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Objective: To study the mechanical behavior of endodontically-treated teeth with mini-
mally invasive endodontic access cavities and resin composite restorations under different
bonding conditions using finite element analysis (FEA).

Methods: Four Class-II endodontic access cavities including the mesio-occlusal minimally-
invasive (MO-MIE), mesio-occlusal conventional (MO-CONV), disto-occlusal minimally-in-
vasive (DO-MIE), and disto-occlusal conventional (DO-CONV) cavities were prepared in 3D-
printed maxillary first molars. Each tooth was subjected to root canal preparation and
scanned using micro-CT to provide a 3D structural model which was virtually restored with
resin composite. An intact 3D-printed molar was used as control. FEA was conducted under
a 250-N vertical load. Three different interfacial bonding conditions between dentin/en-
amel and resin composite were considered, i.e. fully bonded, partially debonded, and fully
debonded. The maximum principal stress of dentin and the normal tensile stress at
the interfaces were recorded. The risk factor of failure for each component was then
calculated.

Results: In the fully-bonded tooth, the dentin-composite interface showed significantly
higher stress and a higher risk factor than dentin, indicating that debonding at the dentin-
composite interface would occur prior to dentin fracture. With the dentin-composite in-
terface debonded, the enamel-composite interface exhibited higher stress and a higher risk
factor than dentin, indicating that debonding at the enamel-composite interface would
occur next, also prior to dentin fracture. With the resin composite fully debonded from the
tooth, stress in dentin increased significantly. Irrespective of the bonding status, the CONV
groups exhibited higher median stresses in dentin than the MIE groups.
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Significance: Within the limitation of this study, it was shown that debonding of the resin
composite restoration increased the stress in dentin and hence the risk of dentin fracture
in endodontically-restored teeth. Minimally-invasive access cavities could better safeguard
the fracture resistance of interproximally-restored teeth compared to conventional ones.

© 2021 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Caries is one of the most common etiologies of pulpal dis-
eases [1]. To eliminate bacteria and inflamed tissues from the
root canal system, an access cavity is required to provide
access for endodontic instruments and irrigants. When caries
is extensive and involves the proximal marginal ridges, a
Class-II cavity is required together with the access cavity
[2,3]. The loss of tooth structure has proved to make a tooth
less resistant to fracture under high occlusal forces [4,5].
Hence, there is a common consensus that the extent of
dentin removal should be minimized to achieve the goals of
endodontic treatment [6,7].

Conventional endodontic access cavities require removing
the entire pulp chamber roof and establishing straight-line
access to the canal orifices [8,9]. However, with the adoption
of magnification and the development of heat-treated NiTi
instruments, the root canal system can be mechanically
treated with smaller access cavities [10,11]. Though con-
troversial, it has been reported that using smaller access
cavities would not compromise the efficacy of infection
control of the root canal system [10,12].

Another clinical problem with endodontically-treated
teeth is the failure of resin composite restorations, more
specifically, debonding [13]. This may lead to coronal leakage,
marginal discoloration and secondary caries [14,15]. De-
bonding could be caused by polymerization shrinkage of the
resin composite, aging and degradation of the restorative
materials, contamination of the gingival walls, among others,
especially in Class-II restorations [2,3,16,17]. The effect of
debonding of the resin composite restoration on the fracture
resistance of endodontically-treated teeth has seldom been
considered, especially those with minimally invasive access
cavities [18-23].

As a computational technique for evaluating stress dis-
tributions, finite element analysis (FEA) has been widely used
in dentistry modeling the mechanical behavior of dental re-
storations of different materials or structural designs [2,3]. It
allows one to focus on the effect of a particular factor in the
absence of confounding issues that may occur during in vivo
or in vitro studies [24]. Moreover, with the help of 3D imaging
techniques such as micro-computed tomography (micro-CT),
the mechanical behavior of complex tooth structures could
be analyzed with anatomically accurate models [25,26]. Thus,
the effect of both cavity designs and bonding conditions of
the resin composite could be fully simulated through FEA,
which would help us better understand the mechanical be-
havior and failure of endodontically-treated teeth.

Hence, this study aimed to investigate the influence of
endodontic access cavity design on the mechanical behavior
of endodontically-treated teeth, comparing conventional and

minimally-invasive access cavities, using FEA. The bonding
condition of the dentin-composite and enamel-composite
interfaces and the involvement of the marginal ridge (mesial
or distal) were also considered.

2. Materials and methods
2.1. Designs of access cavities

Four different designs of access cavities were prepared in
identical 3D-printed maxillary first molars (#3-01, Dental
Engineering Laboratories, Santa Barbara, CA, USA) by an ex-
perienced endodontist as follows (Fig. 1a):

- MO-MIE: a Class-II mesio-occlusal restorative cavity with a
minimally-invasive endodontic access cavity,

— MO-CONV: a Class-II mesio-occlusal restorative cavity
with a conventional endodontic access cavity,

— DO-MIE: a Class-II disto-occlusal restorative cavity with a
minimally-invasive endodontic access cavity, and

- DO-CONV: a Class-II disto-occlusal restorative cavity with
a conventional endodontic access cavity.

The conventional access cavity followed the classical
principles of a straight-line access and complete removal of
the pulp chamber roof. For the minimally-invasive access
cavity, an opening was created until all the canal orifices
could be seen under the microscope, no additional tooth
structure was removed to provide a straight-line access. The
pulp chamber was partially unroofed. The root canals were
then sequentially prepared to apical sizes of #30.04 in the
buccal canals, #25.04 in the mesiolingual canal and #40.04 in
the palatal canal using Vortex Blue instruments (Dentsply
Tulsa Dental, Tulsa, OK, USA). All the procedures were per-
formed under approximately 8X magnification (Global, USA).
An intact 3D-printed molar was used as control.

2.2. Finite element models

The prepared 3D-printed teeth were scanned using a micro-
CT scanner (HMX-XT 225, Nikon Metrology Inc., Brighton, MI,
USA) with a 0.5-mm thick aluminum filter. The following
scanning parameters were used: 20-pm isotropic resolution,
115-kV accelerating voltage, 90-pA beam current, 720 projec-
tions, 4 frames/projection, and 708-ms exposure time. 3D
spatial reconstruction of the teeth was performed using CT
Pro 3D XT 3.1.11 (Nikon Metrology Inc., Brighton, MI, USA)
and visualized using VGSTUDIO MAX 3.1 (Volume Graphics
GmbH, Heidelberg, Germany). The whole structure was seg-
mented into the different components, i.e. enamel, dentin,
the pulp chamber and root canal systems, based on their
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Fig. 1 - (a) Different designs of access cavities. (b) A reconstructed sample model with cortical bone and cancellous bone
around the tooth. (c) The 250-N vertical load applied through a hemisphere in the FEA.

different densities or gray values in the images. The thick-
ness of enamel was ~2.5 mm at the cusps and ~0.5 mm at the
cementoenamel junction in accordance with human max-
illary first molars [27,28]. 3D structural models (Fig. 1b) were
subsequently created using the software Mimics Research
19.0 and 3-Matic Research 11.0 (Materialise HQ, Leuven, Bel-
gium). All the cavities were virtually restored with resin
composites which were generated by subtracting the models
with access cavities from the intact one. Supporting struc-
tures including the periodontal ligament, lamina dura, cor-
tical bone and cancellous bone were virtually constructed
around the tooth roots based on their actual anatomy
(Fig. 1b). The thickness of the cortical bone was 2 mm while
the distance between the cortical bone and the cementoe-
namel junction was ~3mm, assuming normal periodontal
conditions.

2.3. FEA

The Abaqus software (SIMULIA, Dassault Systémes, Johnston,
RI, USA) was used to perform the stress analysis. All the
materials were considered homogeneous, linearly elastic and
isotropic. The Young’s moduli and Poisson’s ratios were as-
signed according to values from the literature (Table 1). Each

Table 1 - Material properties used in FEA.

Material Young’s Poisson’s

modulus (GPa) ratio

Enamel [39] 84.1 0.3

Dentin [40] 18.6 0.3

Resin composite [41] 12 0.3

Periodontal 0.0689 0.45

ligament [42]
Cortical bone [43] 13.7 0.34

Cancellous bone [43] 1.37 0.3

model was meshed with isoparametric tetrahedral elements
and verified by a convergence test with increasing mesh
density. The numbers of elements and nodes were, respec-
tively, 359840 and 82272 for the control, 359046 and 82437 for
MO-MIE, 363050 and 84071 for MO-CONV, 371367 and 84583
for DO-MIE, and 360652 and 82932 for DO-CONV. All the re-
gions were assumed to be fully tied to each other to begin
with. Three different interfacial bonding conditions between
dentin/enamel and the resin composite were then explored:

— Fully bonded: the resin composite was fully bonded to
both dentin and enamel.

- Partially debonded: the resin composite was debonded
from dentin but not from enamel. The surface-to-surface
interaction between dentin and composite was set as
frictionless, while enamel and the resin composite re-
mained fully tied to each other.

- Fully debonded: the resin composite was debonded from
both dentin and enamel. The surface-to-surface interac-
tion between dentin/enamel and the resin composite was
set as frictionless.

A 250-N compressive load was applied vertically by des-
cending a 3-mm-diameter loading sphere onto the central
fossa of each tooth model to simulate a typical biting force
[29] (Fig. 1c). The frictional coefficient between the sphere
and the tooth was set at 0.3. The mesial and distal surfaces of
the cortical bone were fully constrained while those of the
cancellous bone were constrained in only the mesial-distal
direction. The distribution of the maximum principal stress
(MPS) was determined for each model. Cuspal flexure of the
models in the buccopalatal direction was also plotted. The
peak and median MPS values for dentin and the normal
tensile stress at the dentin-composite and enamel-composite
interfaces were then calculated.
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Fig. 2 - Distributions of MPS (MPa) on the occlusal surfaces of different models with different bonding conditions.

2.4. Risk factor calculation

The risk factor of a structure is defined as the ratio of the
failure-causing stress in the structure to the strength of the
material it is made of [30,31]. It indicates the risk of failure of
the structure under a certain load. A risk factor lower than 1
means that the stress is at an allowable level. If the risk factor
is greater than 1, the structure is likely to fail. The risk factors
of dentin, the dentin-composite interface, and the enamel-
composite interface were calculated for each model. Their
respective strengths were 114 MPa, 10.6 MPa and 15.6 MPa
according to the literature [32-35].

3. Results
3.1. Stress distributions of fully-bonded teeth

In the fully-bonded teeth, the MPS concentrated around the
loading point on the occlusal enamel surface (Fig. 2), with the
intact tooth having the smallest stress concentration area.
The stress concentration areas in the teeth with the CONV
design were larger than those in the teeth with the MIE de-
sign for both MO and DO cavities. In the DO-CONV tooth, the
stress concentration (~5MPa) extended to the mesial-palatal
cusp (Fig. 2). The same region in the teeth with the DO-MIE or
MO cavity had lower stresses.

Within the coronal and root dentin, the peak MPS of the
DO models was lower than that of the MO models (Fig. 3 and
Table 2). The median MPS of the two teeth with the MIE de-
sign was slightly lower than that of the CONV teeth.

At the dentin-composite interface, normal tensile stresses
of 0.5-8 MPa were found at the buccal and lingual walls of the
proximal cavities in all the models (Fig. 4). The peak normal
tensile stress at the interface (Table 3) was significantly
higher than the peak MPS of dentin (Table 2) in all the
models. The teeth with the MO cavity showed higher median
interfacial stresses than the median MPS in dentin, while
those with the DO cavity showed similar median interfacial
stresses as the median MPS in dentin. The teeth with the DO
cavity had lower peak and median interfacial stresses than
those with the MO cavity (Table 3). The median stresses of
the teeth with the MIE design were lower than those with the
CONV design.

The risk factors of the dentin-composite interfaces of all the
models were much higher than those of dentin (Table 4), in-
dicating that debonding of the dentin-composite interface would
occur prior to the fracture of dentin. Among the four models,
those with the MO cavity showed higher risk factors at the
dentin-composite interface than those with the DO cavity.

3.2 Stress distributions of partially-debonded teeth

With the dentin-composite interface debonded, the peak MPS
of all the models was still found around the loading point on
the occlusal enamel surface (Fig. 2). Again, there were larger
stress concentration areas with the CONV design than with
the MIE design. Compared with the fully-bonded teeth, the
partially-debonded CONV models showed more extended
stress concentration regions towards the palatal side and
cervical dentin while the partially-debonded MIE models
showed similar stress concentration regions (Fig. 2).
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Fig. 3 - (a) Cutting plane of the tooth to reveal dentin stresses. (b) Distributions of MPS (MPa) of different models under

different bonding conditions from sectional views.

The peak MPS of coronal dentin increased significantly in
all the models (Fig. 3 and Table 2). There was a slight increase
in the median MPS of coronal and root dentin (Fig. 5 and
Table 2). The CONV models exhibited higher peak and
median MPS in both coronal and root dentin than the corre-
sponding MIE models.

Since the resin composite was debonded from dentin,
there was zero interfacial normal tensile stress at the dentin-

composite interface (Fig. 4). The normal tensile stresses at
the enamel-composite interface (Table 3) were significantly
higher than the MPS of dentin (Table 2).

The risk factors of the enamel-composite interface were
higher than those of dentin, indicating that failure of the
enamel-composite interface would occur next, prior to dentin
fracture (Table 4).

Table 2 - Peak and median values of MPS of dentin (MPa).

Intact MO-MIE MO-CONV DO-MIE DO-CONV
Fully bonded Peak 1.98 2.79 2.79 1.8 2.69
Coronal dentin Median 0.19 0.21 0.25 0.2 0.31
Partially debonded Peak - 6.49 39.87 3.44 5.37
Median - 0.21 0.3 0.21 0.36
Fully debonded Peak - 20.77 17.32 3.24 10.91
Median - 0.32 0.51 0.25 0.8
Root dentin Fully bonded Peak 2.11 3.11 2.79 1.8 1.69
Median 0.09 0.11 0.13 0.09 0.1
Partially debonded Peak - 2.07 3.61 1.92 2.53
Median - 0.12 0.17 0.1 0.15
Fully debonded Peak - 5.75 7.31 1.75 6.27
Median - 0.18 0.21 0.1 0.21
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Fig. 4 - (a) Cutting plane of tooth to reveal interfacial stresses. (b) Distributions of interfacial normal stress (MPa) from buccal
and palatal sides of the fully-bonded and partially-debonded teeth.

Table 3 - Peak and median values of the normal tensile stress at the interfaces (MPa).

MO-MIE MO-CONV DO-MIE DO-CONV
Dentin-composite interface Fully bonded Peak 6.54 4.54 3.82 2.92
Median 0.37 0.58 0.2 0.31
Enamel-composite interface Partially debonded Peak 57.47 285.04 13.02 49.54
Median 2.59 4.75 0.67 2.36

3.3. Stress distributions of fully-debonded teeth

With the resin composite fully debonded from both enamel
and dentin, more extensive stress concentrations could be
seen in the CONV models than in the fully-bonded and par-
tially debonded models (Fig. 2). In contrast, the MIE models
did not show such changes under the different bonding
conditions. There was a discontinuity in the stress distribu-
tion across the enamel-composite interface due to complete
debonding of the resin composite in the CONV models. A
tensile stress concentration of ~8 MPa extended mesial-dis-
tally along the central groove to the opposite marginal ridge

of the CONV models. The buccal surface of the MO-CONV
cavity and the lingual surface of the DO-CONV cavity also
contained tensile stress concentrations of ~6 MPa.

Within the coronal and root dentin, there was a further
increase in the peak and median values of MPS in all the
models (Table 2, Fig. 5). More extensive stress concentration
area could be seen on the lateral walls of the pulp chamber
and the gingival walls of the cavities compared with the fully-
bonded and partially-debonded models (Fig. 3). The CONV
models had a higher MPS in the coronal dentin than the MIE
models. The DO-MIE model exhibited the lowest peak and
median MPS in both the coronal and root dentin.

Table 4 - Risk factors of all groups under different bonding conditions.

Intact MO-MIE MO-CONV DO-MIE DO-CONV
Fully bonded Dentin 0.02 0.02 0.02 0.02 0.02
Dentin-composite interface — 0.62 0.43 0.36 0.28
Partially debonded Dentin - 0.06 0.35 0.03 0.05
Enamel-composite interface - 3.7 20.00 0.83 3.23
Fully debonded Dentin - 0.18 0.15 0.03 0.10
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Fig. 6 — Cuspal flexure (mm) of different models under different bonding conditions in the buccopalatal direction from

sectional views.

The cuspal flexure in the buccopalatal direction of each
model increased significantly compared with that of the
fully-bonded or partially-debonded models, explaining the
significant increase of tensile stresses in dentin through
bending of the cusps after debonding (Fig. 6).

The risk factors of the MO models were higher than those
of the DO models (Table 4). The DO-MIE model had the lowest
risk factor, which indicated that it would be the last one to
fracture following debonding.

4, Discussion

Cracks and fractures may occur in restored teeth with en-
dodontic treatments [36,37]. Many FEA studies have at-
tempted to understand the fracture of these teeth by focusing
on the stress concentrations in dentin [18-23]|. However, few
studies have considered the role of debonding of the dentin-
composite interface or enamel-composite interface, some-
thing that is not uncommon to see clinically [14,15], in the
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fracture process. In some cases, debonding occurs at the
pulpal floor or gingival wall of the interproximal cavity,
making it difficult to detect [13]. Regardless, debonding of the
restoration would alter the stress distribution within the
tooth. Thus, it is important to investigate its influence on the
occurrence of cracks and cuspal flexure in endodontically-
treated teeth. To address this problem, this study used FEA to
analyze different access cavity preparation designs con-
sidering different interfacial bonding conditions. This non-
destructive method can reveal the most vulnerable regions
and highlight other contributing factors [38].

The risk of dentin fracture was evaluated using the peak
and median values of the MPS while the risk of interfacial
debonding was evaluated using the interfacial normal tensile
stresses. Dentin is a brittle material that is weaker under
tensile stresses than under compressive stresses. Thus, the
MPS is the most significant parameter in evaluating the
possible fracture of dentin [39]. For interfaces, the interfacial
tensile stress is considered the leading cause for debonding
[39]. Thus, these stresses were used in this study to calculate
the respective risk factors, defined as the ratio between the
failure-causing stress and the material strength, to evaluate
the likelihood of failure of the components when comparing
the different designs of access cavities [30,31].

It was shown in our study that the different access cavity
designs and bonding conditions produced significantly dif-
ferent stresses and risk factors for dentin and the interfaces.

In the fully-bonded teeth, the dentin-composite interface
had a higher failure probability than dentin. This indicated
that, under normal mastication function, debonding of the
dentin-composite interface would happen before the devel-
opment of dentinal cracks. The likelihood of debonding could
be increased by several factors in a proximally-restored tooth,
such as the contamination of the gingival wall due to blood
and saliva, inadequate curing due to the attenuation of
curing light at the deep end of the cavity, polymerization
shrinkage of the resin composite, among others [13,16,17]. It
appeared that, though the resin composite could be bonded
to dentin using a dental adhesive, their interface is still the
weakest link of the whole structure [40].

It was shown in our study that the MPS of dentin in-
creased substantially after debonding at the dentin-compo-
site interface or enamel-composite interface, and the risk
factor of dentin increased accordingly. Cuspal flexure in the
buccopalatal direction also increased significantly after
complete debonding of the resin composite, explaining the
significant increase in failure-causing tensile stresses of
dentin. The bonding status of the resin composite was rarely
considered in most studies on the mechanical behavior of
restored teeth. Thus, the stresses in dentin might have been
underestimated so far. This point should be borne in mind
when studying the load capacity of restored teeth in the
future.

In the fully-debonded teeth, the CONV models showed
higher median stresses and larger stress concentration areas
in dentin than the MIE models. This indicated that minimally
invasive access cavities could better safeguard the fracture
resistance of an interproximally-restored tooth. This could be
due to the preservation of a larger volume of tooth structure,
especially tooth-strengthening structures such as the

pericervical dentin [26,41]. The stress distributions of the
CONV models were significantly altered by interfacial de-
bonding, extending mesial-distally along the central groove
to the opposite marginal ridge of the cavity. This stress path
was very similar to that of crack propagation in cracked re-
stored teeth seen clinically [42]. Thus, it could be speculated
that the mesial-distal cracks found in cracked restored teeth
were a consequence of stresses caused by debonding of the
resin composite. In contrast, the MIE models did not show
much difference in their stress distributions before and after
debonding. This indicated that minimally invasive access
cavities could minimize the adverse effects on the load ca-
pacity of a restored teeth induced by interfacial debonding.

5. Conclusion

Within the limitation of this study, it was shown that de-
bonding of resin composite restorations could increase the
stresses in dentin and hence the risk of dentin fracture in
restored teeth. Minimally invasive access cavities could
better safeguard the fracture resistance of interproximally-
restored teeth compared to more extensive conventional ac-
cess cavities.
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