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This simulation study evaluated the effect of three different  Received 25 February 2016

inlay materials (composite, glass ceramic, zirconia), cavity design Revised 6 May 2016
parameters (isthmus width and depth) and different force vectors and Accepted 26 May 2016
magnitudes on the stress distribution within mesio-occlusal-distal KEYWORDS

(MOD) inlays and the remaining enamel and dentin. The mechanical Cavity depth; cavity width;
performance of inlays was evaluated using 3-D finite element analysis finite element analysis; MOD
(FEA) method. Three different restoration materials and hard tissues inlays

of the restored tooth with different cavity depth (2-5 mm) and width
(2-4 mm) were exposed to occlusal loading with different magnitudes
from 10 to 130 kg at varying angles between 0° and 15°. The maximum
von Mises stresses were calculated for the inlays, tooth structure
and bonded surfaces. Response Surface Optimization method was
implemented into the finite element software package in order to
design cavity shapes with more favourable interfacial stresses for
bonded restorations under occlusal loading. Teeth restored with
resin composite exhibited the highest von Mises Stress, followed by
glass ceramic and zirconia. The increase in isthmus width decreased
interfacial shear stresses in zirconia MOD inlay but the increase in
cavity depth did not change the stress levels for all three materials.
According to mechanical safety factor, inlay and tooth structure
remained within the mechanical limits in three parameters (material,
magnitude of force, cavity shape) but negatively affected by the force
vector.

Introduction

Large defects in molar teeth due to caries, fracture or endodontic treatments are frequently
restored by the inlay restorations. The properties of restorative materials chosen for inlays
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should be similar to those of the original tooth structure in order to perform similar to
natural tooth under chewing forces. Various dental materials such as amalgam, alloys, resin
composite or ceramics have been used as inlay restorations but the trend is to use more
tooth-coloured restorations even in the posterior regions of the mouth.[1] From biologi-
cal perspective, tooth is composed of enamel (96% inorganic, the rest water and organic),
dentin (65-70% minerals, the rest organic), cementum (45% inorganic, 22% water and 33%
organic) and dental pulp. While enamel is stiff and wear resistant at the outermost layer of
the tooth crown, dentin is the underlying tissue occupying the major part of tooth both in
weight and volume. On the other hand, pulp is the innermost vital soft tissue containing
nerves, blood vessels, and other organic constituents and cementum is a layer of connective
tissue that binds the roots of the teeth firmly to the gums and jawbone having lower hardness
than dentin.[2] Teeth are very resilient structures that are designed to withstand the mas-
tication loads of 700 N and above.[3] In fact, the average chewing force varies between 11
and 150 N, where force peaks are 200 N in the anterior, 350 N in the posterior and 1000 N
in bruxing patients.[4] Although teeth can withstand the conditions in most oral activities,
tooth failure is still a significant concern in the field of restorative dentistry due to acidic
beverages, cold or hot liquids and masticatory mechanical loads.[2,3]

Today, new generation resin composite, ceramic and monolithic zirconia materials are
commonly used as a restoration material as they can reproduce the colour and translucency
of natural teeth.[5] Among such materials, ceramics are substantially stiffer, harder and
more wear resistant than resin composites,[6] characterized by low flexural strength and
fracture toughness.[7] Ceramic inlays are mainly composed of glass with some crystals
added to increase their strength and can be manufactured in a laboratory using a press
technique or milled chairside from prefabricated ceramic blocks with the help of comput-
er-aided design/computer-aided manufacturing (CAD/CAM) technology.[8] Despite the
major advances such as improved wear resistance, strength, aesthetics and reduced water
absorption, polymerization shrinkage and microleakage still remain unsolved problems.
[9] Recently, resin composite blocks became available for use in CAD/CAM restorations,
opening up a wider range of indications. Additional advantages of using resin composite
blocks in CAD/CAM are milling time, conservation of tooth structure and milling such
materials in thin layers.[9,10] One other material used in conjunction with CAD/CAM
systems is zirconia, a crystalline dioxide of zirconia.[5,11] Zirconia is the strongest of dental
ceramic with a flexural strength of 800-1200 MPa, fracture toughness of 6-8 MPa and com-
pression resistance of about 2000 MPa, making the material suitable for high stress-bearing
posterior restorations.[12,13]

Several factors affect the fracture resistance of the inlays, namely type of material,
fabrication technique, amount of tissue lost, type and magnitude of the occlusal load.[14,15]
Some of these parameters and their combinations could be investigated using Finite Element
Analysis (FEA).[6,7,16-23] FEA has also been used for inlay materials in order to calculate
stress distribution and determine failure risk.[24-26] Using FEA method, higher stresses
in the internal surfaces of the ceramic inlays were noted than resin composite and the
latter was recommended as it limits the stress intensity transmitted to the remaining tooth
structures.[24] Similarly, when stress distribution was compared within the gold, ceramic
and resin composite inlays and onlays, FEA method indicated higher stress concentrations
in restorations with high elastic modulus where resin composite was suggested as the best
choice of material for inlays and onlays.[25] Moreover, FE models showed lower contact
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tensile and shear stresses at the cement-tooth interface around the ceramic inlay compared
to resin composite inlay models.[26] On the contrary, one other FE study reported that
ceramic inlay models reduce tension at the dentin-adhesive interface and prevent debonding
at the dentin restoration interface compared to the resin composite inlay models.[27]

In fact, fracture resistance of any inlay material is dictated by the remaining tooth sub-
stance and the geometric design of the cavity. Fracture resistance of tooth decreases with
the increased width and depth of cavity preparation.[20] The average width of inlays is
two-thirds of the intercuspal distance of teeth [7] where wider inlay cavities receive less
stress when their cusps are protected.[28] Another FE study also showed that an inlay cavity
with a narrow isthmus had high stresses in the ceramic onlay compared to those with wider
isthmus.[29] The most crucial factor in the weakening of cusps is the cavity depth and the
width of the isthmus alone seemed to be less of importance.[30] Currently, the controversial
results are paradoxical for the clinicians to make recommendations during the selection of
the material and determination of the cavity design of the inlay restorations.

The objectives of this simulation study therefore, were to (a) investigate the effect of
three different inlay materials (composite, glass ceramic, zirconia), cavity design parameters
(isthmus width and depth) and different force vectors and magnitudes on the stress distri-
bution within mesio-occlusal-distal (MOD) inlays and the remaining enamel and dentin
and (b) determine the optimal material and cavity design combination for the MOD inlays
within mechanical safety limits of the materials. The hypotheses tested were that (a) inlay
material having higher elasticity would show better mechanical safety for bonded surfaces
between the inlay and tooth structure, (b) increased cavity width and depth would decrease
the stress distribution at interfaces and (c) increased force magnitude and angulation would
decrease the safety factor the inlay and tooth structure.

Materials and methods
Finite element analysis

A finite element (FE) model of a mandibular first molar with inlay restoration, containing
45,678 tetrahedron elements, was created from CT images of a real tooth using a FEA
(ANSYS, Inc. Canonsburg, PA, USA) (Figure 1(a—d)). Ideal adhesion was assumed between
the tooth and the restoration. Occlusal load was simulated to apply pressure onto the tooth
(Figure 2(a—-d)). Force was applied to the model as an occlusal load in different magnitudes
between 10 and 130 kg and at varying angles ranging from 0° to 15° (Figure 2(a-d)). The
assumption of linear elastic isotropic material behaviour as a potential simplification for
the complexity of FEA simulations was pursued, assuming material properties of enamel,
dentin and filling materials as isotropic and linearly elastic (Table 1). Since the pulp is much
softer than the other tissues or materials, it was excluded from the FEA model in order to
simplify the analysis.[25] Maximum shear stress distribution was calculated within enamel,
dentin, inlay material and at the surfaces between the inlay and the cavity walls.

Initially, FEA identified the most highly stressed regions within the restored tooth, inlay
and along the tooth-restoration interface. Based on these regions, response surface opti-
mization (RSO) was established.
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Figure 1. Geometry of (a) the whole model, (b) dentin, (c) enamel, (d) inlay.

Figure 2. Geometry of (a) fixed surface, (b) finite element model, (c) rotation angle, (d) point of force
applied on the model.

Table 1. Mechanical properties of tooth and inlay restoration materials.

Young modulus (GPa) Poisson’s ratio
Enamel 84 0.33
Dentin 18.6 0.31
Resin composite 20 0.35
Glass ceramic 90 0.3

Zirconia 205 0.3
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Response surface optimization

For the present work, RSO was implemented into the finite element package (ANSYS) in
order to design cavity shapes with more favourable interfacial stresses for inlay restorations
under occlusal loading. Cavity depth (2-5 mm) and width (2-4 mm), force vector (0-15°)
and force magnitude (10-130 kg) were considered as independent parameters for RSO cal-
culations. A total of 25 different simulations were made according to the orthogonal array
of four parameters, namely the depth and height of the cavity, force vector and magnitude.

Results

The highest maximum von Mises stress values were found at the interfaces for the resin
composite and the lowest for zirconia inlay according to cavity width and depth and force
magnitude parameters (Figure 3(a-c)). Interfacial shear stresses remained constant with
the increasing cavity depth, thus this parameter could be considered negligible in all three
materials. Shear stresses did not change with respect to the width in ceramic and resin
composite materials but it decreased in zirconia inlay and it decreased with decreasing
pressure in all materials.

Safety factor describes the capacity of a system to bear forces beyond the expected or
actual loads. In dentistry, factor of safety of 1.0 is commonly used for the dental structure
or materials. Values below 1, can be considered biomechanically under risk. Safety factor
calculated using RSO for the inlay, enamel and dentin in 25 different simulations indicated
that force vector was the most effective factor on mechanical safety of the dentin, enamel
and inlay (Table 2). In most simulation, safety factor of the inlay and tooth structure were
below the mechanical limits when the force were angulated. The effect of cavity depth and
width, and force magnitude showed that the increase in the cavity width did not affect the
dentin and inlay safety factors but did increase safety factor of enamel (Figure 4). Depth
of the cavity did not have any effect on the safety factor of all materials. Safety factor of the
dentin and enamel was positively affected with the increase in isthmus width. Increasing
the depth of cavity affected the safety factor of both inlay and dentin positively but not
the enamel. Decrease in force magnitude increased the safety factors of both enamel and
dentin (Figure 5). Safety factor of dentin, enamel and inlay were negatively affected with
the increased force angulation but not by the force magnitude.

Discussion

This simulation study was undertaken in order to investigate the effect of three different
inlay materials (composite, glass ceramic, zirconia), cavity design parameters (isthmus
width and depth) and different force vectors and magnitudes on the stress distribution
within MOD inlays and the remaining enamel and dentin and to suggest the optimum
material. Based on the results of this study, since zirconia presented better performance
under applied force showing reduced stress values in interfacial surfaces compared to other
restorative materials, the first hypothesis could not be accepted. The increase in isthmus
width decreased maximum interfacial shear stress values in zirconia MOD inlay but the
increase in cavity depth did not increase the shear stress in MOD inlays made of all three
materials. Thus, the second hypothesis could be partially accepted.
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Table 2. Input parameters and FEA results for orthogonal array.

Width  Height  Joint - rota- PressureZ  Dentine Enamel Filler Maximum
(mm) (mm) tion angle component safety safety safety shear stress

Case (degree) (Pa) (Pa)

1 1.25 2.50 7.50 —7.20E+06 1.15 0.01 0.20 5.51E+08
2 0.50 2.50 7.50 —7.20E+06 0.05 0.01 0.39 7.07E+08
3 2.00 2.50 7.50 —7.20E+06 0.56 0.01 0.16 5.75E+08
4 1.25 1.00 7.50 —7.20E+06 0.65 0.01 0.30 6.21E+08
5 1.25 4.00 7.50 —7.20E+06 0.37 0.01 0.34 3.22E+08
6 1.25 2.50 0.00 —7.20E+06 15.00 1.57 15.00 6.14E+06
7 1.25 2.50 15.00 —7.20E+06 0.57 0.01 0.10 1.10E+09
8 1.25 2.50 7.50 —1.34E+07 1.17 0.01 0.21 5.50E+08
9 1.25 2.50 7.50 —1.00E+06 1.14 0.01 0.20 5.51E+08
10 0.72 1.44 2.22 —1.16E+07 1.15 0.02 1.12 1.05E+09
1 1.78 1.44 2.22 —1.16E+07 0.16 0.03 1.17 1.67E+08
12 0.72 3.56 2.22 —1.16E+07 1.20 0.02 1.32 1.04E+09
13 1.78 3.56 2.22 —1.16E+07 0.17 0.03 1.63 1.32E+08
14 0.72 1.44 12.78 —1.16E+07 0.19 0.00 0.20 6.07E+09
15 1.78 1.44 12.78 —1.16E+07 0.02 0.00 0.17 1.14E+09
16 0.72 3.56 12.78 —1.16E+07 0.19 0.00 0.23 6.02E+09
17 1.78 3.56 12.78 —1.16E+07 0.03 0.01 0.28 7.75E+08
18 0.72 1.44 2.22 —2.83E+06 1.10 0.02 113 1.05E+09
19 1.78 1.44 222 —2.83E+06 0.16 0.03 1.23 1.58E+08
20 0.72 3.56 2.22 —2.83E+06 113 0.02 1.33 1.04E+09
21 1.78 3.56 2.22 —2.83E+06 0.16 0.03 1.58 1.38E+08
22 0.72 1.44 12.78 —2.83E+06 0.19 0.00 0.20 6.08E+09
23 1.78 1.44 12.78 —2.83E+06 0.03 0.01 0.22 8.93E+08
24 0.72 3.56 12.78 —2.83E+06 0.19 0.00 0.23 6.02E+09
25 1.78 3.56 12.78 —2.83E+06 0.03 0.01 0.27 7.94E+08

In dental research, FEA has been widely used to understand the mechanical behaviour
of restored teeth.[31] FEA simulations could be considered efficient with lower costs and
exhibits less risk, compared to experiments on real teeth or in patients. The method also
enables the shape optimization process. The values from FEA are presented as stresses
distributed in the structures under investigation where the results are expressed as maxi-
mum and minimum principal stresses, von Mises maximal stress.[32,33] This is associated
with the fact that the normal criterion for the most engineering analyses deals with ductile
materials such as steel and aluminium.[34] In fact, von Mises criterion is only valid for the
ductile materials with equal compressive or tensile strength. However, materials exhibiting
brittle behaviour such as ceramics, cements or resin composites present reported values of
compressive strength significantly greater than tensile strength.[35] Positive and negative
values signify that the corresponding regions are subjected to tensile or compressive stresses.
[36] Hence, it is not possible to implement the results from FEA directly to a clinical situa-
tion but it has to design the model in such a way that it mimics the real situation as closely
as possible. FEA analysis must be interpreted with a certain amount of caution. Most of the
studies to date modelled dental structures as isotropic and not orthotropic.[18,26,37] On
the other hand, FEA model represents a static situation at the moment of load application
and not an actual clinical situation. In reality, the loading of the structure is more dynamic
and cyclic. The materials of the various tooth structures were assumed to be isotropic,
homogenous and elastic, and that they remain such under applied loads. Therefore, in this
study, a non-linear elastic—plastic material model was used instead of linear model.[16]

In this simulation study, axial load between 10 and 130 kg was applied to the occlusal
surface. The load represented approximately the average of the maximum bite forces in the
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Figure 5. Sensitivity analysis of input parameters.

premolar region.[38] It should be noted that a wide range of bite force have been reported
in the literature (131-608 N), and the measured biting forces appear to be related to the
measuring method, gender and age of the individual.[4,39,40] The choice of the applied
load could affect the size and shape of the optimized cavity design.[19]

The use of different materials for restoration substantially modifies the stress distribution
in an originally healthy tooth. The difference between the elastic modulus of tooth and
restorative material may be a source of stress in the dental structures. If the stress exceeds
the yield strength of the materials, fracture of the restorative materials or the tooth may
occur. The occlusal force leaning against the tooth axis causes the structure to bend, and
the higher tensile stresses are produced. The oblique force loading on the dental structure
is the major cause of dental damage and further attention should be paid to the importance
of the occlusal adjustment. Many detrimental effects during restorative procedures are
reported due to lack of understanding of biomechanical principles underlying treatment.
[41,42] Nevertheless, the purpose of using products that have mechanical properties closer
to dentin and enamel and obtaining best resistance and retention of the restoration would
eliminate dislodgement of the restoration during occluding forces, simultaneously pro-
tecting the remaining tooth structure.[41] Typically, two mechanisms operate and cause
failure, one being the lateral excursive movements resulting in lateral cuspal movements
that generate tensile stresses along tooth restoration interface, and the other heavy forces
in centric occlusion that cause vertical deformation on the tooth leading to compressive
and shear stresses.[16] The presence of an occlusal restoration weakens the tooth structure
and increases the stresses.

In this study, the increase in isthmus width decreased maximum stress values in zirco-
nia inlay but the increase in cavity depth did not increase the shear stress in MOD inlays
made of all three materials. These findings are contradictory to a previous report where
the opposite was reported.[43] The differences in materials chosen and their mechanical
properties selected during modelling might have affected the discrepancy.
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Only bonded ceramics and resin composite address the favourable biomimetic principles
of utmost tissue conservation and aesthetics. The choice of ceramics as an enamel replace-
ment is advocated [44] and their stability relies primarily on the strength and thickness of the
material [45] along with effective bonding to the underlying dental substrate,[46] mimicking
the function of the dentino-enamel junction.[47] Also, the development of ceramics that
are stronger (such as lithium disilicate glass ceramic) but still etchable and machinable has
extended the indications for bonded ceramic restorations.[11] The performance of resin
composite resins through a superior bond between the different phases, enabling appro-
priate stress transfer were further improved after various post-polymerization procedures.
[48] Generally, resin composite materials with their low elastic modulus are expected to
better absorb functional stresses through deformation.[49] Interestingly however, in this
study, zirconia, when used as a MOD inlay material, with its high elastic modulus presented
better performance in that it transmitted less stress to enamel and dentin. This could be
explained on the grounds that the material itself absorbed the applied magnitude of load
before it was transmitted to the surrounding dental tissues. The adhesion of zirconia to
the dental tissues is not ideal, whereas in this study ideal conditions were simulated. This
aspect should be further investigated focusing on the interface between the zirconia and
enamel/dentin complex.

One study showed that increased depth and width of the cavity and lateral loading force
increases the peak stress of tooth with inlays. Similarly, present study domonstrated negative
effect of angulated force on the safety factor of both tooth and inlay.[50]

Notably, FEA simulation conditions do not simulate the intraoral conditions completely.
The restorations are subjected to cyclic loading in the mastication system and the physical
properties of the actual materials tested may change over time in the aggressive oral envi-
ronment. Thus, the results of computer simulations should be coupled with clinical findings
and the results could be used for setting indications especially for worse-case conditions
in clinical situations.

Conclusions
From this study, the following could be concluded:

(1) The increase in isthmus width decreased maximum von Misses stresses in MOD
inlays made of resin composite, ceramic and zirconia.

(2) Theincrease in cavity depth did not increase the shear stress in MOD inlays made
of all three materials.

(3) Zirconia as an inlay material presented better performance under applied force
owing to the reduced stress values in the tooth structure compared to other restor-
ative materials. Materials with lower Young Moduli created more stress to the
tooth structure.

Clinical relevance

MOD inlays made of zirconia may transmit less stress to the surrounding enamel and dentin
under 10-130-kg occlusal loading simulation. Increase in cavity depth from 2 to 5 mm may
not increase the shear stress but increase in isthmus width from 2 to 4 mm may be more
detrimental for the MOD inlays made of CAD/CAM resin composite, ceramic and zirconia.
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