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Featured Application: The findings of this work might be used in the design of restorations
of premolars.

Abstract: The main purpose of this work was to analyze the stress distribution in premolars re-
stored with indirect IPS Empress® CAD onlays or inlays. The three-dimensional geometry of a
human first premolar was created using modeling software. The tooth fixation system was simu-
lated through box geometry, comprising a cortical bone layer with 2 mm of thickness over a layer
of trabecular bone with 15 mm of thickness. The tooth had the following approximated crown
dimensions: 10.35 mm buccolingual length; 7.1 mm mesiodistal width; and 7.0 mm cervico-occlusal
height. The mesio-occluso-distal (MOD) cavity preparations followed the suggestions available in the
literature. The cement geometry was modified to include cohesive zone models (CZM) to perform
the adhesive joint’s strength prediction. The loading body was created assuming contact between the
food bolus and the tooth surface. Numerical solutions were obtained by performing static analysis
and damage analysis using the finite element method. Von Mises stress values generated in the ce-
ramic inlay restoration ranged from 1.39–181.47 MPa, which were on average 4.4% higher than those
of the onlay ceramic restoration. The fracture strength of the onlay restoration was about 18% higher
than that of the inlay restoration. The onlay design seems to contribute to higher homogenization of
the adhesive resin cement strain and higher tooth structure protection.

Keywords: inlay; onlay; finite element analysis; ceramic materials

1. Introduction

The restorative treatment of teeth with a considerable amount of loss structure remains
a great challenge because of their susceptibility to fracturing [1,2]. The optimum tooth
preparation depends on several design variables, which can vary from the materials used
to the cavity geometries, passing through marginal or occlusal surface considerations.
Although several variables achieve ideal tooth preparation, the objective is always to
prevent fracturing and restore good tooth functionality. Nevertheless, the restoration
materials and the cavity design geometry should also ensure a balance between preserving
the tooth structure and maximizing the strength of the restoration [2].

In this context, ceramic inlays, onlays, veneers and complete-coverage crowns have
gained popularity [3]. Several review studies have been developed to identify if different
types of indirect restorations used for single teeth had different biological and technical com-
plications and survival rates [4–6]. Within the nine studies selected by Vagropoulou et al.,
the caries was the main biological complication for all types of restorations, followed
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by a root or tooth fracture incidence of 11.34%. Ceramic fractures represented the most
common technical complication, followed by loss of retention and porcelain chipping.
Hence, two different ceramic preparation designs were selected in this study: inlay and
onlay. These preparations are often used for indirect restoration when a molar or premolar
is too damaged to support a basic filling, but not so severely that it needs a crown [7].
Both structures are prepared outside the patient’s mouth and, posteriorly, are cemented or
bonded to the tooth. Both restorations were assumed to be CAD/CAM produced using
IPS Empress® CAD (Ivoclar Vivadent, Schaan, Liechtenstein) dental restorative materials,
which has been developing modern composites and ceramic-based materials that are al-
most indistinguishable from natural dentition. These indirect restorations are specially
indicated to posterior teeth treatments, wherein they should be capable of offering superior
mechanical properties, improved anatomy, proper contour, interproximal contact, marginal
adaptation and surface texture [3,8]. Nevertheless, due to the lack of marginal ridges and
their specific morphology, the prevalence of fractures in the maxillary premolars is higher
than in the molars and mandibular premolars [9].

A great number of in vivo [7,10,11], in vitro [2,3,12] and numerical studies [8,13–15]
have been developed to evaluate the outcome of several design parameters of the inlay
and onlay preparations for the longevity of tooth restoration. In a five-year retrospective
study, Arnelund et al. [16] concluded that when comparing inlay and onlay restorations,
there was a tendency toward a higher number of failures in the inlay group. Later, in 2005,
Stappert et al. [17] reported that teeth with inlays appeared more resistant to fractures
than those with onlays. Nevertheless, the results of several finite element studies [18–20]
show that significant defects in molars and premolars should be restored with ceramic
onlays and not inlays. However, in 2011, Cubas et al. [21], in an experimental study of
the fracture resistance of premolars restored with inlay and onlay ceramic restorations,
showed that cuspid coverage did not result in improved fracture resistance of the restored
teeth. Hence, inconsistent and conflicting reported results might be related to the use of
different restoration materials, dimensions and criteria for reducing dental cusps and the
use of varying experiment set-ups [16,18–22]. Hence, in the present study, preparation of
both the onlay and inlay cavities was performed with the same dimensions at the cervical
region. The main difference is only the cusps’ material i.e., the height and geometry of the
dental cusps are the same for both restorations. This study’s objective was to compare the
stress distribution and statistical analysis results of two restorations of a maxillary first
premolar using the finite element method, as well as apply cohesive zone models (CZM) to
perform strength prediction of the adhesive joint for both restoration geometries.

2. Materials and Methods
2.1. Geometrical Models

The three-dimensional geometry of a human first premolar was created using model-
ing software (Solidworks® 2019, Dassault Systèmes SOLIDWORKS Corp., Waltham, MA,
USA). For this, the anatomical lines referring to each tooth component were constructed,
and those corresponding faces were obtained following the anatomical conditions. After-
ward, a solid geometry of a first maxillary premolar (tooth 24) with each tooth component
was created. The tooth fixation system was simulated through box geometry, compris-
ing a cortical bone layer with 2 mm of thickness over a layer of trabecular bone with
15 mm of thickness. The selected teeth had approximately the following crown dimensions:
10.35 mm buccolingual length, 7.1 mm mesiodistal width and 7.0 mm cervico-occlusal
height. Figure 1 shows the final geometry of the assembly. The mesio-occluso-distal (MOD)
cavity preparations were developed on the solid model using Boolean operations and
the parameters presented in Figure 1. The dimensions of the inlay and onlay restorations
followed the suggestions available in the literature [23].
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Figure 1. The MOD cavity preparations. All dimensions are in millimeters. (a) Buccolingual dimensions of the inlay restora-
tion. (b) Buccolingual dimensions of the onlay restoration. (c) Mesiodistal dimensions of both restorations. (d) Buccolingual
view of the assemblage between the onlay ceramic restoration (yellow body) and the resin cement (green volume).

In the onlay cavity preparation, the functional cusps were reduced and included in
the ceramic restoration (Figure 1d). Moreover, a resin cement layer (RelyX™ Ultimate
Adhesive Resin Cement, Technical Data Sheet, 3M ESPE, 3M Deutschland GmbH, Neuss,
Germany) with 113 µm of thickness was created for both preparations to cover the entire
cavity surfaces. Figure 1c shows the resin cement geometry of the onlay cavity preparation.
Additionally, the cement geometry was also modified to include a special “bed” geometry,
of which the dimensions are presented in Figure 2, allowing the inclusion of cohesive zone
models (CZM) to perform strength prediction of the adhesive joint [24]. The orange area
presented in Figure 2a was subtracted from the resin cement geometry while the gray one
was subtracted from the dentin geometry, but each one had a thickness of 50 µm. Figure 2b
shows a blue surface mesh that represents the cohesive zone. The loading body’s geometry
was created assuming glue contact between the food bolus and the tooth surface during
the closing phase of the chewing cycle [25,26].
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Figure 2. Cavity preparations. All dimensions are in millimeters. (a) Additional geometry that was created to allow CZM
capability. (b) The three blue surfaces are used to identify the CZM. (c) The loading body has a prescribed pressure over the
top surface, while the bottom surface is glued to the tooth surface.

2.2. Numerical Models

Each of the two models was numerically studied using ADINA® software for nonlin-
ear finite element analysis (ADINA AUI version 9.3.1, ADINA R &D Inc., Watertown, MA,
USA). The contact among components was modeled using the glue mesh option every
time that it was assumed that they remained perfectly bonded.

Assignment of the mesh density to each solid body was assured by promoting regular
body subdivisions using the desired element edge length. In the bed geometries, which are
presented in Figure 2a,b, it was necessary to create regular hexahedral meshes to include
cohesive finite elements. Hence, those specific faces’ subdivision was recalculated with
smaller lengths to promote a more refined and regular mesh. Table 1 presents the mesh
density attributed to each body and the refinement areas. Discretization of the domains
was assured with 8-node hexahedral elements, and additional displacement degrees of
freedom were allowed by selecting the incompatible modes option.

This study assumed isotropic linear elastic properties for the all-natural teeth compo-
nents, ceramic restorations, loading body and the cortical as well as the cancellous bones,
but not for the resin cement. The resin’s nonlinear constitutive model was defined using a
representative bilinear elastic–plastic stress–strain curve using the information listed in
Table 2, whereas the isotropic elastic properties are listed in Table 3. Nevertheless, for the
linear static analysis, the resin cement’s mechanical properties included only the linear part.
Moreover, because the two finite element models were coupled with cohesive zone models
(CZM), it was necessary to define traction–separation laws, critical values of toughness of
tension and shear as well as the cohesive strengths of tension and shear [27]. The failure
strengths of tension and shear were defined as being 17 MPa and 8 MPa, respectively [28,29].
The critical values of toughness of tension and shear were defined using the procedure
described by Zhu and Joyce [30] and are also presented in Table 2.
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Table 1. Length of the element edges attributed to each component and the refinement zones.

Body Length (µm) Refinement Zone (µm)

Cortical bone 500 -

Cancellous bone 500 -

Pulp 500 Dentin Region (100)

Ceramic 500
Loading region (100)

Resin region (100)

Enamel 500
Resin region (100)

Dentin region (100)
Loading region (100)

Dentin 500

Enamel region (100)
Pulp region (100)
Resin region (100)

Bed region (50)

Resin cement 100 Bed region (50)

Loading body 500
Ceramic region (100)

Resin region (100)
Enamel region (100)

Table 2. Mechanical properties of the resin cement adhesive [31,32].

Compressive
Strength (MPa)

Flexural Strength
(MPa) Failure Strain (%) Shear Failure

Strength (MPa) GIC (N/m) GIIC (N/m)

262 98 1.8 40 342 427

Table 3. Mechanical properties of all isotropic materials.

Material Young’s Modulus (GPa) Poisson’s Ratio

Cortical bone 13.7 [33] 0.30
Cancellous bone 1.37 [33,34] 0.30

Pulp 0.002 [22,35] 0.45
IPS Empress CAD® 62 [19,36] 0.30

Enamel 84.1 [35] 0.2
Dentin 18.6 [35] 0.31

Loading body 210 0.30
Resin cement 7.7 [31]

Boundary conditions were applied in the five faces of the box that supported the teeth,
assuming that the faces were connected to the remaining maxillary bone and, therefore,
the three nodal displacements of all nodes placed over those faces were restrained. The load
was applied on a 28.3 mm2 circle as a homogenously distributed pressure corresponding to
an oblique load of 500 N at 30◦ to the tooth axis (Figure 2c) [37,38]. The loads were applied
gradually to avoid dynamic effects and convergence problems.

3. Results

The linear analysis of both models completed all time steps of computation. In con-
trast, the onlay and inlay restorations’ nonlinear simulations stopped at incremental steps
66 and 56, respectively, due to excessive deformation of the resin cement. Hence, step 56,
corresponding to a 140 N load, was the basis for comparisons among CZM models, whereas
for the comparisons among linear solutions of both models, the final time step was used
instead. These comparisons were based on the qualitative interpretation of the band plots
and quantitative analysis of stress values through different element groups at the same
load step. The models’ distribution of values was statistically analyzed using the one-way
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ANOVA test of the Statistical Package for the Social Sciences (SPSS) version 23.0. Post hoc
comparisons were made using a paired samples t-test and a significance level of 0.05.

The inlay and onlay models revealed no significant difference between maximum
values of the displacement magnitude, nor in their distribution pattern; the inlay restoration
showed a maximum value of 47.4 µm, while the onlay restorations showed a value of
48.0 µm. These results can be seen in Figure 3, where the distribution of the displacement
magnitude is presented for both ceramic restorations.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 18 
 

the same load step. The models’ distribution of values was statistically analyzed using the 

one-way ANOVA test of the Statistical Package for the Social Sciences (SPSS) version 23.0. 

Post hoc comparisons were made using a paired samples t-test and a significance level of 

0.05. 

The inlay and onlay models revealed no significant difference between maximum 

values of the displacement magnitude, nor in their distribution pattern; the inlay restora-

tion showed a maximum value of 47.4 μm, while the onlay restorations showed a value 

of 48.0 μm. These results can be seen in Figure 3, where the distribution of the displace-

ment magnitude is presented for both ceramic restorations. 

 

Figure 3. Band plot of the displacement magnitude (m) over the ceramic restorations for the two 

models, inlay (left) and onlay (right), with non-matching color scales. 

The magnitude of the displacement for the remaining components of both restoration 

models had similar behavior and, therefore, no further comparisons related to the dis-

placement are presented hereafter. 

3.1. Ceramic Restorations 

The patterns of stress distribution on both ceramic restorations were similar and are 

shown in Figure 4a. The inlay model presented the highest values of effective stress. Nev-

ertheless, the highest values appeared in the areas that were in direct contact with the 

loading body in the occlusal surfaces of both models. The mean von Mises stress was 17 ± 

12 MPa, ranging from 1.4 to 181.5 MPa. Statistical descriptive results of the von Mises and 

maximum shear stresses are presented in Table 4. 
  

Figure 3. Band plot of the displacement magnitude (m) over the ceramic restorations for the two
models, inlay (left) and onlay (right), with non-matching color scales.

The magnitude of the displacement for the remaining components of both restora-
tion models had similar behavior and, therefore, no further comparisons related to the
displacement are presented hereafter.

3.1. Ceramic Restorations

The patterns of stress distribution on both ceramic restorations were similar and
are shown in Figure 4a. The inlay model presented the highest values of effective stress.
Nevertheless, the highest values appeared in the areas that were in direct contact with
the loading body in the occlusal surfaces of both models. The mean von Mises stress was
17 ± 12 MPa, ranging from 1.4 to 181.5 MPa. Statistical descriptive results of the von Mises
and maximum shear stresses are presented in Table 4.

Figure 4b shows the histogram of the material level loading distribution for both
restorations, i.e., on the inlay and onlay geometries. The geometry that had a greater
percentage of material loaded within the range of 5–20 MPa was the onlay, whereas for
loading levels higher than 20 MPa, the inlay had a greater percentage of material.
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Table 4. Statistical description of the stress distributions for the ceramic restorations.

Aver. SD Min. 1st Quart. Median 3rd Quart. Max.

Von Mises (MPa)
Inlay 17.73 12.80 1.39 6.84 16.62 25.30 181.47
Onlay 17.00 12.20 1.43 7.14 14.86 24.14 171.02

(Inlay − Onlay)/Onlay (%) 4.42 4.94 −2.77 −4.25 11.86 4.82 6.11

Maximum Shear
(MPa)

Inlay 9.75 6.96 0.76 3.79 9.23 13.77 102.23
Onlay 9.314 6.63 0.81 3.95 8.23 13.08 94.28

(Inlay − Onlay)/Onlay (%) 4.68 4.91 −5.28 −3.94 12.08 5.24 8.34
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3.2. Resin Cement Adhesive

The von Mises stress distributions in the resin cement adhesives are shown in Figure 5a.
The adhesive of the inlay model presented the highest values of effective stress, and the
area where the highest values were encountered was placed on the buccal side. The mean
von Mises stress was 9.93 ± 6.86 MPa, ranging from 0.59 to 33.28 MPa. The descriptive
statistical results of this stress and the maximum shear stress are presented in Table 5 for
both restorations. Figure 5b shows the histogram of the adhesive level loading distribution
for both restorations. Once more, the geometry that had a greater percentage of material
loaded within the range of 5–10 MPa was the onlay, whereas for loading levels higher than
27.5 MPa, the inlay had a greater percentage of material.
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Table 5. Statistical description of the stress distributions for the resin cement adhesives.

Aver. SD Min. 1st Quart. Median 3rd Quart. Max.

Von Mises (MPa)
Inlay 9.93 6.86 0.59 4.10 8.38 14.61 33.28
Onlay 9.53 5.94 0.44 4.47 8.23 13.82 32.08

(Inlay − Onlay)/Onlay (%) 4.20 15.49 32.34 −8.17 1.83 5.70 3.73

Maximum Shear
(MPa)

Inlay 5.59 3.86 0.31 2.32 4.75 8.13 18.82
Onlay 5.35 3.33 0.24 2.52 4.64 7.69 17.90

(Inlay − Onlay)/Onlay (%) 4.52 16.09 27.25 −7.87 2.41 5.73 5.12

The total percentage of adhesive material that was loaded behind 27.5 MPa was 0.42%
in the onlay geometry and 2.5% in the inlay restoration, which meant that at this level of
loading, the variation of material between the two restorations was about 83.4%.

Analysis of the solicitation level over the two “bed” geometries was also assured
by comparing the von Mises and maximum shear stresses through the two restorations.
Table 6 shows the descriptive values and the percentage of variation of the results between
the two “bed” geometries.

Table 6. Statistical description of the stress distributions for the “bed” resin cement adhesives.

Aver. SD Min. 1st Quart. Median 3rd Quart. Max.

Von Mises (MPa)
Inlay 8.73 5.25 0.98 3.99 7.76 13.23 28.73
Onlay 8.78 5.17 1.03 4.04 7.73 13.17 27.72

(Inlay − Onlay)/Onlay (%) −0.49 1.57 −4.71 −1.03 0.30 0.46 3.64

Maximum Shear
(MPa)

Inlay 4.84 2.83 0.54 2.27 4.36 7.26 14.84
Onlay 4.86 2.79 0.58 2.30 4.35 7.24 14.38

(Inlay − Onlay)/Onlay (%) −0.51 1.75 −5.80 −1.08 0.17 0.28 3.18

Interestingly, because the bed geometries had the same node numbers in both geome-
tries, resulting in 31,386 samples for each, it was possible to perform a paired samples t-test
for all values, and the results are presented in Table 7.

Table 7. Paired differences in the results between pairs of models and statistical analysis with a paired samples t-test,
with confidence intervals for the difference for the “bed” resin cement adhesives.

Inlay–Onlay Mean SD SDE Mean 95% CI p-Value

Displacement Magnitude (µm) −0.129 0.022 0.000124 [−0.12925; −0.12876] <0.001
Stresses (MPa)

Von Mises −0.0428 0.3299 0.0019 [−0.04640; −0.03911] <0.001
First principal stress −0.0429 0.2292 0.0013 [−0.04553; −0.04046] <0.001

Second principal stress −0.0036 0.1749 0.0009 [−0.00553; −0.00166] <0.001
Third principal stress 0.0067 0.4103 0.0023 [0.002150; −0.01123] 0.004

Maximum shear −0.0248 0.1770 0.0009 [−0.02680; −0.02288] <0.001

In the inlay restoration, the magnitude of displacements was, on average, 26.05 ± 2.96 µm,
and in the onlay model it was 26.18 ± 2.98 µm. The mean difference between the two
models was statistically different, with statistical significance t(2, 31385) = −1036.407,
p < 0.001. The variation of the different mean stresses between the two models showed
similar behavior (i.e., the onlay model had the highest values, except for the second
principal stress).
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3.3. Enamel

The von Mises stress distribution in the onlay enamel is shown in Figure 6a. The von
Mises stresses distribution in the inlay restoration enamel was similar to those presented
here, and the maximum values also appeared in the same region. Still, the inlay model
presented the highest maximum values. The descriptive statistical results of this stress and
the maximum shear stress are presented in Table 8 for both restorations. Figure 5b shows
the histogram of the enamel-level loading distributions. The geometry that had a greater
percentage of material loaded behind 37 MPa was the onlay, whereas for loading levels
smaller than 20 MPa, the inlay had a greater percentage of material.
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Table 8. Statistical description of the stress distributions for the enamel restorations.

Aver. SD Min. 1st Quart. Median 3rd Quart. Max.

Von Mises (MPa)
Inlay 26.15 21.40 2.23 13.48 23.56 32.98 1179.40
Onlay 26.51 15.66 3.52 14.86 24.84 34.31 388.175

(Inlay − Onlay)/Onlay (%) −1.37 38.82 −36.75 −9.27 −5.14 −3.89 203.83

Maximum Shear
(MPa)

Inlay 14.46 12.24 1.17 7.29 12.97 18.19 660.03
Onlay 14.68 8.804 2.03 8.18 13.69 18.93 223.02

(Inlay − Onlay)/Onlay (%) −1.51 39.04 −42.42 −10.81 −5.29 −3.93 195.95

3.4. Dentin

The von Mises stress distribution in the dentin of the onlay restoration is shown in
Figure 7a. The stress distribution for the inlay restoration dentin was similar, and the main
difference was only related to the maximum value, being 167.0 MPa in the onlay model
and 175.9 MPa in the inlay model. Figure 7a also shows the von Mises stress distribution
in the “bed” dentin. This geometry is placed below the cohesive elements presented in
Figure 2b, but it also creates part of the dentin body. The descriptive statistical results of
the main stresses are presented in Table 9 for both restorations.
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Table 9. Statistical description of the stress distributions for the “bed” geometry at the dentin of both restorations.

Aver. SD Min. 1st Quart. Median 3rd Quart. Max.

Von Mises (MPa)
Inlay 9.90 5.44 1.53 5.23 9.15 13.98 28.05
Onlay 9.92 5.42 1.67 5.28 9.11 13.99 27.88

(Inlay − Onlay)/Onlay (%) −0.18 0.35 −8.11 −0.92 0.41 0.01 0.56

Maximum Shear
(MPa)

Inlay 5.42 2.87 0.88 2.97 5.09 7.54 15.19
Onlay 5.43 2.86 0.96 2.99 5.08 7.54 15.11

(Inlay − Onlay)/Onlay (%) −0.22 0.42 −8.03 −0.79 0.25 −0.01 0.57

The “bed” geometry had the same number of nodes in both restorations, resulting in
a total of 26,986 samples for each. Hence, it was possible to perform a paired samples t-test
for all values, and the results are presented in Table 10.

Table 10. Paired differences in the results between pairs of models. Statistical analysis with a paired samples t-test,
with confidence intervals for the difference for the “bed” dentin.

Inlay–Onlay (MPa) Mean SD SDE Mean 95% CI p Value

Von Mises −0.0174 0.1891 0.0012 [−0.01963; −0.01511] <0.001
First principal stress −0.0336 0.1201 0.0007 [−0.03506; −0.03220] <0.001

Second principal stress 0.0038 0.0812 0.0005 [0.002808; 0.004745] <0.001
Third principal stress −0.0096 0.2076 0.0013 [−0.01208; −0.00712] <0.001

Maximum shear −0.0120 0.0987 0.0006 [−0.01319; −0.01084] <0.001

3.5. CZM

The results presented in this section were obtained with the assumption that the adhe-
sive resin cement had a yield stress of 21 MPa and plastic bilinear behavior, with an isotropic
strain hardening modulus of 770 MPa and rupture stress of about 37 MPa. The adhesive
resin cement’s yield point was about 1.24 times the tension failure strength of the inter-
face. This value can be considered small when the interest is adhesion enhancement [39].
Nevertheless, the only information available showed a similar magnitude [40].

Figure 8a shows the von Mises stress distribution in the “bed” adhesive resin of each
restoration. The main difference was related to the maximum value, being 211.4 MPa in
the inlay model and 204.7 MPa in the onlay model. Note that because the assumption of
automatic rupture at the lowest stress–strain point was used, the deformed configurations
of both “beds” showed damaged areas without finite elements. Figure 8b shows the von
Mises boxplot and the maximum shear stresses at the “beds” without showing the outliers.
These outliers were a consequence of the automatic rupture assumption, leading to higher
concentration stresses around the zones where finite elements were removed. Therefore,
their maximum values were about 100 times higher than the mean value. The descriptive
statistical results of these values are presented in Table 11.

The values presented in Table 11 show that descriptive statistics of both adhesive resin
cement beds were quite similar, with the higher variations appearing in the SD, in the first
quartile and the maximum values. Other statistical measures that give information about
the location and variability of a data set are skewness and kurtosis. These two parameters
showed variations to the order of 1.84% and 3.75% for the von Mises stress and 1.76 and
3.48 for the maximum shear stress, respectively.
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Table 11. Statistical description of the stress distributions for the “bed” geometry at the adhesive resin cement.

Aver. SD Min. 1st Quart. Median 3rd Quart. Max.

Von Mises
(MPa)

Inlay 3.67 7.37 0.110 1.27 2.62 3.83 211.39
Onlay 3.69 7.30 0.106 1.37 2.64 3.85 204.71

(Inlay − Onlay)/Onlay (%) −0.53 1.02 3.78 −6.89 −0.76 −0.33 3.26

Maximum
Shear (MPa)

Inlay 2.05 4.12 0.06 0.71 1.44 2.14 122.04
Onlay 2.06 4.08 0.06 0.76 1.45 2.14 118.15

(Inlay − Onlay)/Onlay (%) −0.53 1.01 0.00 −6.82 −0.77 −0.21 3.29

4. Discussion

The present study focused on evaluating the stress patterns associated with the cavity
design of the first maxillary premolar restored with indirect ceramic onlay or inlay ge-
ometries when subjected to oblique loading. Two models were compared, one featuring
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an inlay restoration and the other an onlay restoration, with both restorations having the
same geometry for the cervical cavity. Though some finite element studies addressing the
biomechanical behavior of the cavity design on teeth restored with inlay or onlay ceramics
have been published [19,22,41–44], the work presented here is, to our knowledge, the first
nonlinear analysis presenting the results of damage analysis.

The study’s results seem to indicate that the highest fracture resistance of one restored
tooth should be achieved with the onlay cavity restorations. This idea is supported by
the nonlinear analysis results, which showed a variation in the maximum load supported
by the inlay that was about 17.9% smaller than that supported by the onlay restoration.
The similarity of these results with those experimentally reported by Bresser et al. [45] and
Kassis et al. [2] contributes to the proximity of the FEM results and those reported in exper-
imental studies. Regarding the experimental results, the assumption that the preparation
design influences the fracture strength of ceramic restorations was also valid, and the onlay
restorations were significantly stronger than the inlay restorations. Nevertheless, these
results contradict other experiments wherein the load cell placement was directly axial to
the tooth [3,46–48]. In the Bresser et al. [45] experiments, the samples were mounted in a
metal base at 15◦ with the load cell, which was placed at the fossa of the supporting buccal
cusp. In the work of Kassis et al. [2], the load cell was oriented on the center of the occlusal
surface at 30◦ relative to the tooth’s long axis. An oblique force relative to the tooth axis
will produce normal, shear and bending moment efforts. This might explain why the inlay
restorations presented lower fracture strengths under oblique solicitations than the onlay
restorations. Nevertheless, premolar teeth are subjected to functional and parafunctional
forces of different magnitudes and directions [13,19], and the generality of studies agrees
that oblique loads are responsible for higher stress levels than compressive loads.

In this numerical study, an oblique load of 500 N was applied to both tooth cusps,
mimicking the lateral force that is directed buccolingually during masticatory move-
ments [42]. Even though the magnitude of the force is about twice the biting force at
occlusion during chewing [49], this value allows for the identification of higher levels
of stress and, therefore, simulates extreme conditions that might lead to tooth damage.
Moreover, Tortopidis et al. [50] measured a maximum biting force of 580 N in healthy
people’s posterior areas. Besides the tooth loading level, the restorative procedure has
been identified as another parameter influencing the stress and strain levels of restored
teeth [19,20,35,38,41,43,51]. All researchers reported that teeth with onlay restorations
appear more resistant to fracture than those with inlay restorations. In our study, the von
Mises stress distributions for both restorations’ dentin and their corresponding statistical
descriptions were very similar. The main differences appeared only in the maximum
values; the inlay restoration showed a maximum von Mises stress 5% higher than the
onlay restoration. Furthermore, the paired samples t-test performed over the two dentin
“bed” geometries showed statistically significant differences between the onlay and inlay
results for all stress components (i.e., for von Mises (vM), all three principal stresses and
the maximum shear stress (MS)). Similar behavior was also observed in the results of the
paired samples t-test for both cohesive zone models of the “bed” dentin, with statistically
significant differences between the onlay and inlay results for all stress components except
for the second principal stresses (p = 0.683).

The other tooth component that plays an important role in the longevity of tooth
restoration is the enamel. The literature is rich in reports showing that secondary caries
and tooth fractures are the two main factors for teeth failures [52]. Because the activation
of dental caries starts with enamel demineralization [53,54], it is important to avoid stress
hot spots on the enamel walls that remain in the restoration. Some works have been
reporting that enamel is composed of prisms that are often perpendicular to the enamel–
dentin junction [12,55] and can be fractured if the forces are not parallel to this direction.
Hence, although the results reported in Section 3.3 showed that the vM stress distributions
were quite similar for both enamel geometries, the inlay enamel geometry presented
the highest maximum value. This result could be related to the fracture pattern of the
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pressable glass ceramic inlays group reported by Wafaie et al. [3], where the complete
fracture of specimens was attributed to the alteration of the enamel point where the
stress concentration appeared. They also reported that in cyclic fatigue tests of the inlay
restorations, the crack initiation started at the cement interface. This behavior can also be
associated with the results presented in Figure 5, showing the vM stress distributions and
their corresponding histograms. It is possible to conclude that the onlay adhesive is less
loaded than the inlay restoration adhesive and, hence, is less prone to crack initiations.
The results presented in Figure 4 also show that cusp reduction could be suggested to the
lower stress values in the restorative materials.

This work addressed some challenges in the definition of restoration–adhesive–dentin
interfaces, allowing the inclusion of CZM to perform strength prediction of the adhesive
joint. The first challenge is related to the structured mesh necessary to generate bidimen-
sional cohesive interface elements, and the second is the mechanical properties needed
to define the traction–separation laws, critical values of toughness in tension and shear,
as well as the cohesive strengths in tension and shear. Hence, the definition of values
different from those presented here might lead to different CZM results. Moreover, cohe-
sive finite elements should be extended to all surfaces of the adhesive interface to ensure
the appearance of possible damage. Another limitation of this work is related to both
cavities’ dimensions; namely, the palatal cusp of the onlay restoration needs more restora-
tive material to assure the manufacturer’s recommendations. Nevertheless, increasing
the restorative palatal cusp dimensions contributes to improving the fracture resistance of
onlay restorations [43]. Therefore, accounting for that variation can amplify the magnitude
of the results presented here.

The are other physical factors not accounted for in this finite element study, such as
the use of a rubber dam during the bonding procedures, which can affect the mechanical
properties of the adhesion, and the level of edentulism, which can change the chewing
cinematic and therefore the intensity and direction of the loads.

5. Conclusions

Within the limitations of the present study and those of finite element analysis, it is
possible to conclude that cusp reductions could be recommended to reduce the stress
values in the dental tissues and restorative material. The damage analysis showed that the
initiation of damage appeared in the adhesive resin cement for both restorations. Neverthe-
less, the onlay restoration appeared to contribute to a more homogeneous distribution of
strains; therefore, in the damage analysis, it supported a load that was about 18% higher.
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