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23 Abstract: A study on the selection of hyperelastic constitutive model for polymeric materials is
24 performed using a hybrid experimental-computational approach. Bis-GMA polymer is used as a
25 case study of hyperelastic material to describe the polymer characteristics by determining its
26 Poisson’s ratio and its valid range of the hyperelastic stress-strain curves. These two parameters are
27 then used to determine the hyperelastic constitutive model by using the hybrid approach. Several
28 uniaxial compression tests along with their finite element simulations are implemented in a
29 systematic way, to identify the polymer behavior under the compressive loading conditions. Nano-
30 indentation experiments are conducted to verify the hyperelastic behavior of the polymer. The
31 experimental and computational evidences confirm that the Poisson’s ratio of Bis-GMA is 0.40 and
32 the appropriate hyperelastic constitutive model for this polymer is of a second order polynomial. It
33 is shown that, the results can be used to determine the true stress-strain curve of hyperelastic
34 materials.
35 Keywords: hyperelastic constitutive model; Hybrid experimental-computational approach; Bis-
36 GMA polymer; true stress-strain curve.
37

38 1. Introduction

39 The elastic stress-strain relation of some materials could not be described precisely by linear
40  elastic models. Hyperelastic models are generally employed for modelling the nonlinear elastic
41  behavior of isotropic and strain rate independent materials which behave elastically in large strains
42 [1,2]. Identifying the appropriate constitutive models to describe the tensile and/or compressive
43 behavior of a hyperelastic material, and defining the valid range of the hyperelastic stress-strain
44 relation need particular considerations. A computational method based on the finite element (FE)
45  simulation can be a powerful tool to solve this type of problems [3-5]. However, the simulation
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46  process requires the material nominal stress-strain curve within the range of hyperelastic response as
47  the input data. In this respect, the knowledge of the limits of hyperelastic behavior of the material is
48  required, which could not be determined directly and precisely from the test data. As an alternative,
49  the mechanical behavior of hyperelastic materials can be investigated through an iterative procedure
50  employing a hybrid experimental-computational approach. The hybrid approach normally
51  incorporates different variables, computational models and experimental processes in an iterative
52 procedure. As a method for solving complicated problems, the hybrid approach has been employed
53 in the past for predicting several physical variables and mechanical properties [6,7].

54 Bisphenol A diglycidyl dimethacrylate or Bis-GMA polymer has many applications. For
55 example, in dentistry, Bis-GMA is used as adhesives, sealants and base monomer of dental composite
56  materials [8]. Bis-GMA is also employed as reinforced thermosetting plastics [9,10]. Despite extensive
57  applications of Bis-GMA, limited information is available in the open literature about its mechanical
58  properties. Some papers have reported the physical and mechanical properties for different
59  combinations of Bis-GMA and other monomers such as TEGDMA [8,11]. However, very few
60  researches have dealt with the mechanical properties of Bis-GMA alone [12]. Some mechanical
61  properties of Bis-GMA have been measured in the past, including hardness, diametral tensile
62  strength, flexural modulus and strength, compressive strength and Young’s modulus [10,12]. In
63  addition, in some applications of Bis-GMA where the material experiences compressive loading (such
64  as dental restoratives and sealants), a good knowledge of compressive behavior is important while
65  very little information is available in the literature for such conditions.

66 The loading-unloading response of Bis-GMA polymer needs to be examined to verify the
67  hyperelastic behavior which has not been reported in the previous studies. On the one hand, using
68  the uniaxial compression test to obtain the unloading behavior of polymers needs special fixtures and
69  instruments. On the other hand, as shown in the previous studies, the loading-unloading behavior of
70 materials within the elasticity range can be assessed by nano-indentation experiment [13-16].
71 Therefore, the nano-indentation tests were performed to check the elastic or the reversible behavior
72 of the hyperelastic polymer through its loading-unloading behavior.

73 This study develops a hybrid approach for determination of the hyperelastic constitutive model
74 of polymeric materials using a minimum experimental data in combination with the validated
75  computational results. The validity and applicability of the constitutive models are examined in a
76 case study employing the hyperelastic material, the Bis-GMA polymer. The mechanical property and
77  behavior, in particular, the Poisson’s ratio and the valid range of the stress-strain curve are
78  determined. The results are used to obtain the true stress-strain curve of the Bis-GMA polymer. This
79  approach is recommended for determination of the constitutive model and material behavior of
80  different hyperelastic polymers.

81 2. Hybrid Experimental-Computational Aproach

82 The procedures used in the hybrid experimental-computational approach for determining the
83  mechanical behavior of a hyperelastic polymer are summarized in Figure 1. At the first level, a
84  uniaxial compression experiment is carried out. The sample preparation and the experimental
85  procedures are described in section 3. The values of the nominal stress and nominal strain obtained
86  from the experiment are used as the initial material properties for the finite element (FE) simulation
87  of the compression test.

88 The details of the FE simulation process are explained in section 5. Since different types of
89  hyperelasticity have been observed in the past studies, various constitutive models have also been
90  developed and/examined for modeling the mechanical behavior of hyperelastic materials. Therefore,
91  an appropriate constitutive model for a specific hyperelastic material should be identified through
92  the validation of the FE simulation process and the internal analysis of the FE-calculated results,
93  which is described in section 7 and 8, respectively. The procedure shown in Figure 1 establishes an
94  approach to determine the constitutive model for a hyperelastic polymer and its mechanical
95  properties, namely, the stress-strain relation and the Poisson’s ratio.

96
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98 Figure 1. Flowchart of the hybrid experimental-computational approach for determining the
99 mechanical behavior of hyperelastic polymers.

100 3. Materials and Methods

101 In this study, the Bis-GMA polymer is used as an example of hyperelastic polymers. The uniaxial
102 compression test was performed on Bis-GMA polymer to determine its hyperelastic behavior under
103 the compressive loading condition. The nominal stress-strain curve and the approximate maximum
104 compressive strain at which the material behaves hyperelasticly were obtained through the
105  experiment. In addition, the hyperelastic behavior of the polymer within the strain range that was
106  assumed as the hyperelastic limit in compression, was examined through the loading-unloading
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107 curves acquired from the nano-indentation experiment. In the nano-indentation process, the material
108  beneath the indenter tip is primarily under the compressive stress state, therefore this experiment
109  could be used to investigate the compressive behavior of the material [17].

110 3.1. Sample preparation

111 The Bis-GMA polymer was made photo-polymerizable to form the shape of the compression
112 test specimens by curing under a light source. For this purpose, Bis-GMA is often combined with
113 camphoroquinone (CQ) and dimethylamine ethyl methacrylate (DMAEMA) [8,18]. The chemical
114 characteristics of the materials used for preparing the polymer are presented in Table 1. To make a
115  photo-polymerizable Bis-GMA, the material was heated to 50°C to reduce the viscosity for better
116  mixing with the photo-initiators. Next, a 0.4 mol% CQ and 0.8 mol% DMAEMA were added to Bis-
117  GMA and blended [8,18]. The mixture was stored in a dark container prior to casting.

118 Table 1. Chemical characteristics of the materials.
Commercial Chemical name Molecular Molecular Manufacturer
name formula  weight (g/mol)
Bis-GMA 2,2-bis[4-(2-hydroxy-3- C2oH360s 512.59 Sigma-Aldrich
methacryloxypropoxy)phenyl Inc., St. Louis,
propane MO, USA
Camphorquinone 2,3-bornadenione C10H1402 166 Sigma-Aldrich
Inc., St. Louis,
MO, USA
DMAEMA 2-(dimethylamino) ethyl C7HuuNO:2 157 Sigma-Aldrich
methacrylate Inc., St. Louis,
MO, USA
119
120 Few translucent molds with a 5 mm-diameter and 11 mm-height were prepared for the

121 compression specimens. The internal walls of the molds were lubricated thoroughly with oil for more
122 convenient detachment of the specimen after polymerization. Then, the photo-polymerizable Bis-
123 GMA was injected into the mold at a temperature of 50°C, and cured using a 400 W/m?2 LED light for
124 60 seconds from each side of the wall (i.e. top, bottom and surrounding). Next, all of the cured Bis-
125  GMA specimens were ejected from the mold. The top and bottom surfaces of the specimens were
126 smoothened with 400-2000 grit abrasive papers. The final height of all samples was 10+0.05 mm.
127 It is important to note that with elasto-plastic materials, the unloading stage of the experiments
128  give reliable information on the elastic (thus, also on the hyperelastic) properties of the material.
129 Therefore, a series of nano-indentation experiments were also performed to investigate the material
130 behavior in the unloading stage of each test. The experiments were performed on a disk-shape
131  specimen with a diameter of 5 mm and height of 4 mm, prepared using the same procedure as the
132 compression test specimens. Since the nano-indentation experiment requires a very smooth surface,
133 the surface of the specimen was ground with 400-2500 grit abrasive papers and polished using
134 diamond paste with 1 and 0.5 micron-mesh sizes.

135 3.2. Compression test method

136 The uniaxial compression experiment was performed on Bis-GMA specimens with a
137  displacement rate of 1 mm/min according to the ASTM D695 [19] standard, at room temperature
138  using a universal testing machine (Instron, USA). The experiment was repeated for 8 specimens and
139  the load versus load-line displacement curve was recorded for each test. Each specimen was
140 monitored carefully during the loading to identify the approximate limit of hyperelastic behavior. It
141  was seen that discoloration occurred in the specimen at the center and near its top and bottom
142 surfaces. Then, some small voids like crazes were generated at the discolored area and damage could
143 be observed visually. The machine crosshead displacement level corresponding to the observed onset
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144 of discoloration was recorded and taken as the limit of the hyperelastic behavior. The corresponding
145 local material displacement is determined later, through the hybrid-experimental-computational

146 approach.

147  3.3. Nano-indentation test method

148 A series of nano-indentation experiments were carried out to examine the elastic behavior of the
149 bis-GMA polymer through loading-unloading processes within the hyperelastic strain range, using
150  a Triboscope test system (Hysitron Inc., USA) equipped with a Berkovich indenter. The test
151  procedures are based on ISO 14577 [20] standard. These experiments were performed in the load-
152 control mode with two steps of loading and unloading processes. The indenter displacement rate is
153 1 mm/min and the test duration is 60 seconds. The indentation load level was set to a value such that
154  the maximum indentation strain was at the hyperelastic strain limit of up to 0.3. The indentation
155  strain was calculated through a validated finite element simulation of nano-indentation experiment,
156  which was performed according to the method described in a previous study [21]. However, in this
157  study the material was considered to be hyperelastic for which the nominal stress-strain curve was
158  obtained from the compression test and used in the finite element model.

159 4. Experimental results
160 The results of the compression and the nano-indentation experiments are presented and
161  explained in the following sections.

162 4.1. Compression test results

163 The load versus load-line displacement curves obtained from the experiments are illustrated in
164  Figure 2. According to the descriptions given in section 3.2, the average displacement up to which
165  the specimens behaved hyperelastically and without any visible damage was found to be about 3

166 mm.
167
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169 Figure 2. Load-displacement curves obtained from uni-axial compression test on Bis-GMA.
170 As shown in Figure 2, the load-displacement curves of the Bis-GMA specimens are close to each

171  other up to the displacement of 3 mm. The difference between the load-displacement curves increases
172 at displacements higher than 3 mm which can be due to the random distribution of damage within
173 the specimens. Therefore, the compressive displacement of 3 mm can be considered as an initial
174 estimate for the hyperelastic limit of the Bis-GMA specimens which is equal to the nominal strain of
175  0.3. However, more accurate hyperelastic limit of the material will be determined later, through the
176  validation process of the FE simulation as described in section 7.

177 In the next stage, the values of the nominal stress and strain are calculated by dividing the force
178  and deformation responses of the specimens (obtained from the compression test) to the original


http://dx.doi.org/10.20944/preprints201902.0096.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2019 d0i:10.20944/preprints201902.0096.v1

6 of 16

179 cross-section and the original length of each specimen, respectively. Figure 3 illustrates the average
180  stress-strain curve calculated from the experimental results. This curve is used in the next stage for
181  defining the material behavior in the FE simulation up to the stress-strain values corresponding to
182 the displacement of 3mm.
183
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185 Figure 3. The mean values of nominal stress versus nominal strain obtained from the experimental
186 results.

187  4.2. Nano-indentation test results

188 The results of nano-indentation tests were recorded as load-displacement curves as shown in
189  Figure 4. This figure presents a sample of each load-displacement curve obtained from the
190  experiments with two different indentation loads of 3 uN and 6 uN corresponding to the maximum
191  indentation strains of 0.2 and 0.25, respectively. These strains are within the hyperelastic strain limit
192 of the Bis-GMA polymer, as described earlier. The relatively higher scattered data observed in the
193 load-displacement curve of test No. 1 (3 uN) is due to the relatively low indentation load applied to
194  a rather soft specimen. This problem is resolved in the test No. 2 by applying a higher indentation

195  load.
196 Figure 4. The loading-unloading responses of Bis-GMA in the nano-indentation test by applying an
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197 indentation load of (a) 3 uN and (b) 6 uN.
198 Similar traces are observed in the loading and unloading curves shown in Figure 4 indicating

199  that the amount of plastic deformation is negligible. Moreover, the values of load reach
200  approximately to zero at the end of the unloading process confirming the elastic behavior of the
201  material [13,22]. The results obtained from the loading-unloading process of the nano-indentation
202  experiment and the shape of the load-displacement curves obtained from the compression
203 experiment confirm that the BissGMA polymer behaves hyperelastically under the specified
204  compressive loading.
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205 5. Finite element simulation

206 Uniaxial compression test on the polymer specimen was simulated using finite element method
207  (FEM). A three-dimensional model was used in which a deformable cylinder for Bis-GMA specimen
208  and two discrete rigid circular disks for the compression disks were considered, as shown in Figure
209 5. The non-linear geometry option was also assigned to the deformable cylindrical specimen.

210 The nominal stress-strain curve within the limit of hyperelastic behavior, as described in section
211 4.1, was used in the computational process. The Poisson’s ratio is another required material
212 parameter for the FE simulation when using uniaxial test data. For the preliminary level of the
213 solution, the Poisson’s ratio was taken as 0.45 [23-25]. This value will be refined during the validation
214  procedure.

215

Compression
disk

| Specimen }

Compression
disk

Y

216 }’X

217 Figure 5. Geometry of FE model used for simulating the compression test.

218 The contact conditions between the compression disks and the test specimen were defined as a
219  frictionless surface to surface contact with the master and the slave surfaces, respectively. The contact
220  direction was then defined from the surface of the compression disks toward the specimen due to the
221  factthat only the master surface can penetrate into the slave one. The finite sliding option was selected
222 for the sliding formulation.

223 The boundary conditions were specified as similar to the test conditions, i.e. the lower
224  compression disk was fixed in all directions and the upper disk was allowed to move downward
225  along the sample axial direction. The displacement of the upper compression disk was set equal to
226  the maximum displacement of 3 mm, which the material behaved hyperelastically. The bottom
227  central point of the cylinder cross section was fixed the x and z directions to prevent the rigid-body
228  motion.

229 The geometry of the model was meshed with 8-node linear, hybrid, constant pressure, reduced
230  integration, hourglass control brick elements. A mesh convergence study was performed to minimize
231  the effect of element size on the system response. The element size of the specimen was refined until
232 the variation of the predicted load-displacement was saturated. A total number of 2200 elements were
233 found to be sufficient for the simulation process of the compression test. These processes were
234  performed according to the steps described in the hybrid approach, as shown in Figure 1.

235 6. Constitutive model

236 Several constitutive models have been proposed for describing the hyperelastic material
237  behavior. The experimental stress-strain curves can be used in a comparative method to determine
238  the most appropriate model for a specific material. A list of hyperelastic models that are used in the
239 present study is shown in Table 2.

240 In the constitutive equations mentioned in Table 2, U is the strain energy per unit of reference
241  volume or the strain energy density, C, D, u and Aware material parameters, J¢ is the elastic volume
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242 ratio, I and L are the first and second deviatoric strain invariants which, with the assumption of
243 full incompressibility for the material, are defined as:

J* = (A4)" =1 ey
Li=A2+ A2+ A2 2)
L= A7+ A 4 2P (©)

244 where 4, 4, and 4, are the principal stretches and the superscript el refers to the elastic limit.
245  Detailed information about the equations and models could be found in the references given in the
246  left column of Table 2.
247 Table 2. Several hyperelastic models suggested for the polymer materials.
Model name Constitutive equation Detail
Arruda-Boyce 5 _ 1 7, —3 > _g 11 72 _ 97 -
ruda Boy w{ 50— 3+ gy (= 9+ s (- 20
19 4 519 = 1 fJE -1 ‘
mmmﬁh_gn+BHQM§Uf_%m}+ﬁ( g e
Polynomial form N N N=1, 2
[27] U= Cyli—3)\T2-3 +> — (- 1)*
itj=1 i=1 !
Reduced N N . N=1, 2,..., 6
polynomial form 7= Z O:D(Il _ 3:]1 + _(JBE _ 1)21
28] i=1 io D
Ogden form [29] N N N=1,2,...,6
2 i i i 1
U:E:;?MI+A§+A3—$+§:—{fflf‘
i=1 I i=1 !
Yeoh form [30] I =Clu(f1 3+ CZD(Tl _ 3]2 n CSD(TI _ 3)3 Reduce<.i
1 . ) 1 . L1 . . polynomial
—(J" =1 —(J" =1 —(J* -1 =
D U D - ) N3
Van der Waals \ -
form [31] _ {02 — 3 gy ] - 2o I2B) L L (Lt
U_Ju{ (As, — 3) [ln(l n)—!—n} 3%\ 3 —!—D 5 InJee
248
249 The suitable constitutive model for representing the hyperelastic behavior of the tested material

250 s initially unknown. Therefore, in the first step of the FE simulation, the hyperelastic response of
251  each model of the tested polymer was evaluated by simulating a single continuum element of the Bis-
252 GMA polymer with unit dimensions under uniaxial compression. The unknown parameters of the
253 hyperelastic models were obtained in a curve fitting process using the uniaxial compression test data.
254  Since the number of equations is greater than the number of unknown constants, a least-squared
255  fitting method should be used. In the least-squared curve fitting method the following error function
256  Eis minimized for the ‘n’ number of stress and strain pair points that are obtained from the test data.
257  The function is given as:

n th

E=Y (-7 4)

i=1 i

258  where T is the theoretical stress expression related to the constitutive models and 7 is a stress

259  value obtained from the experimental data. In the uniaxial tests, the theoretical stress (7") can be
260  calculated from the uniaxial stress (T«) which is derived from the strain energy density by applying
261  the principle of virtual work as follows:
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T ="
=5 (5)
262  where 4, is the stretch in the loading direction.
263 Figure 6 displays the stress—strain results of the hyperelastic models obtained from the single

264 element simulation in comparison with the test data. As shown in the figure, the results of the second
265  order polynomial (i.e. polynomial N=2), Van der Waals and Yeoh models are relatively close to the
266  stress-strain curve obtained from the experiment. Therefore, these three hyperelastic models can be
267  considered as suitable models for the simulation of Bis-GMA polymer behavior. In the next step, the
268  most appropriate model among these three models is determined through the iterative procedure, as
269  shown in the flowchart in Figure 1.

-60 :
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271 Figure 6. The resulting stress-strain curves that were fitted using the hyperelastic models provided
272 in Table 2.

273 7. Validation of the FE simulation

274 The validation process is a procedure that investigates the accuracy of the simulation process. In
275  this procedure, the predicted system response of the FE model is compared with the test data. The
276  force applied by the compression disks to the specimen versus the displacement of the upper disk is
277  considered as the system response in the validation procedure.

278 According to the flowchart shown in Figure 1, in the validation procedure, the constitutive
279  model, the Poisson’s ratio and the valid range of the nominal stress-strain curve for the hyperelastic
280  behavior of the sample material are the variables that could be changed in each iteration. Moreover,
281  the approximate validity limit of the nominal stress-strain curve for hyperelastic behavior and the
282  maximum possible value of the Poisson’s ratio of the material are determined, as described in detail
283  insections 4 to 6.

284 To obtain the abovementioned variables, in the first stage the Poisson’s ratio of the sample
285  material was determined for all the three selected hyperelastic models (i.e. polynomial N=2, Van der
286  Waals and Yeoh models). For this purpose, the value of the Poisson’s ratio was reduced from the
287  maximum of 0.45, as proposed in [23-25] through the iterative FE simulation process. At the end of
288  each iteration, the load-displacement curve obtained from the FE simulation was compared with the
289  average experimental load-displacement curve. This process was repeated until no significant
290  difference was observed in the results of the FE simulation. By using this method, the Poisson’s ratio
291  of BissGMA was obtained as 0.40 which was then used in the rest of FE simulations. It is useful to
292 note that the obtained value of Poisson’s ratio is in the range for the common polymer materials.
293 In the second stage of the validation process, the validity limit of the stress-strain curves for the
294  hyperelastic models was specified. As mentioned earlier, the system response for hyperelastic
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295  behavior is valid up to the point where no visible physical damage is observed. The system response
296  was defined earlier as the load applied by the compression disks to the specimen versus the
297  displacement of the disks. The load-displacement responses of the polymer predicted using the
298  selected hyperelastic models are compared with the experimental data, as shown in Figure 7.

299 Figure 7 indicates that the maximum difference between the FE simulation and the experimental
300  results in the polynomial N=2 is less than those of the Van der Waals and Yeoh models. A similar
301  trend is observed between the system responses predicted by the FE simulation and the experimental
302  data for all the models within the limit of 0 to 2.5 mm compressive displacement as illustrated in
303  Figure 7, while considerable dissimilarity is seen beyond that range. Therefore, the maximum value
304  of the displacement due to the hyperelastic material behavior was deduced to be about 2.5 mm when
305  using the polynomial, Van der Waals and Yeoh hyperelastic models in the FE simulation. At this
306  displacement, the maximum difference between the load obtained from the simulation and the
307  average value measured from the experiments is less than 30%.
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309 Figure 7. The predicted load-displacement curves and stress-strain responses of the system in
310 comparison with the experimental data.
311 In the next step, the appropriate constitutive model is chosen through the internal analysis of

312 the FE models by studying the mechanics of deformation as well as the stress-strain relation.

313 8.Internal analysis of the FE model

314 Internal analysis is a process that investigates the local material behavior, i.e. the variations of
315  stress or strain parameters in material points (or nodes in the FE simulation). It also studies the
316  integration of the local material behavior to form the structural response as the overall deformation
317  of the structure. The internal analysis is considered as the second stage of the hybrid approach after
318 the validation process for selection of the constitutive model, as described in the next sections.

319  8.1. Analysis of the mechanics of deformation

320 Analysis of the mechanics of deformation is a process in which the predicted geometry of the
321  loaded specimen obtained from the FE simulation is compared with the corresponding specimen in
322 the experimental counterpart. The predicted results show that applying different hyperelastic
323 equations in the FE simulation affects the calculated deformation, thus the shape of the specimen. It
324 isinferred that the input data for the hyperelastic models which is the nominal stress-strain curve
325  and the Poisson’s ratio have significant influence on the load-displacement curve obtained from the
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326  FE simulation, as assessed in the validation process. Therefore, hyperelastic equations applied in the
327  FE simulation should be changed through the iterations employed in the analysis of the mechanics
328  of deformation according to the flowchart shown in Figure 1, in order to choose the constitutive
329 model of the polymer. Figure 8 shows a cut-out half view of the specimen illustrating the transverse
330  deformation to the loading direction. The selected equations (i.e. polynomial N=2, Van der Waals and
331  Yeoh) were used in the computational process and the images were captured at 2.5 mm compressive
332 displacement as the limit of the hyperelastic behavior of Bis-GMA polymer.

333 The expansions of the cross-sectional area of the cylinder are determined for various hyperelastic
334  equations along the sample height (see Figure 8). In the case where Yeoh model is applied, the
335  maximum diameter expansion of 0.74 mm was obtained which is less than the corresponding value
336  measured in the experiments (0.8-1 mm). The maximum diameter expansion of 0.88 and 0.86 mm is
337  obtained using the Van der Waals and polynomial N=2 model, respectively, which are in the range
338  of experiment (0.8-1 mm). According to the physical deformation of the sample during the test (Figure
339 9), the diameter of the central section of the specimen is slightly more than the top and bottom
340  surfaces which is also predicted in the FE simulation using the polynomial N=2 and Van der Waals
341  models. A better sense to such deformations could be seen by monitoring the diameter variation
342 through an axial path, as shown in Figure 10.

343
344
345 Radial displacement
346 (mm)
+4.430e-01
347 +4.061e-01
348 +3.692e-01
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349 +2.953e-01
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351 +1.846e-01
352 +1.477e-01
+1.107e-01
353 +7.383e-02
+3.691e-02
354 -2.186e-06
355
356
357
358
359
360
361
362
363
364
365 ®) ()
366 Figure 8. Contour plots of the specimen radial deformation computed using (a) polynomial N=2, (b)
367 Van der Waals and (c) Yeoh models.
368 This process confirms that the simulation of the sample material using the polynomial N=2 and

369  Van der Waals models could provide good predictions for the mechanics of structural deformation
370  in Bis-GMA polymer. However, further investigation is performed in the next section by studying
371  the stress-strain curve of the polymer using the same models (i.e. polynomial N=2, Van der Waals
372  and Yeoh).

373
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Loading plates Test specimen

Figure 9. Deformation of the specimen, (a) before loading, (b) at the middle and (c) at the end of the
hyperelastic behavior limit.
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Figure 10. Deformation of the sample (a) selected axial path on the cylinder, (b) the variation of
diameter expansion along the cylinder height.

8.2. Analysis of the stress-strain curve

In this section, the structural response of the specimen is assessed using the true stress-true strain
curve. Since considering any of the hyperelastic models could result in different structural
deformations, the examination of the true stress-strain curve could provide a better insight into the
selection of the constitutive models. Therefore, the true stress-strain curve of the material together
with the corresponding experimental curve is obtained and plotted in Figure 11. The true stress-strain
values for each hyperelastic model were obtained based on the computed load response of the
specimen, while the variations of the cross-section were recorded during the loading in the FE
simulation.
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389 The results indicate that the data provided from the polynomial N=2 model is in a better
390  agreement with the experimental results, in comparison with the results of the Van der Waals and
391  Yeoh models. The FE results of the polynomial N=2 predict the experimental curve of the polymer
392 precisely up to the 0.lmm/mm compressive strain, but overestimate the test results slightly for larger
393 strains. This could be due to the associated uncertainty in measuring the cross-sectional area of the
394  specimen during the experiment. In addition, the likely presence of defects in the samples and the
395  measurement errors during the experimental process (which are not considered in the FE model)
396  could cause the observed discrepancy. Meanwhile, a 6% error in the prediction of the true stress at
397 0.2 mm/mm strain is considered as acceptable.
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399 Figure 11. The true stress-strain curves obtained from the structural response of the model using
400 different hyperelastic equations.
401 The results of the present study, which were obtained through the validation and internal

402  analysis processes in the hybrid experimental-computational approach, confirm the selection of the
403  second order polynomial model (i.e. polynomial N=2) as the best model for the description of the
404  hyperelastic behavior of Bis-GMA polymer. The constitutive equation of the polynomial N=2 model
405  can be obtained by expanding the general polynomial form equation [27] in Table 2 for N=2 which
406  gives:

U=C,,(I-3)+C,(I1 =3)+ C,, (I =3)(I2 =3) + C,, (I = 3)* + C, (I —3)’

6
+DV(J =1’ + DSV (I -1 ©)

407  where U is the strain energy per unit of reference volume. The parameters /, Ii and I» (presented
408 in Eqs (1) to (3)) are calculated for the uniaxial compressive behavior of a single element up to the
409  displacement of 2.5 mm. In Eq. (6), C and D are material constants which are calculated by a curve
410 fitting process, as described in section 6. These material constants were determined in this study for
411  Bis-GMA as:

412  C,, =-259.62MPa, C,,=30035MPa , C,, =27921MPa , C,, =-187.68MPa , C, =81.33MPa ,
413 D, =0MPa™', D,=0MPa".

414 As mentioned earlier, Bis-GMA is frequently used as a matrix phase for dental composite
415 restoratives and adhesives [8,12,32]. However, to interpret the mechanical behavior of the
416  composites, better understanding of the matrix behavior is necessary [33-35]. Since Bis-GMA is
417  known to be a hyperelastic polymer, the assumption of a linear stress-strain relation cannot
418  accurately describe its real mechanical behavior. Meanwhile, the hyperelastic material properties of
419  Bis-GMA have not been reported in the literature. This could be due to the lack of a standard or a
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420  straightforward method on how to determine these material parameters. This study have introduced
421  and developed a hybrid experimental-computational approach for determining the hyperelastic
422 mechanical parameters of polymeric materials with particular emphasis on the Bis-GMA polymer.

423 9. Conclusion

424 An investigation was performed on the hyperelastic constitutive models for polymeric materials
425  using a hybrid experimental-computational approach. Bis-GMA polymer was used as the case study
426  of hyperelastic materials. Several uniaxial compression experiments were performed to determine
427  the Bis-GMA nominal stress-strain curve and estimate the strain limit of the hyperelasitc behavior.
428  The hyperelastic behavior of the material was also confirmed through loading-unloading curves
429  obtained from the nano-indentation experiments in combination with the compression test. The
430  hybrid experimental-computational approach was applied to Bis-GMA polymer to obtain its
431  constitutive model and mechanical characteristics under compressive loading conditions, including
432 the valid range of the nominal stress-strain curve for hyperelastic behavior and the Poisson’s ratio.
433 Results showed that the maximum nominal strain value in which the material behaves
434  hyperelastically was equal to 0.25 mm/mm and the Poisson’s ratio of Bis-GMA was obtained as 0.40.
435  Moreover, the second order polynomial was selected for the hyperelastic constitutive model of Bis-
436  GMA polymer. It was shown that the results can be accurately used to obtain the true stress-strain
437  curve of hyperelastic materials. The hybrid approach presented in this paper can be recommended
438  for determining the constitutive models of polymeric materials that exhibit hyperelastic behavior.
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