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Abstract: A grommet is a representative component that fixes the position of a cable. It is made
from hyper-elastic materials (rubber), such as ethylene propylene diene monomer (EPDM). The
grommet and cable are conventionally fixed through bonding; however, this method has numerous
disadvantages that can be improved through relevant research. To apply a fixing method using
the elastic force of EPDM rubber, this paper presents an empirical equation for approximating the
bonding force of EPDM grommet parts with a hollow shaft geometry. First, tensile tests and the
inverse method were used to approximate the basic mechanical properties. The physical properties
were derived through basic tests; furthermore, bonding force tests and the inverse method were used
on a grommet with a hollow shaft structure. In addition, the Box-Behnken design of experiments
was used to predict the amount of change in the bonding force according to the geometry variables.
Finally, this study was validated by comparing the approximation results derived through the design
of experiments with the analysis and bonding force test results.

Keywords: EPDM; grommet; inverse method; bonding force; approximation

1. Introduction

A grommet is typically made from hyper-elastic materials, such as the ethylene propylene diene
monomer (EPDM), and is used to secure the position of cables embedded in a vehicle [1-7]. Because
EPDM materials boast excellent elasticity-recovery properties and a high friction coefficient, they are
utilized in research on bonded and dustproof parts [8-10].

The existing grommet parts are joined to cables through a bonding process. There have also
been other problems, such as the generation of hazardous substances during manufacturing or in the
process of separating the cable. Accordingly, recent studies have investigated a grommet structure that
is physically bonded with the cable.

Physical bonding is more environmentally friendly than chemical bonding and allows for easier
dismantling; however, it has the disadvantage of having a low bonding force. In a related study, the
bonding force was enhanced by approximating the physical properties of the parts and modifying their
shape through finite element analysis (FEA). However, the process of approximating EPDM or rubber
depends only on the strain—stress properties and does not consider the interaction with other parts.

Physical properties related to the elasticity of rubber can generally be derived by standard test
methods, such as ASTM D412-16 and KS M 6518 [11,12]. In addition, strain—stress data can be
approximated through mathematical models, such as the Mooney-Rivlin model [13], Yeoh model [14],
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Gent model [15], and Ogden model [16-20]. The mathematically defined physical properties are
applied to FEA and compared with the experimental results by using the mean square error technique.
If the mean square error does not satisfy the reference value, the design of experiments (DOE) or genetic
algorithms can be utilized to modify the parameters of the mathematical model, thereby changing
the results of the FEA. The technique of repeating this process to reduce the error in the experimental
results is referred to as the inverse method and is used to improve the reliability of FEA results. The
inverse method is generally used for curve fitting the strain—stress curve for tensile specimens [21-24].
By defining the property values used in FEA through the inverse method, the thickness, geometry, and
analysis conditions of the finite element model can be varied to enhance product performance [25].
However, the performance of rubber parts cannot be sufficiently expressed by elasticity alone. Because
not only grommets but also rubber parts are commonly bound to other parts, their interaction with
other parts must be considered. By using the inverse method to approximate the elasticity and
interaction relationship that affects the bonding force, an accurate prediction of grommet performance
can be obtained through FEA.

This paper proposes an experiment and inverse analysis method to approximate the bonding
force of a grommet part with a hollow shaft structure. A tensile experiment was performed on the
EPDM material, and the inverse method was applied to the displacement-force data. The physical
properties of the finite element model are defined through the Ogden model, and the Ogden coefficient
values are used as parameters in the inverse method. The bonding force of the grommet was tested,
and the inverse method was applied to the displacement-force data. A contact condition was assumed
for the relationship between the grommet and cable forming the bonding force. The correlation was
assumed to be a scale factor of the bonding force and used as a parameter in the inverse method.
Additionally, the Box-Behnken DOE, for approximating the bonding force according to the geometry
variables, was used to derive a regression equation. Based on the predicted values of the derived
regression equation and the FEA results, as well as the comparison of the experimental results, the
bonding force approximation model was validated.

2. EPDM Tensile Specimen and Inverse Method

2.1. Tensile Test

In FEA, hyper-elastic materials, such as EPDM, require force-strain data that can be derived from
tensile tests. A tensile specimen was prepared for the material properties test. Figure 1 shows the
geometry of the specimen KS M 6518 for the tensile test, and Table 1 shows information about the
specimen. Figure 2 is a schematic of the machine for tensile testing.
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Figure 1. Schematic of the KS M 6518 tensile specimen.

Table 1. Specimen details.

Symbol Description Value Symbol Description Value
wo Width of grip 25 mm Iy Total length 100 mm
w1 Width of center 5mm I Length for grip 15 mm
Ry Inner radius 25 mm I - 25 mm

R4 Radius for center shape 11 mm I3 Gauge length 20 mm




Appl. Sci. 2020, 10, 3169 30f16

Tensile testing machine

A/D
Converter

A

Forced

Displacement] \UIY-------- - l_)lspla_c_e_njenf_

& Load Dog-bone type

Computer ; :
v (, tensile test specimen

D/A
Converter

Command signal

Figure 2. Schematic of the KS M 6518 tensile test.

Figure 3 shows the tensile test data in the form of a strain—stress curve. The hyper-elastic material
can be approximated by the Ogden and Money-Livelin models to be within the elongation range of 0
to 1 (0% to 100%). Therefore, this study used only those data from the EPDM tensile test data that are
within an elongation of 1.
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Figure 3. Tensile test results.

First, to describe the large elastic deformation of the rubber, the elongation ratio (1), expressed as

a ratio between the original specimen length (ly) and the specimen length after deformation (I), can
be considered.

A =1/l (1)

The subscripts 1, 2, and 3 in Ogden’s incompressible model indicate the x-, y-, and z-axis data,
respectively. When calculating the strain energy for each axis, the strain hardening exponent (&) and
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material constant () corresponding to the shear stress in micro strain are considered. The total strain
energy (U) can be derived through this material constant.

N
Hiya i i
U=U(Ay, Ao, A3) = ) a—;()\”l’ +AY + A% -3) 2
i=1

As a function of strain energy, the following relationship can be established for the stress along
each axis:

ou ou ou
o1 = Alﬁl o2 = /\2%, 03 = /\38_/\3 3)

Substituting Ogden’s incompressible model for the stress equation, Ogden’s stress—elongation
ratio relationship for the material is obtained as follows:

N N N
o1 = Z WAy, o2 = Z WAy, o3 = Z wiAg 4)
im1 i1 im1

In uniaxial tension, the relationshipis oy = 0,00 =03 =0,41 = A, and A = A3 = /11‘0'5 =A"05;
this can be summarized as follows:

= )

N
7= Z il ©)

N
s=ocA"l= Z A%t (7)
i—1

The strain—stress data based on KS M 6518 can be expressed by the Ogden model (s), as in the
above equation, within an elongation range of 0 to 1. The experimental data can be expressed as the
relationship between the elongation ratio and stress, as shown in Figure 4. Table 2 shows the coefficient
values of the Ogden model shown in Figure 4.
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Figure 4. Comparison of tensile test results and Ogden’s incompressible model.
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Table 2. Curve fitting results for Ogden’s incompressible model.

Symbol Value Symbol Value
a -10.88 U1 -56.93
ap 3.376 U 0.5681
as -10.88 U3 56.47

2.2. Finite Element Analysis

Figure 5 shows the finite element model of the tensile specimen. The elements were created
in a three-dimensional form, and their overall average volume was set to 1.5 mm?®. The maximum
volume of the element was 3.0 mm? and the minimum volume of the element was set to 1.0 mm?>. The
elements are all hexagonal. To reduce the hourglass phenomena that cause errors in stress calculations,
all elements were considered with eight integral points in the calculation process. The tensile specimen
model was analyzed using LS-Dyna’s explicit solver under the same conditions as shown in Figure 2.
In the FEA results, the x-axis values are the maximum displacement in the longitudinal () direction,
and the y-axis values are the average values of the forces generated at the nodes of the grip portion. As
shown in Figure 6, the FEA results differed considerably from the actual experimental results. For the
EPDM physical properties, Ogden’s incompressible model shown in Figure 4 was used.

Fixed area Forced displacement
(Y : Reactive force) (X : Displacement)

Figure 5. Finite element model for tensile specimen of ethylene propylene diene monomer (EPDM)
60 material.
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Figure 6. Experimental data expressed as points and finite element analysis (FEA) results expressed
as curves.

In the FEA, the numerical analysis was repeated until a suitable Ogden coefficient, wherein the
mesh did not behave unstably, was derived.
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The fact that the experimental results are similar to the Ogden model derived through numerical
analysis does not guarantee the accuracy of FEA. This is demonstrated in Figure 6. The Ogden
coefficients derived in Figure 4 were inadequate to represent the actual physical quantities.

The results of the analysis seem to apply the general property polynomial rather than Equation (7).
However, in Figure 4, the range of A values between 1 and 1.1 show a similar trend. Therefore, it can
be estimated that the numerically fit physical properties have occurred in the process of being applied
to the finite element analysis.

Although the results of the analysis are somewhat inaccurate, the process of deriving the physical
properties as shown in Table 2 is meaningful in finding the initial values of the physical properties.
The results of FEA can be approximated to the experimental results by changing the physical property
coefficients shown in Table 2. This method is called the inverse method.

2.3. Inverse Method

In the FEA, the inverse method was applied to reduce the numerical error. Figure 7 shows the
inverse method for the tensile test data. The Ogden coefficients were used as parameters of D-Optimal
design of experiments (DOE). DOE affects the Ogden physical properties applied to the FEA. Through
the FEA results, a response surface generated through a third-degree polynomial was created. GA
(genetic algorithm) was applied to the generated response surface model, and the range and optimal
values of each parameter were adjusted. The inverse method process was repeated until the mean
square error converged to the reference value. Figure 8 is a graph of the experimental values and
analytical results obtained by applying the Ogden coefficients derived through the inverse method.
Compared to Figure 6, which shows the results before using the inverse method, the results upon
applying the inverse method were observed to be similar to the experimental values. However, the
analysis results using the converged factors were somewhat inaccurate in the linear elastic section with
a deformation amount of 0 to 5 mm. This error is considered to be an error that occurred because only
the biaxial tensile test data were considered.

| Test of KS M 6518 |

v
| FE Modeling |
v
| The setup of parameters boundary |<—
Meta model * D-Optimal
Symbol (Initial value) Symbol (Initial value)
Parameters x; | 4 | KSM 6518 x, | a; | KS M 6518
x, | A | KSM 6518 xs | a, | KS M 6518
x3 | A5 | KS M 6518 xs | as | KS M 6518
Inverse method Ogden 0; = f(A1,42,13,a4,a5,a3)
Restrict MAX (6pga) < Test(8ks umes18)
Response (Displacement, Force) — Mean square error
Response surface Polynomial of order three
Response analysis G.A.
Object Min(Mean square error of Y — value)
]
(T(()())I(-'ira(;l.%e1 No

Yes Yes
v

| Termination |

Figure 7. Fitting procedure of Ogden’s incompressible model using the inverse method.
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Figure 8. Experimental data expressed as points and FEA results expressed as dotted lines.

3. Grommet Mechanical Properties and Inverse Method

3.1. Bonding Force Test

The main indicator of grommet performance is the force that secures the cable position. Figure 9
is a schematic of a hollow shaft grommet to observe the bonding force. The grommet is bonded with
the cable by press fitting. Table 3 show the details of specimen.

bg
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Figure 9. Schematic of grommet and cable used for bonding force test.

Table 3. Specimen details.

Symbol Description Value Symbol Description Value
dy Outside diameter of ¢10 mm by Length of cable 200 mm
grommet
dq Inside diameter of grommet $3.7 mm by Movable length 100 mm
dy Outside diameter of cable ¢4.3 mm by Length of grommet 24 mm

Figure 10 shows the configuration of the bonding force test for the hollow shaft grommet. The
grommet was bonded with the cable. The axial position of the grommet was fixed with a jig. The cable
was moved 100 mm vertically toward the top by a tensile tester. As the cable was moved, data on the
displacement and force of the tester were measured.
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Figure 10. Overview of the tensile test required for the bonding force test. (a) Schematic of the grommet
bonding force test; (b) Test using the tensile tester.

Figure 11 shows the bonding force test data. As indicated by the data, for a displacement of
100 mm or more, the end of the cable is located inside the grommet and the bonding force gradually
weakens. Thus, the data within the forced displacement of the cable of 100 mm were set as effective
data. The experiment was conducted four times; the data of the third experiment, which were similar
to the maximum load averages, were set as the representative values.

700
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Figure 11. Representative values of the bonding force test results and experimental data (data of
third experiment).

3.2. Finite Element Model of Grommet

The cable and grommet were generated through three-dimensional elements. Figure 12 shows the
cross-section in the longitudinal direction.
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1st FEA for interference fit

A A AR AR AAAAAAAAY

Fixed —» < Fixed

Contact condition of cylindrical surface

Compressive force of grommet
== Elastic force of cable

FS,(uss) . Static coefficient of friction
FD,(pug,) . Dynamic coefficient of friction

(@)

. Fixed
2" FEA for for bonding force |
Forced displacement
III 0 to 100mm

Contact condition of cylindrical surface
FS; (1) : Static coefficient of friction Compressive force of grommet
FDy(ug;)  : Dynamic coefficient of friction — Elastic force of cable
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Figure 12. Results of interference fit analysis of the cable for the grommet model; (a) The concept

diagram of analysis for interference fit; (b) The concept diagram of analysis for bonding force.

The average volume of the grommet element was set to 2.0 mm?, and that of the cable element
was set to 1.0 mm?. All elements were applied with fully integrated type to have 16 integral points.
The property values and the properties of the tensile specimen were applied in the same way. The
inverse method results for the EPDM tensile specimen were applied to the properties of the grommet.
For the elastic modulus value (70.0 MPa) and Poisson’s ratio value (0.495) of the cable, the value for
normal rubber was used. In the initial state, Grommet’s inner diameter and the cable are not in contact.
To simulate the phenomenon in which the grommet is extended by the cable, as shown in Figure 12a,
the dynamic relaxation analysis (interference fit analysis) technique provided by LS-Dyna was used.
Interference fit analysis is a simulation that derives the penetration distance between the grommet and
the cable and pushes it as far as the penetration amount of the grommet. Using the analysis result from
Figure 12a, it is set as the initial condition of Figure 12b. The front of the grommet is set to fix, and the
cable moves 100 mm in the axial direction. The complex correlation between the grommet and the
cable was applied to the static friction coefficient and the dynamic friction coefficient that can be given
in the contact conditions of each analysis. The initial values of the friction coefficients were set to 0 and
up to 1in 0.25 intervals. As a result of the analysis in Figure 12b, the cable movement and contact force
as shown in Figure 13 were obtained.
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Figure 13. Grommet bonding force test results and FEA process and results; (a) Scale factor value not
applied; (b) Scale factor value applied.

3.3. Inverse Method for Bonding Force of Grommet

To observe the bonding force of the grommet, the interference fit analysis and bonding force
analysis were conducted continuously. The cable model was forcibly moved 100 mm in the axial
direction according to the end time of the analysis. The data extracted from the FEA results were set as
the amount of cable movement and force generated at the contact node. Figure 13a shows the analytical
results when interaction is not considered, that is, when the scale factor value is not considered. In this
case, a contact force of around 1 N was generated. Figure 13b shows the analytical results in which the
scale factor of the linear section is set to 0, 0.25, 0.5, 0.75, and 1 in the FEA.

The inverse method for the bonding force was used in the analysis results by applying the scale
factor. For the parameters applied to the inverse method, this study considered both the scale factor
of the nonlinear section and the scale factor of the linear section in the interference fit analysis, as
well as the analysis in which the cable was removed. In addition, the inverse method and tests were
performed for cases in which the inner diameter decreased by 8%, remained unchanged, and increased
by 8%, by assuming that the scale factor is a function of the grommet inner diameter (d;). When the
reduced ratio of the grommet inner diameter is 7, the relationship between n and the inner diameter is
defined by Equation (8).

di + (dy xn%) (8)

Figure 14 shows the inverse method, which was very similar to that in Figure 7. Table 4 shows the
inverse method results. For the case of lower, unchanged, and higher diameters, the inverse method
was repeated seven, six, and seven times, respectively.

Table 4. Curve fitting results for Ogden’s incompressible model.

Analysis Type Variable Case1(n=-8) Case 2 (n=0) Case 3 (n = +8)
Iteration 7 6 7
Exolicit analvsis FSq 1.8 x 10714 0 0.0762635
P y FD, 0126171 0.843332 0.274387
Dynamic relaxation FS, 0.422531 0.534858 0.634815
analysis FD, 0.113632 0.6452 0.531285
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Figure 14. Approximation of grommet bonding force using the inverse method.

Table 4 shows the scale factor values derived through the inverse method. The parameter that
impacted the bonding force depending on the change in inner diameter can be considered the scale
factor (FS,) of the linear section in the interference fit analysis. Before the analysis, this study predicted
that the scale factor would increase as the physical tolerance decreased. However, the analysis results
indicated the opposite relationship. It can be inferred that other scale factors do not greatly impact the
bonding force. The quadratic Equation (9) shows the relationship with the scale factor.

FSy = 0.001753 n* — 0.0152 1 + 0.4957 )
4. Meta-Modeling

4.1. Geometry Variable Configuration and Analysis Using the Box—Behnken Method

The geometry variables of the hollow shaft grommet can be divided into: outer diameter (dp),
inner diameter (d;), axial length (b;), and a change in the variables of +10%.

Table 5 shows the experimental design based on the Box-Behnken method of response surface
analysis and the results according to the set geometry parameters. The Box-Behnken method is a
method that aims at optimizing the conditions of the factors that affect the property values and follows
the central composite design and the Box-Behnken design [26-28]. The geometry variables were coded
as —1, 0, 1, and the results were analyzed in the same manner as above.
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Table 5. Experimental points and results based on the Box-Behnken design.

Variable Name Result Value
Order.of by [mm] dy [mm] dy [mm)] Work [N-mm)|
Execution
X1 X2 X3 R
1 -1 -1 0 3127.5
2 1 -1 0 3831.4
3 -1 1 0 3475.7
4 1 1 0 4392.3
5 -1 0 -1 5677.8
6 1 0 -1 7150.0
7 -1 0 1 1935.1
8 1 0 1 2543.4
9 0 -1 -1 6120.5
10 0 1 -1 6595.0
11 0 -1 1 1052.9
12 0 1 1 2544.5
13 0 0 0 3833.2
14 0 0 0 3833.0
15 0 0 0 3828.3

4.2. Analysis of Analytical Results

Analysis of variance (ANOVA) was conducted for the analytical results according to the variable
conditions. Secondary interactions for the inner diameter were confirmed, and terms with low
significance were pooled as error terms. by, dy, and d; were identified as geometry variables with a
significant impact; among these, the inner diameter demonstrated the largest influence. The regression
Equation (10) was derived from this. Table 6 shows the ANOVA results.

Table 6. ANOVA results.

Source DF Adj SS Adj MS F-Value p-Value
Model 4 41,614,451 10,403,613 122.90 0.000
Linear 3 40,884,482 13,628,161 160.99 0.000
by 1 1,712,255 1,712,255 20.23 0.001
do 1 1,033,331 1,033,331 12.21 0.006
dq 1 38,138,895 38,138,895 450.53 0.000
Square 1 729,969 729,969 8.62 0.015
dq X dq 1 729,969 729,969 8.62 0.015
Error 10 846,537 84,654
Lack-of-Fit 8 846,522 105,815 13,808.55 0.000
Pure Error 2 15 8
Total 14 42,460,988

Excluding terms with low significance, the regression equation was derived, as in Equation (10).
The R-sq and R-sq (adj) of the model were 98.01% and 97.21%, respectively, showing its high explanatory
power. Figure 15 shows the work results through the response surface. Figure 15a shows the change in
work for the length (b2) and outer diameter (dy) geometry variables; Figure 15b, the length (b2) and
outer diameter (d1); and Figure 15¢, the change in work according to changes in outer diameter (d)
and inner diameter (d;). The response surface results demonstrate that work is influenced most by d;.

R = 3760 + 463D, + 359d — 2183d; + 44243 (10)
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Figure 15. Response surface results of work. (a) Design variable by, dy; (b) Design variable by, dy;

13 of 16

To verify the validity of the derived regression equation, the predicted values and additional
samples were prepared, and bonding force tests were conducted. Table 7 and Figure 16 show the actual
experimental results, FEA values, and values predicted by the regression equation. The experimental
values showed an average error of approximately 4.93% in the iterative process. The representative
values of the experiment and the FEA results showed an average error of 0.6967%. The representative
values of the experiment and the regression equation results showed an average error of 5.8%. The
approximation equation showed similar results to the FEA and experimental results.
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Figure 16. Experimental and FEA results to verify the regression equation. (a) Decrease in inner

diameter by 8% (n = —8); (b) Normal inner diameter (1 = 0); (c) Increase in inner diameter by 8%

(n=2).
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Table 7. Results of geometry variable modification and bonding force tests to verify the
regression equation.

Regression Finite Element Bonding
Variables EquationResult AnalysisResult Force Test
Value Value Results
Order of
Execution b2 d[) d] Work Work Work
x1 x2 x3 R, R3 Ry
1 0 0 -1 5820.577 4988.759 5414.080
2 0 0 0 3760.000 4153.648 4335.647
3 0 0 1 2280.577 2837.807 2580.570

5. Conclusions

This paper proposed a model for approximating the bonding force of EPDM grommet parts
with a hollow shaft geometry. To present the approximation model, EPDM specimens were subject
to tensile tests and the inverse method, and the grommet was subject to bonding force tests and the
inverse method. The correlation analysis between changes in the geometry variables and bonding
force demonstrated that the grommet inner diameter had a greater impact than the grommet length
and outer diameter. Furthermore, a correlation equation between the geometry variables and bonding
force was derived by using the Box-Behnken DOE.

The findings of this study indicate that the intrinsic properties of EPDM did not greatly affect
the bonding force of the grommet. In addition, when the correlation between parts was defined only
through the scale factor, the scale factor was observed to increase—to compensate for the physically
loosened bonding state. This is contrary to the initial prediction that the scale factor would increase
because the interference fit tolerance was given.

Moreover, the fit tolerance between the cable and grommet was found to have a greater impact
than the contact area or external design factors. All the analytical data referred to the experimental
values, and the approximation equation referred to these analytical data. The bonding force was
compared with work; the approximation equation showed an error of approximately 5.8% with the
experimental results.

This study was conducted for a grommet with a hollow shaft structure. However, further research
is needed for various geometry variables. Furthermore, additional studies on the bonding force
considering the anisotropy of the material are needed. If the anisotropic properties are obtained
through the uniaxial tensile test, and the inverse analysis is performed with the experimental data, the
accuracy of the analysis can be further improved. These research plans can be utilized to provide data
to define approximation models of bonding force according to the changes in the grommet geometry
variables and the EPDM material. The findings of this study are expected to be of use in the basic
design stage for all hyper-elastic materials that have a correlation with other parts.
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