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Abstract: Cervical restoration of a premolar tooth is a challenging task as it involves structural
modification to ensure the functional integrity of the tooth. The lack of retention in the cervical
area, with the cavity margins on dentin and the nonavailability of enamel, makes it challenging for
restoration. The high organic content of dentin, along with its tubular structure and outward flow of
fluid, make dentin bonding difficult to attain. The objective of this study is to evaluate the impact of
thermal and thermomechanical stimuli on the geometry of dental restorations in the cervical region.
In the present study, a three-layered restorative material made of glass ionomer cement, hybrid layer,
and composite resin is considered by varying the thickness of each layer. Group 1 of elliptical-shaped
cavities generates von Mises stress of about 14.65 MPa (5 °C), 41.84 MPa (55 °C), 14.83 MPa (5 °C and
140 N), and 28.89 MPa (55 °C and 140 N), respectively, while the trapezoidal cavity showed higher
stress of 36.27 MPa (5 °C), 74.44 MPa (55 °C), 34.14 MPa (5 °C and 140 N), and 75.57 MPa (55 °C and
140 N), which is comparable to the elliptical cavity. The result obtained from the analysis helps to
identify the deformation and volume change that occurs due to various real-time conditions, such
as temperature difference and thermal stress. The study provides insight into the behavior of novel
restorative materials of varied thicknesses and temperature levels through simulation.

Keywords: cervical restoration; thermal analysis; thermomechanical analysis; dental materials; finite
element analysis

1. Introduction

The primary function of teeth is biting, which involves the blending, cutting, and
grinding of food to allow the tongue and oropharynx to shape it into a bolus that can be
easily swallowed. The most common dental problem observed in children, teenagers, and
older individuals is cervical cavities, which are caused primarily by a variety of factors
such as oral bacteria, frequent snacking, consuming sugary beverages, inadequate tooth
cleaning, and occlusal stresses due to wasting diseases [1]. Preparing a cavity at the neck of
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the tooth (junction of crown and root surface) is a typical form of treatment modality for
restoration of cervical lesions for filling a cavity on the buccal and lingual surfaces (Class
V cavities termed by Dr. G V Black) [2]. It is a crucial activity as the dental restorations
should last long in the biological setting. Since the restorative material and the dental
substrate have different material properties, dentists need to determine the anticipated
mechanical performance of a restored tooth [3]. Mandibular teeth, especially those with
high occlusal loading as seen by the presence of wear facets, have been observed to have a
greater failure rate of class V restorations when high-modulus macro-filled materials are
used [4]. Finite element analysis (FEA) studies have shown that varying the mechanical
properties of restorations and the restoration/cavity anatomy leads to variations in the
stress distribution patterns when the same boundary condition and mastication load are
applied on occlusal regions for different models [4,5].

The incidence of class V lesions that are noncarious in nature is 31-58%. The location of
the lesion can make it more challenging to accomplish a long-lasting and stable restoration,
which is the fundamental challenge in restorative treatment [6]. Amalgam, resin composites,
and glass ionomer cement are usually used to restore the cavity [7]. However, these
restorative materials have shortcomings in their ability to sustain the thermal stress and
temperature variations (between 0 °C to 67 °C) that possibly occur in the oral cavity. This
can cause the contraction and expansion of the cavity after the consumption of hot or
cold beverages [8]. The properties of the materials, the procedures, cavity design, and
the influences of the thermal stress on the restored tooth will decide how effectively the
material adheres to the tooth surface. Tensile stress is seen on the silver amalgam restorative
material when cold liquid is consumed, while compression happens in the resin composite
restorative material. The opposite phenomenon takes place when a hot liquid is drunk,
putting compression on the amalgam but tensile stress on the composite [9].

FEA has recently been employed to simulate the clinical context in several biome-
chanical studies. The finite element assessment is increasingly used to model and simulate
dental treatment procedures, including the procedures involved and their effects post-
treatment [10]. The expense of in vitro and in vivo studies can be decreased, and research
outcomes can be improved by using these virtual models and simulations [11]. FEA plays
an important role in the assessment of relevant treatment procedures by performing force
analysis and material evaluation and approximating the tooth geometry with a finite num-
ber of points, three-dimensional (3D) imaging, and mapping of the tooth topology [12].
Subsequently, structural and thermal stress, compression, and strain calculations are per-
formed for the elemental body [13]. This study aims to evaluate the causal effect of thermal
and thermomechanical stimuli on the thickness of dental restorative materials, geometry,
and material properties of cervical restorations.

2. Materials and Methods
2.1. FE Model Generation

The three-dimensional (3D) model of an extracted premolar tooth is created from
digital imaging and communications in medicine (DICOM) images obtained from cone
beam computed tomography (CBCT). This study was approved by the institutional ethics
committee (IEC No. 883-2018), and the study was performed in accordance with the ethical
standards. All the procedures were performed as per the ethical guidelines laid down
by the Declaration of Helsinki (2013). A three-dimensional reconstruction method was
employed, and the generated model was imported in standard triangle language (STL)
format for further modifications using the tool Ansys SpaceClaim 2021 R2 version. The
solid body of the premolar tooth generated from the STL model is shown in Figure 1.
Internal contours, curvature, and occlusal anatomy were refined using SpaceClaim layout
editing tools. ANSYS Workbench 2021 R2 was used to perform FE analysis (Swanson
ANSYS, Houston, Pennsylvania).
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Figure 1. Premolar tooth model.

2.2. Cervical Cavity of a Premolar Tooth

The two shapes of cavity considered in the present study for analysis included trape-
zoidal and elliptical-shaped symmetric cavities created in the cervical region (cementum-
enamel junction (CEJ)) of a premolar tooth with a depth of 3 mm, a height of 2 mm, and a
width of 6 mm. Technically, the cavity was restored with three materials: glass ionomer
cement, hybrid layer, and composite resin. Figure 2a,b represent the images of trapezoidal
and elliptical-shaped cavities, respectively.

Figure 2. (a) Trapezoidal cavity; (b) elliptical cavity.

A prismatic cavity was created across the mesiodistal occlusal wall with a total depth
of 3 mm. Layer 1 was at the rear part of the cavity made of GIC. The middle layer 2 was
glued above layer 1 and was made of a hybrid layer, and the third layer was of composite
resin. The thicknesses of the GIC, composite resin, and hybrid layer [14] were varied to
study their response toward thermal and thermomechanical loading conditions. Figure 3a,b
represent the filler materials used to restore the cavities [15].
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Figure 3. (a) Restorative materials for elliptical cavity; (b) restorative materials for trapezoidal cavity.

2.3. Material Properties

The premolar tooth is divided into three regions, namely, enamel, dentin, and cemen-
tum. The enamel is thickest over the cusps, measuring 2.5 mm thick, and thins out near the
cervical edges. The area around the cervical edges is called dentin. The cementum is a hard,
calcified layer of tissue that covers the root of the tooth. On its outer side, the cementum is
attached to the periodontal ligament, and on its inner side, the dentin. The materials and
their properties used for finite element analysis are listed in Table 1.

Table 1. Properties of the materials used in the study.

Materials Young's Modulus of Poisson’s Ratio Thermal Expansion Thermal Conductivity
Elasticity (GPa) Coefficient (1/°C) (W/m °C)

Enamel 80 0.33 11 x10°° 0.84
Dentin 20 0.31 11.4 x 1076 0.63
Cementum 13.7 0.3 10 x 107° 5.8
Hybrid Layer 7.7 0.3 39 x 107° 2.61
Composite Resin 15 0.24 34 x 1076 1.26
Glass Ionomer Cement 10.8 0.3 35 x 107° 0.615

The thermal and thermomechanical analysis were performed on trapezoidal and
elliptical cavities by altering the thickness of each layer. Table 2 represents the division of
groups according to the thickness of restorative material blocks considered in the present
study [15-18].

Table 2. Division of groups according to the thickness of restorative materials.

The Thickness of Layers of Restorative Materials

Groups Glass Ionomer . . .
Cement (mm) Hybrid Layer (mm) Composite Resin (mm)

Group 1 1 0.03 2

Group 2 2 0.03 1

Group 3 1.5 0.03 15

Group 4 1.5 0.06 15

Group 5 1 0.06 2

Group 6 2 0.06 1

2.4. Meshing

The CAD model with the restored cavity was exported to ANSYS Workbench 2021 R2
for meshing. Mesh was generated using tetrahedral elements used with adaptive mesh
refinement. A mesh convergence test was performed to ensure that the results of the
analysis were not affected by changing the mesh size. The test was conducted by varying



J. Compos. Sci. 2023, 7, 6

50f19

the number of elements from 43,347 to 242,118. The coarse mesh was used outside the
cavity region, and the finer mesh was used in the cavity region. Table 3 shows the results
of the mesh convergence test.

Table 3. Mesh convergence test.

von Mises Def . Outer Body Restorative Material
Elements Stress eformation % Change Element Size Element Size Tempoerature Load
(MPa) (mm) (mm) (mm) O (N)
242,118 77.621 0.005 —2.667 0.4 0.2 55 140
138,530 77.864 0.005 —1.040 0.5 0.2 55 140
92,594 78.225 0.005 —0.581 0.6 0.2 55 140
69,607 78.682 0.00512 0 0.7 0.2 55 140
56,325 79.748 0.006 1.355 0.8 0.2 55 140
48,533 81.026 0.007 2.979 0.9 0.2 55 140
43,347 83.676 0.009 6.347 1 0.2 55 140
The von Mises stress is a value used to predict whether the material will yield or
fracture. The von Mises yield criterion states that if the von Mises stress of a material under
load is equal to or greater than the yield limit of the same material under simple tension,
then the material will yield or fracture. The evaluation of the von Mises stress is calculated
using Equation (1):
0' 2
(Coon Mises)) "= (012 + 022 + 032 ) — (0102 + 203+0307) = (ﬁ) D
Figure 4 shows the plot of the mesh convergence test indicating the variation of
von Mises stress and deformation observed for the variation in mesh density (number of
elements). The mesh density was defined to be medium for outside the cavity region, while
the finer mesh density was adopted at the cavity region. The “patch confirming method”
was used as the algorithm, and the element order was set to “global settings”. A finer
mesh of 0.2 mm was set in the cavity region. The “body sizing” feature was used to reduce
the element size to 0.7 mm. Refinement of mesh was carried out to improve the element
quality index. As a result, the model contained 105,872 nodes and 69,427 elements. The
meshed models of trapezoidal and elliptical-shaped cavities and the restorative materials
are shown in Figure 5a,b.
Mesh Convergence Plot
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Figure 4. Mesh convergence test for system response for a converged repeatable solution.
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Figure 5. (a) Meshed models of a trapezoidal-shaped cavity; (b) meshed models of an elliptical-
shaped cavity.

3. Results
3.1. Thermal Analysis on Trapezoidal Cavity at 5 °C

Thermal analysis was carried out in ANSYS Workbench 2021 R2. The “space claim”
model was imported to ANSYS Workbench 2021 R2 through the “import” option. The
materials and properties were assigned to the imported geometry. Bonded contact was
defined between all mating parts. Enamel and dentin were subjected to a temperature of
5 °C (cold condition). A temperature of 35 °C (oral body temperature) was maintained at
the cementum region, and all translational and rotational DOFs were constrained. This
thermal analysis was performed on all six groups with various layer thicknesses. The von
Mises stress and deformation observed for all six groups are shown in Table 4.

Table 4. Thermal analysis results at a temperature of 5 °C.

Thermal Loading
Shape
5°C
Trapezoidal Deformation (um) von Mises Stress (MPa)
Group 1 2.369 36.276
Group 2 1.077 20.135
Group 3 0.899 11.723
Group 4 0.879 20.319
Group 5 0.869 8.758
Group 6 0.874 8.149

From the analysis, it is observed that at 5 °C, Group 1 shows the highest deformation
and von Mises stress values, which are 2.363 um and 36.276 MPa. It is also observed that
Group 6 shows the least deformation and von Mises stress value, which are 0.874 pm and
8.149 MPa, as shown in Figure 6a,b.
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: pm
Time: 15
13-09-2022 17:23

0.87477 Max
0.7914
0.70803
0.62466
0.5413
045793
0.37456
0.29119
0.20783
0.12446 Min

B: Static Structural
Equivalent Stress
Type: Equivalent [von-Mises) Stress
Unit: MPa

Time: 15
13-09-2022 17:17

8.1493 Max
7.2701
6.3909
5.5117
4.6326
3.7534
28742
1.995
1.1159
0.2367 Min

Figure 6. (a) Deformation observed in Group 6 at a temperature of 5 °C; (b) von Mises stress induced
in Group 6 at a temperature of 5 °C.

The maximum deformation occurred at the upper right end of the cavity.

3.2. Thermal Analysis on Trapezoidal Cavity at 55 °C

Similarly, enamel and dentin were subjected to a temperature of 55 °C (hot condition).
A temperature of 35 °C (oral body temperature) was maintained at the cementum region,
and all translational and rotational degrees of freedom (DOF)s were constrained. This
thermal analysis was performed on all six groups with various layer thicknesses. The von
Mises stress and deformation observed for all six groups are shown in Table 5.

Table 5. Thermal analysis results at a temperature of 55 °C.

Thermal Loading
Shape
55°C
Trapezoidal Deformation (um) von Mises Stress (MPa)
Group 1 5.209 73.441
Group 2 2.797 38.873
Group 3 2.526 24.961
Group 4 2.466 37.596
Group 5 2.368 16.031
Group 6 2.364 15.785

From the analysis, it is observed that at 55 °C, Group 1 shows the highest deformation
and von Mises stress value, which are 5.2091 um and 73.441 MPa. It is also observed that
Group 6 shows the least deformation and von Mises stress value, which are 2.364 um and
15.785 MPa, as shown in Figure 7a,b. The maximum deformation occurred at the upper
right and left end of the cavity.

3.3. Thermomechanical Analysis on a Trapezoidal Cavity at 5 °C

The thermomechanical analysis was carried out in ANSYS Workbench 2021 R2. The
“space claim” model was imported to ANSYS Workbench. The materials and properties
were assigned to the imported geometry. Bonded contact was defined between all mating
parts. Enamel and dentin were subjected to a temperature of 5 °C (cold condition). A
temperature of 35 °C (oral body temperature) was maintained at the cementum region, and
all translational and rotational DOFs were constrained. A 140 N concentrated load was
applied perpendicular to the lingual plane of the buccal cusp on the occlusal surface (normal
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load) to simulate the chewing force. This thermomechanical analysis was performed on all
six groups with various layer thicknesses. The von Mises stress and deformation observed
for all six groups are shown in Table 6.

B: Static Structural B: Static Structural

Total Deformation Equivalent Stress

Type: Total Deformation Type: Equivalent (von-Mises) Stress
Unit: pm Unit: MPa

Time:1s Time:1s

13-09-2022 17:46 13-09-2022 17:47

2.3649 Max

15.785 Max

2.2659 14,06
;-;Z 12.335

L 10691 i

| 18701 l 7.1586
1.7712 5.4332
Lolz2 3,7079
T:3%a3 1,925
1.4748 Min

0.25717 Min

Figure 7. (a) Deformation observed in Group 6 at a temperature of 55 °C; (b) von Mises stress induced
in Group 6 at a temperature of 55 °C.

Table 6. Thermomechanical analysis results at a temperature of 5 °C and loading of 140 N.

Thermomechanical Loading

Shape
5°Cand 140 N
Trapezoidal Deformation (um) von Mises Stress (MPa)
Group 1 2471 34.147
Group 2 1.166 19.448
Group 3 0.988 11.851
Group 4 0.097 20.952
Group 5 0.978 8.758
Group 6 0.967 8.196

From the analysis, it is observed that at a temperature of 5 °C and loading of 140 N,
Group 1 shows the highest deformation and von Mises stress value, which as 2.471 um and
34.147 MPa. It is also observed that Group 6 shows the least deformation and von Mises
stress value, which are 0.967 um and 8.196 MPa, as shown in Figure 8a,b. The maximum
deformation occurred at the upper right and left end of the cavity.

3.4. Thermomechanical Analysis on a Trapezoidal Cavity at 55 °C

Similarly, enamel and dentin were subjected to a temperature of 55 °C (hot condition).
A temperature of 35 °C (oral body temperature) was maintained at the cementum region,
and all translational and rotational DOFs were constrained. A 140 N concentrated load was
applied perpendicular to the lingual plane of the buccal cusp on the occlusal surface (normal
load) to simulate the chewing force. This thermomechanical analysis was performed on all
six groups with various layer thicknesses. The von Mises stress and deformation observed
for all six groups are shown in Table 7.



J. Compos. Sci. 2023, 7, 6

90f19

B: Static Structural

Total Deformation
Type: Total Deformation
Unit: pm

Time: 15

13-09-2022 22:06

0.9678 Max
088481
080183
0.71884
0.63585
0.55287
0.46%68
0.3869

0.30391
0.22092 Min

B: Static Structural
Equivalent Stress

Type: Equivalent fvon-Mises) Stress

Unit: MPa
Time: 15

13-09-2022 22:07

7.3004
6.4052
5.51
4.6147
3.7195
23243
1.929
1.0338

8.1957 Max

0.13856 Min

(b)

Figure 8. (a) Deformation observed in Group 6 at a temperature of 5 °C and loading of 140 N; (b) von
Mises stress induced in Group 6 at a temperature of 5 °C and loading of 140 N.

Table 7. Thermomechanical analysis results at a temperature of 55 °C and loading of 140 N.

Thermomechanical Loading

Shape
55°C and 140 N
Trapezoidal Deformation (um) von Mises Stress (MPa)
Group 1 5.123 75.572
Group 2 2.69 39.551
Group 3 2.429 25.359
Group 4 2.367 36.96
Group 5 2.293 15.996
Group 6 2.191 15.174

From the analysis, it is observed that at a temperature of 55 °C and loading of 140 N
Group 1 shows the highest deformation and von Mises stress value, which are 5.123 pum
and 75.572 MPa. It is also observed that Group 6 shows the least deformation and von
Mises stress value, which are 2.191 um and 15.174 MPa, as shown in Figure 9a,b. The
maximum deformation occurred at the upper middle, right, and left end of the cavity.

B: Static Structural

Total Deformation
Type: Total Deformation
Unit: pm

Time: 15

13-09-2022 22:22

2.1918 Max
2.0941
1.9963
1.8%6
1.8009
1.7032
1.6055
1.5078
141

13123 Min

B: Static Structural
Equivalent Stress

Type: Equivalent fvon-Mises) Stress

Unit: MPa
Time:1s

13-09-2022 22:22

13,505
11.837
10,163
8.4987
6829
51609
3492

1823

15.174Max

0.15413 Min

Figure 9. (a) Deformation observed in Group 6 at a temperature of 55 °C and loading of 140 N;
(b) von Mises stress induced in Group 6 at a temperature of 55 °C and loading of 140 N.
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3.5. Thermal Analysis on Elliptical Cavity at 5 °C

Thermal analysis was carried out in ANSYS Workbench 2021 R2. The “space claim”
model was imported to ANSYS Workbench through the “import” option. The materials
and properties were assigned to the imported geometry. Bonded contact was defined
between all mating parts. Enamel and dentin were subjected to a temperature of 5 °C
(cold condition). A temperature of 35 °C (oral body temperature) was maintained at the
cementum region, and all translational and rotational DOFs were constrained. This thermal
analysis was performed on all six groups with various layer thicknesses. The von Mises
stress and deformation observed for all six groups are shown in Table 8.

Table 8. Thermal analysis results at a temperature of 5 °C.

Thermal Loading
Shape
5°C
Elliptical Deformation (um) von Mises Stress (MPa)
Group 1 0.969 14.657
Group 2 1.278 18.418
Group 3 1.357 18.207
Group 4 1.351 17.999
Group 5 1.477 27.899
Group 6 1.268 16.655

From the analysis, it is observed that at 5 °C Group 5 shows the highest deformation
and von Mises stress value, which are 1.477 um and 27.899 MPa. It is also observed that
Group 1 shows the least deformation and von Mises stress value, which are 0.969 pm and
14.657 MPa, as shown in Figure 10a,b. The maximum deformation occurred at the upper
right end of the cavity.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: pm

Time: 15

14-0%-2022 11:17

0.96993 Max
086339
0.75635
0.65031
0.54377
043723
0.33063
0.22414
0.1176

0.011058 Min

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

14-0%-2022 11:17

14657 Max
13.06

0.28499 Min

Figure 10. (a) Deformation observed in Group 1 at a temperature of 5 °C; (b) von Mises stress induced
in Group 1 at a temperature of 5 °C.

3.6. Thermal Analysis on Elliptical Cavity at 55 °C

Similarly, enamel and dentin were subjected to a temperature of 55 °C (hot condition).
A temperature of 35 °C (oral body temperature) was maintained at the cementum region
and all translational, and rotational DOFs were constrained. This thermal analysis was
performed on all six groups with various layer thicknesses. The von Mises stress and
deformation observed for all six groups are shown in Table 9.
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Table 9. Thermal analysis results at a temperature of 55 °C.
Thermal Loading
Shape
55°C
Elliptical Deformation (um) von Mises Stress (MPa)
Group 1 2.462 32.331
Group 2 2.482 35.753
Group 3 2.636 35.343
Group 4 2.622 34.94
Group 5 2.869 54.156
Group 6 2714 41.283

From the analysis, we can observe that at 55 °C Group 5 shows the highest deformation
and von Mises stress value, which are 2.869 um and 54.156 MPa. We can also observe that
Group 1 shows the least deformation and von Mises stress value, which are 2.462 pm and
32.331 MPa, as shown in Figure 11a,b. The maximum deformation occurred at the upper
right end of the cavity.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: pm

Time: 15

14-09-2022 12:10

2.462 Max
2.2776
2.0933
1.9089
1.7246
1.5402
1.3559
1.1716
0.98721
0.80286 Min

|
Fl
Il
£l
i

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time:1s

14-09-2022 12:10

32.331 Max
28,787
25.243
21.7

18.156
14.612
11.068
7.5245

3.9807 (b)

0.43692 Min

[
=
)
O
B

Figure 11. (a) Deformation observed in Group 1 at a temperature of 55 °C; (b) von Mises stress
induced in Group 1 at a temperature of 55 °C.

3.7. Thermomechanical Analysis on Elliptical Cavity at 5 °C

The thermomechanical analysis was carried out in ANSYS Workbench 2021 R2. The
“space claim” model was imported to ANSYS Workbench through the “import” option.
The materials and properties were assigned to the imported geometry. Bonded contact was
defined between all mating parts. Enamel and dentin were subjected to a temperature of
5 °C (cold condition). A temperature of 35 °C (oral body temperature) was maintained at
the cementum region, and all translational and rotational DOFs were constrained. A 140 N
concentrated load was applied perpendicular to the lingual plane of the buccal cusp on
the occlusal surface (normal load) to simulate the chewing force. This thermomechanical
analysis was performed on all six groups with various layer thicknesses. The von Mises
stress and deformation observed for all six groups are shown in Table 10.

From the analysis, it is observed that at a temperature of 5 °C and loading of 140 N,
Group 5 shows the highest deformation, and von Mises stress value is 1.582 pm and
28.886 MPa. It is also observed that Group 1 shows the least deformation and von Mises
stress value, which are 1.069 pm and 14.537 MPa, as shown in Figure 12a,b. The maximum
deformation occurred at the upper right and left end of the cavity.
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Table 10. Thermomechanical analysis results at a temperature of 5 °C and loading of 140 N.
Thermomechanical Loading
Shape
5°Cand 140 N

Elliptical Deformation (um) von Mises Stress (MPa)
Group 1 1.069 14.537

Group 2 1.453 18.876

Group 3 1.453 18.497

Group 4 1.527 18.719

Group 5 1.582 28.886

Group 6 1.445 17.23

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: pm

Time:1s

14-09-2022 12:57

1.0689 Max
0.95111
083331
0.7155
0.5977
04799
0.3621
0.24429
0.12649
0.0086907 Min

B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MP3
Time:1s
14-08-2022 12:58

14537 Max
12.97
11.404
9.8372
| 8.2706
B 6.704

o) (b)

\/
%

/)
X

K

Figure 12. (a) Deformation observed in Group 1 at a temperature of 5 °C and loading of 140 N;
(b) von Mises stress induced in Group 1 at a temperature of 5 °C and loading of 140 N.

3.8. Thermomechanical Analysis on Elliptical Cavity at 55 °C

Similarly, enamel and dentin were subjected to a temperature of 55 °C (hot condition).
A temperature of 35 °C (oral body temperature) was maintained at the cementum region,
and all translational and rotational DOFs were constrained. A 140 N concentrated load was
applied perpendicular to the lingual plane of the buccal cusp on the occlusal surface (normal
load) to simulate the chewing force. This thermomechanical analysis was performed on all
six groups with various layer thicknesses. The von Mises stress and deformation observed
for all six groups are shown in Table 11.

Table 11. Thermomechanical analysis results at a temperature of 55 °C and loading of 140 N.

Thermomechanical Loading

Shape
55°C and 140 N
Elliptical Deformation (um) von Mises Stress (MPa)
Group 1 2.320 32.049
Group 2 2.339 35.479
Group 3 2.555 35.068
Group 4 2.477 34.236
Group 5 2.793 54.206
Group 6 2.636 37.049

From the analysis, it is observed that at a temperature of 55 °C and loading of 140 N,
Group 5 shows the highest deformation and von Mises stress value, which are 2.793 pm
and 54.206 MPa. It is also observed that Group 1 shows the least deformation and von
Mises stress value, which are 2.320 um and 32.049 MPa, as shown in Figure 13a,b. It is
observed that the deformation occurred at the upper right end of the cavity.
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit: pm

Time: 1s

23-09-2022 13:53

2.3203 Max
2.1438
1.9673
1.7907
1.6142
14377
1.2612
1.0846
0.90811
0.73158 Min

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time:1s

23-09-2022 13:53

32.049 Max
28.524
25
21475
17.95
14.425
10.9
7.3751
3.8502
0.32532 Min

(a)

(b)

Figure 13. (a) Deformation observed in Group 1 at a temperature of 55 °C and loading of 140 N;
(b) von Mises stress induced in Group 1 at a temperature of 55 °C and loading of 140 N.

3.9. Comparison of von Mises Stresses and Deformation in Trapezoidal Cavity Restoration

The von Mises stresses and deformation of trapezoidal cavity restorative materials at 5 °C and
55 °C under thermal and thermomechanical loading are shown in Figures 14 and 15 respectively.
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Figure 14. von Mises stresses under thermal and thermomechanical analysis for a trapezoidal cavity.

3.10. Comparison of von Mises Stresses and Deformation in Elliptical Cavity Restoration

The von Mises stresses and deformation of elliptical cavity restorative material are at 5 °C and
55 °C under thermal and thermomechanical loading are shown in Figures 16 and 17 respectively.
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4. Discussion

Due to the various physical and thermal characteristics of various restorative materials,
a temperature gradient caused by hot and cold liquid drinks in the mouth leads to thermal
stresses. The heat transfer among the materials occurs due to conduction. Thus, an increase
or decrease in temperature results in thermal stresses. The thermal stresses could result in
tension stress, which leads to crack initiation or growth within the restorative materials,
thereby causing catastrophic failure. The study conducted by Swathi Pai et al. [1] has
shown that a cervical trapezoidal cavity will undergo the least deformation and von Mises
stress when Group 5 materials (1 mm GIC, 0.06 mm hybrid layer, 2 mm composite resin)
are used, and it is also shown that a cervical elliptical-shaped cavity will undergo the
least deformation and von Mises stress when Group 6 (2 mm GIC, 0.06 mm hybrid layer,
1 mm composite resin) materials are used. However, this study did not focus on thermal
analysis. The chances of deformation would be higher because of high thermal stress due to
temperature differences while drinking hot or cold beverages. In the present study, the main
focus was on the behavior of the materials under different thermal and thermomechanical
loading conditions.

Several studies have reported that thermal stress concentrations occur at biomaterial
interfaces [16-21]. Therefore, it is very necessary to achieve good adhesion between the
two layers to resist the applied load [21]. Clinically, this can be achieved by using good
isolation techniques. Different stress levels may be caused by variations in the crown shape,
boundary conditions, type, size, and several parts, as well as loading conditions. In our
finite element analysis, we neglected the effect of the pulp chamber on the stress distribution
and assumed that all materials were linearly elastic and isotropic, remaining elastic under
applied thermal loads [22]. These results obtained in the study of Anusavice et al. [23]
supported the outcomes of Gulec and Ulusoy [24], who argued that materials with low
elastic moduli put additional stress on dental tissues. In their study, Gulec and Ulusoy [24]
found that interbedded ceramic had the lowest stress value, and Vita Enamic had the
greatest von Mises stress values.

From this study, it can be concluded that the stresses induced in the elliptical cavity are
slightly lower than those in a trapezoidal cavity. The study conducted by Nabih et al. [25]
has shown the mechanical and thermal stresses of Vita Enamic and IPS e.max CAD. Com-
pared to Vita Enamic, the IPS e.max CAD produced more valuable stresses on the tooth
structure. From the results obtained, it was observed that the materials that have higher
elastic modulus will undergo the least deformation. The temperature variations signifi-
cantly affect the stresses induced on both restoration and tooth structures. This study was
not focused on thermomechanical loading, which is a crucial real-time condition where
both thermal and mechanical loads interact. However, the present study focused on both
thermal and thermomechanical conditions where a concentrated load of 140 N was applied
on three occlusion points [19], along with a temperature of 5 °C and 55 °C applied to the
dentin-enamel junction while maintaining cementum temperature at 35 °C. The least von
Mises stress and deformation for the trapezoidal cavity were observed by Group 6 (2 mm
GIC, 0.06 um hybrid layer, 1 mm composite resin), and the least von Mises stress and defor-
mation for the elliptical cavity were also observed by Group 1 (1 mm GIC, 0.03 um hybrid
layer, 2 mm composite resin). The least amount of deformation and von Mises stress was
observed in two distinct groups, although identical materials were used for the restoration
of the trapezoidal and elliptical cavities. In the current study, the deformation observed
in both shapes is very negligible; therefore, it would not be significant to compare them
entirely based on deformation. Analyzing the region of maximum stress, it is observed that
the higher stress values are experienced at the interface between the hybrid layer and GIC.
According to a study conducted by Nabih [25], the strains placed on both the restoration
and the tooth structure are greatly influenced by thermal temperature variations, and IPS
e.max CAD produced more favorable stresses on the tooth structure than Vita Enamic.
The findings of Nabih [25] concurred with those of Yin et al. [26]. They claimed that the
low fracture resistance and flexural strength of the polymer-infiltrated ceramic network
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compared to glass ceramics, which causes higher stresses on the restoration and surround-
ing structure at the applied magnitude of load and may be the cause of these results. In
accordance with Lin et al. [27], Ausiello et al. [28], Rees et al. [29], Federlin et al. [30], and
Ausiello et al. [12], the results of their investigation likewise demonstrated that tensile
stresses were lower than compressive stresses.

Dejak and Mlotkowski [31] used a three-dimensional (3D) finite element analysis
involving contact elements in the research. Seven identical 3-D replicas of primary molars
were modelled. Intact tooth (IT), unrestored tooth (UT), tooth with a cavity prepared
using the Modified Open Technique (MOT); tooth restored with composite resin inlays
(CRIT) (True Vitality; 5.4 GPa elastic modulus); tooth restored with composite resin inlays
(CRIH) (Herculite XRV; 9.5 GPa elastic modulus); tooth restored with composite resin
inlays (CRIC) (Charisma; 14.5 GPa elastic modulus); tooth restored with composite resin
inlays (CRIZ) (Z100) The occlusal surface of each model was subjected to 200 N of stress.
Calculations were made to determine the stresses experienced by the inlays, composite
resin cement layer, and tooth tissues during testing. The Mohr-Coulomb failure criterion
was employed to assess material toughness. Dejak and Mlotkowski [31] measured the
tensile and shear binding strengths of luting cement to enamel and dentin, and compared
them to contact stresses in the cement-tissue adhesive interface. It was found that the
Mohr-Coulomb failure criterion values were lower in teeth restored with composite resin
and ceramic inlays compared to those of unrestored teeth with a preparation (UT), but
were still 2.5 times higher than those of an undamaged tooth (IT). The Mohr-Coulomb
failure criterion values were nearly three times higher for the ceramic inlay (CI) than for
the composite resin inlays. These numbers were 2—4 times smaller for the ceramic inlay
model’s luting agent compared to those of the composite resin inlay models’ luting agents.
Contact tensile and shear stresses were lower at the adhesive interface between the cement
and tooth surrounding the ceramic inlays than they were around the composite resin inlays.
It was shown that stresses exceeded tissue strength in the cervical enamel adjacent to the
inlays” proximal surface.

Toparli et al. [8] found that composite resin shows better behavior than amalgam
when cold liquid (15 °C) is used. On the contrary, amalgam is more satisfactory when
hot liquid (60 °C) is used [6]. However, we found that the lowest von Mises stress was at
the tooth-restorative interface at both 5 °C and 55 °C. The results of our study are not in
agreement with those of Toparli et al. [8] This difference may be related to the different
experimental conditions of MS Guler [32] study. MS Guler [32] observed that when thermal
changes at the interface of tooth materials are taken into account, the smallest stress and
maximum stress were found in amalgam and glass ionomer cement, respectively. The
varying mechanical and thermal qualities of restorative materials could be the cause. As a
result, amalgam could be employed in class V cavities to minimize stress on the restorative
material and lower the chance of material loss. The results reported here need to be
confirmed by more in vivo and in vitro research.

Temperature fluctuations in the mouth cause cyclic changes that may cause the thermal
fatigue of the adhesive process [32,33]. The tensile stresses were produced at the regions of
load application on the occlusal surface in both restored cases. Therefore, it is essential to
control this surface roughness by polishing it to avoid stress concentration spots and the
development of fatigue cracks, which might lead to fracture [34-38].

The present study revealed that the stress induced in the trapezoidal cavity is slightly
higher than in the elliptical cavity. For example, Group 1 of elliptical-shaped cavities
generated von Mises stresses of about 14.65 MPa (at 5 °C), 41.84 MPa (at 55 °C), 14.83 MPa
(at5°Cand 140 N), and 28.89 MPa (55 °C and 140 N), while the trapezoidal cavity generated
36.27 MPa (at 5 °C), 74.44 MPa (at 55 °C), 34.14 MPa (at 5 °C and 140 N), and 75.57 MPa
(55 °C and 140 N), which is significantly higher than the stress in elliptical cavities. This
could be the result of sharp edges present in a trapezoidal cavity as stress concentration
occurs because of the sudden change in the geometry. Further study on fatigue analysis is
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required to predict the number of cycles to the failure. This analysis can be applied to all
kinds of cavity restorations to predict the life of the filler material.

5. Conclusions

The least deformation and von Mises stress for an elliptical-shaped cavity were shown
by Group 1 (1 mm GIC, 0.03 um adhesive layer, and 2 mm composite layer), and the
highest was shown by Group 5 (1 mm GIC, 0.06 um adhesive layer, and 2 mm composite
layer), whereas, in the trapezoidal-shaped cavity, the highest deformation and stress were
observed in Group 1 (1 mm GIC, 0.03 um adhesive layer, and 2 mm composite layer),
and the least stress in Group 6 (2 mm GIC, 0.06 um adhesive layer, and 1 mm composite
layer). It was observed that maximum deformation occurred at the upper right end of the
cavity. From this study, we can conclude that the stresses induced in the elliptical cavity
are slightly lower when compared to the trapezoidal cavity. The transfer of load between
the layers is largely governed by the cavity shape.
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