWORK BASED ON
TAGUCHI METHOD

3.1 Taguchi method

In this model of an artificial neural network based on
Taguchi method, 27 values of the first modal shape frequency
were training and testing to predicted high first frequency with
error is approximately zero. And this model is also verified the
results of FEA that the DV have significantly influenced on
the FMSF. The analysis of signal to noise (S/N) [19, 31-36]
was carried out as following:

S/N :—10|og(%zi2)

i=1 JYj

(M

3.2 Artificial neural network (ANN)

The model ANN consists of four neurons (horizontal
distance (x), vertical distance (y), horizontal (z), width of the
GMAFH(w)) in one input layer and one neuron (the first
modal shape frequency) in output layer. The data as listed in

856

Table 1, was used in the precision model is assessed by four
error standards as following [37-39]:

Statistical analysis:

Root mean squared error (RMSE) is the difference between
values forecast of the model and the simulation values or
observed actual values.

_flm v )2
RMSE = EE(Xi yi)

Mean square error (MSE) is the square value of the root
mean square.

)

1 m
MSE = =2 (X —y)* 3)
Mmi=
Mean absolute percentage error (MAPE).
0H m|X — V.
MAPE = 100% > % » i % (4)
i=1 ;

Coefficient of determination (R?) is at least of 0.8, forecast
models are accepted.

zl—l(x yl)
Zl—l(x y)

where, m is number of simulations of experiment, x; and y;
present the simulation and predicting value respectively, y is
the mean simulation value.
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Figure 3. ANN model for training and testing



The data in Table 1 was used for training. Nine case was
used for testing. In this work, the network is linear transfer
function, ten hidden layers, one output layer as shown in
Figure 3. The data division was selected random (dividerand),
The training was Levenberg-Marquardt (trainlm), the
performance is Mean square error (MSE), calculation is Mex.
The network type was used in this study is feed forward
backprop.

4. RESULTS AND DISCUSSION
4.1 Set up simulation
In order to forecast the first modal shape frequency, first

step need to select design variables and their level. In this work,
the DV were selected as listed in Table 2. In this Table, the

DV are horizontal distance (x), vertical distance (y), horizontal
distance (z) and width of the model. The dimensions of the
studying model were presented in section 2.1. The orthogonal
array was designed by Minitab software with L27, 4 design
variables and every variable has three levels which is selected
at random. The simulation values and the predicted values of
the first modal shape frequency as written in FEA column and
ANN model column of Table 1. If 27 different cases obtained
the same simulation results. This proved that the design
variables do not affect the influence the first modal shape
frequency. However, in this simulation result, 27 cases
received different values. The problem demonstrated that the
DV have significantly affected on the first modal shape
frequency. Therefore, while designed the studying model, the
selection these dimension of the variables is not skip. The
results of FEA, the outcomes of ANN model, error of two
model and the percentage error were also listed in Table 3.

Table 1. The orthogonal array, the results of FEA and the predicted outcomes of Fre

TrialNo. x y z w FEAModel ANN Model Error % Error

1 06 4 09 6 252.84118 252.0539 0.7873 0.3173

2 06 4 11 8 379.45882 379.8879 -0.4291  -0.1130

3 0.6 4 13 10 451.52353 451.6009 -0.0774  -0.0171

4 07 5 09 o6 195.34118 195.8066 -0.4654  -0.2382

5 0.7 5 11 8 292.18824 292.9754 -0.7871  -0.2694

6 0.7 5 13 10 372.98235 372.1776 0.8048 0.2158

7 08 6 09 6 182.28235 182.3249 -0.0425  -0.0233

8 08 6 11 8 291.72941 291.5055 0.2239 0.0768

9 08 6 13 10 395.64706 395.6336 0.0135 0.0034

10 07 6 09 8 203.65294 203.0916 0.5613 0.2756

11 0.7 6 1.1 10 317.74118 317.8066 -0.0654  -0.0206

12 07 6 13 6 383.70588 383.6093 0.0966 0.0252

13 0.8 4 09 8 163.77647 163.3399 0.4366 0.2666

14 0.8 4 1.1 10 275.54706 275.0965 0.4506 0.1635

15 08 4 13 6 327.07647 327.4979 -0.4214  -0.1289

16 06 5 09 8 24431176 244.8128 -0.5010  -0.2051

17 0.6 5 1.1 10 345.08235 345.8896 -0.8073  -0.2339

18 06 5 13 6 382.19412 382.9201 -0.7259  -0.1899

19 08 5 09 10 280.89412 280.6773 0.2168 0.0772

20 08 5 1.1 6 179.81765 179.8751 -0.0575  -0.0319

21 08 5 13 8 306.27647 306.2626 0.0138 0.0045

22 0.6 6 09 10 250.06471 250.1969 -0.1322  -0.0528

23 06 6 1.1 6 244.10000 244.6882 -0.588 -0.2409

24 06 6 13 8 371.96471 371.8062 0.1585  0.04261

25 0.7 4 09 10 276.26471 276.6087 -0.3439  -0.1245

26 07 4 11 6 270.43529 270.1796 0.2557  0.09455

27 0.7 4 13 8 302.19412 302.8612 -0.6671  -0.2207
Table 2. Design variables of their level carried out by Minitab software. Whereby, the variable of
horizontal distance (z) has the greatest influence on the first
F . Levels modal shape frequency, next to is the variable of horizontal (x),

actor Unit . . . . .
1 2 3 next to is the variable of vertical distance (y) and the finally is
Horizontal distance  x ~ mm 0.6 0.7 0.8 the variable of width of the model (w). The graph of analysis
Vertical distance. 'y mm 4 5 6 of signal to noise and the graph of analysis of means as pointed
Horizontal distance 2z mm 0.9 1.1 1.3 out in Figure 4 were drawn by the data of Table 3. Because the
Width of model w_mm_ 6 8 10

4.2 Results of signal to noise analysis

Not only the results of analysis of signal to noise (S/N) and
analysis of means verified that the design variables have
significantly on the FMSF, but also the models of analysis
pointed out that which the variables affect more and which the
variables affect less. As the results of analysis of S/N and the
outcomes of analysis of means were outlined in Table 3 were
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larger Delta value proved that the design variable strongly
impacted on the value domain of the first modal shape
frequency. The graph was plotted from the values in Table 3.
The greater the slope of the graph relative to horizontal, the
more the design variable effects on the frequency. The larger
the slope, the larger the value range of the output, or in other
words, the value range of the first natural frequency form. This
problem shown that the design variables have caused this
value domain of the first modal shape frequency to increase
significantly.



Table 3. Mean of signal to noise ratios and the values of

mean of the first modal shape frequency

Mean of Signal to Noise Ratios

Level X y z W

1 49.53 49.38 47.01 49.45

2 49.05 48.56 49.03 48.66

3 48.67 49.30 51.20 49.13
Delta 0.86 0.82 4.20 0.78
Rank 2 3 1 4

The Values of Mean of the First Modal Shape Frequency

Level X y z w

1 312.7 306.2 227.7 301.9

2 293.7 277.0 288.5 285.1

3 275.8 298.9 366.0 295.1
Delta 36.9 29.2 138.2 16.7
Rank 2 3 1 4
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Figure 4. (a) Analysis of S/N; (b) Analysis of means
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Figure 5. (a) Analysis of the interaction of S/N; (b) Analysis
of interaction of means

4.3 Results of interaction analysis

In addition, the results of the interaction analysis also
indicated that the DV have influenced significantly on the
FMSEF as plotted in Figure 5. The proof is the lines in the graph
of the interaction of signal to noise and the graph of interaction
of means are in paralleled. The results are good agree with the
outcomes of FEA and the results of analysis of S/N and the
results of analysis of means.

4.4 Results of analysis of variance

Another evidence also identified that the design variables
have an important influence on the first modal shape frequency
as described in Table 4. That is the results of analysis of
variance. It is expressed through the P and F test theories (P
value and F value). According to this testing theory, P values
must be less than 0.05. F values must be greater than 2. These
problems are satisfied. And the percentage contribution of the
design variables indicated the degree of influence of the
variables namely variable (x) of 4.21%, variable (y) of 2.86%,
variable (z) is 59.42%, variable (w) is 0.88%, the (x*y) is
10.77%, the (x*z) is 17.84%, the (x*w) is 3.88% and the rest
is the percentage of error of 0.14%. By the percentage
contribution, the variable of horizontal distance (z) has the
greatest influence on the first modal shape frequency, next to
is the variable of horizontal (x), next to is the variable of
vertical distance (y) and the finally is the variable of width of
the model (w). The results are good agree with the results sated
above. Since the error is 0.14%, the obtained R-square is
99.86%, R-square (adj) is 99,40%, R-square (pred) is 97.2%,
the S value is 5.78941 and the press value is 4072.34 as listed
in Table 5. According to the analysis of variance results table,
the total percentage contribution of design variables is 66.49%.
And the total interaction percentage of design variables that
contribute to influencing the first modal shape frequency is
32.49%. Thanks to this interaction and the influence of design
variables, the error of the variance analysis result is 0.14%.
The interaction effect between design variables is significant
as also confirmed in section 4.3.

4.5 Results of ANN model

Figure 6 demonstrated the training result of the ANN model.
Whereby, the best validation obtained at epoch 0 with
3.0445x10%. The gradient value obtained 6.9211>10! at



epoch 3, the Mu value obtained

10 at epoch 3, the validation

checks obtained at epoch 3 as demonstrated in Figure 7. The

R values for training, test, val
respectively. And the final obta

idation are 0.9998, 1 and 1,
ined the R value is 0.9999 as

presented in Figure 8. The predicted values lie very close the
straight line as shown in Figure 8. These results are completely
consistent because they are similar to the results of published

studies [4-6, 13, 16].

Table 4. The outcomes of analysis of variance

Source DF SeqSS Contribution AdjSS Seq MS F-Value P-Value
X 2 6125 4.21% 61247  3062.3 91.37 0.000
y 2 4158 2.86% 41583  2079.2 62.03 0.000
z 2 86414 59.42% 86414.0 43207.0 1289.10 0.000
w 2 1273 0.88% 1273.2 636.6 18.99 0.003
x*y 4 15665 10.77% 15665.4 3916.3 116.85 0.000
x*z 4 25948 17.84% 25948.1  6487.0 193.54 0.000
x*w 4 5638 3.88% 5637.7  1409.4 42.05 0.000
Error 6 201 0.14% 201.1 335
Total 26 145423  100.00%
Best Validation Performance is 3.0445¢-06 at epoch 0 Gradient = 6.9211e-11, at epoch 3
10" & T = 10° ' ' ‘ 1
——— Validation 2
—Test 2
Best s

Mean Squared Error (mse)

1.5 2
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Figure 6. The performance of training of the ANN model
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Table 5. Model summary

S R-sq R-sq (adj) PRESS R-sq (pred)
5.78941 99.86% 99.40% 4072.34 97.20%
Table 6. The testing results
Trial X Simulation Predicted
No. y z Value Value
1 06 4 09 6 252.8412 252.7358
2 06 4 1.1 8 379.4588 379.2146
3 06 4 13 10 451.5235 451.6065
4 07 6 09 8 203.6529 203.7848
5 07 6 1.1 10 317.7412 317.9616
6 07 6 13 6 383.7059 383.7193
7 08 5 09 10 280.8941 280.2328
8 08 5 1.1 6 179.8176 179.7769
9 08 5 13 8 306.2765 306.1667

Table 7. The outcomes of statistical analysis

RMSE MSE  MAPE (%) R-Square
Training 04612 0.2127 0.1358 0.9999
Testing 02571  0.0661 0.0206 1.0000

The results after testing as presented in the predicted values
column of Table 6. From Table 6, it indicates that the deviation
between the simulation values and the predicted values is very
low. The problem pointed out that the testing results are very
reliable. The results of statistical analysis obtained as listed in
Table 7. The training results obtained RMSE value of 0.4612,
MSE value of 0.2127, MAPE value of 0.1358% and R-square
value of 0.9999. The testing results obtained RMSE value of
0.2571, MSE value of 0.0661, MAPE value of 0.0206% and
R-square value of 1.

The predicted value of the first modal shape frequency at

the optimal levels of the combination variables obtain from Eq.

(6) as following:

q
Uppo = Fre + 2 (Fregj—Frem)
Fre m i ©)
=x1+yl+ zS+tl—3Frem

%error =

the predicted valueof frequency —theoptimal valueof frequency , ...

where, the values x/, yl1, z3, ¢tI obtained 312.7 Hz, 306.2 Hz,
366.0 Hz and 301.9 Hz, respectively from Table 3 (mean
values of the first modal shape frequency.

fer, =312.7+306.2+366.0+ 301.9— 3% 294.0405
= 404.6784 Hz

The predicted value of the first frequency obtained
404.6784 Hz while optimal value of the first frequency
obtained 390.72 as presented in Figure 9. So the error
percentage between the predicted value and optimal value of
the first frequency is 3.45%. The error percentage is obtained
by the forecast value subtracts the optimal value, dividing the
forecast value and finally multiplying by 100% as presented in
Eq. (7). This result is higher the previous results of analysis [4-
6, 13, 16].

A: Modal

Total Deformation
Type: Total Deformation
Frequency: 390.37 Hz
Unit mm
471372022 2:26 PM

966,63 Max
859.22
75182
644,42
537.01
429.61
32221
214.81

1074

0 Min

Lo

10,00

Figure 9. The optimal outcome of the first modal shape
frequency

the predicted valueof frequency

At 0=0.05, fe=6, Fo.05(1,16)=5.9874, Ve=35.5, R=21, Re=1,
n=27.

1
Cleg =% 5.9874x35.5x(7+1) =+19.8376

1422
384.8387 < Heonfirmation < 4245182

5. CONCLUSIONS

In this work, the finite element model was built and
analyzed by ANSYS. Although the design variables and their
levels are chosen randomly. But the outcomes of the FEA
proved that the design variables are very important and cannot
be ignored in the design process mechanical system. Because,
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the first modal shape frequency is significantly affected by the
DV. The ANN model is also established for predicting the
FMSF. The percentage error of ANN model and FEA model
is less than 0.4%. The analysis of S/N model, the analysis of
mean model, the interaction analysis model and analysis of
variance model were established to analyze and verify the FEA
model and ANN model. All the results of the models are
analyzed, discussed and compared with published works. The
outcomes of all of model are good agree. The predicted value
of the FMSF of ANN model is 404.6784 MPa and while the
optimal value of the FMSF is 390.76 MPa. The error between
the predicted value and optimal value of the FMSF is less than
4%. The implications of this error rate in practical applications
are very reliable. Because the results of statistical analysis
pointed out that the values of training and testing of RMSE,
MSE and is less than 1. The MAPE values is less than 1%.
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