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Abstract: Traumatic dental injuries (TDI) are frequent among individuals of all ages, with a prevalence
ranging from 12–22%, with crown and crown–root fractures being the most common. Fragment
reattachment using light-cured nanocomposites is the recommended method for the management
of these fractures. Though there are several clinical studies that have assessed the efficacy of such
materials, an in-silico characterization of the effects of traumatic forces on the re-attached fragments
has never been performed. Hence, this study aimed to evaluate the efficacy of various adhesive
materials in crown and crown–root reattachments through computational modelling. A full-scale
permanent maxillary anterior tooth model was developed by segmenting 3D scanned cone beam
computed tomography (CBCT) images of the pulp, root, and enamel precisely. The full-scale 3D
tooth model was then subjected to a novel numerical cutting operation to describe the crown and
crown–root fractures. The fractured tooth models were then filled computationally with three
commonly used filler (or adhesive) materials, namely flowable composite, resin cement, and resin
adhesive, and subjected to masticatory and traumatic loading conditions. The flowable composite
demonstrated a statistically significant difference and the lowest produced stresses when subjected to
masticatory loading. Resin cement demonstrated reduced stress values for crown–root fractures that
were masticatory loaded after being reattached using adhesive materials. During traumatic loading,
resin cement demonstrated lower displacements and stress values across both fractures. The novel
findings reported in this study are anticipated to assist dentists in selecting the most appropriate
adhesive materials that induce the least stress on the reattached tooth when subjected to second
trauma, for both crown and crown–root fractures.

Keywords: traumatic dental injuries; dental fractures; crown fracture; crown–root fracture;
adhesive material; finite element analysis

1. Introduction

Traumatic dental injuries have emerged as a major public health concern worldwide.
These injuries commonly occur due to fighting, falls due to playing, road accidents, falling
from a bus, medical problem, hitting a wall, being hit with a desk (school), as well as due
to physical activities [1]. Children and young adults are at high risk of suffering traumatic
dental injuries (TDIs), affecting their maxillary anterior teeth [2]. The prevalence ranges
from 14–22% globally [3–7].

It has been established that the anterior teeth, particularly maxillary central incisors
and, to a lesser extent, mandibular central incisors and maxillary lateral incisors, are
commonly affected teeth [8,9]. These teeth consist of three important structural parts, i.e.,
the structure of the enamel, dentin, and cementum, as well as the surrounding periodontal
ligaments and bone. Several studies reported different values of elastic modulus and yield
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stresses, depending on the testing method [10–13]. Previous studies [10,11] have reported
the modulus of elasticity of enamel and dentin to be within the range of approximately
10 GPa to 63 GPa and 11 GPa to 17 GPa, respectively. The ultimate yield stress of the enamel
and dentin was reported to be maximum 53 GPa and 29 GPa, respectively [14].

Depending on the varied amounts of loads applied on the teeth, different types of
tooth fractures were observed. A commonly observed fractured tooth involves either
the breakage of the crown part or the breakage of both the crown and root parts. If
the fracture line spans through the surface of tooth, then those fractures are known as
uncomplicated tooth fractures. Additionally, if the fracture line spans throughout the whole
tooth, involving the pulp, then it is categorized as a complicated tooth fracture. Crown,
crown–root, and root fractures are the common type of injuries to the hard dental tissues
and the pulp [15].

The International Association of Dental Traumatology [16] has recommended frag-
ment reattachment as the treatment of choice for complicated and uncomplicated crown
fractures and as an intermediatory procedure in crown–root fractures. Tooth fragment
reattachment treatment is not only the most conservative alternative, but it also has sev-
eral advantages over several conventional treatments. Multiple reports have shown that
reattachment of broken fragments to the leftover tooth structure using various adhesive
materials (restorative materials) and procedures is a viable option anytime the fractured
fragment is recommended [17–24].

In previous research by Ausiello et al. [25], four 3D models of teeth were computation-
ally restored with different filling materials. Highest stress distributions were observed
on the filling lining applied on the teeth surfaces. This particular modelling strategy was
found to significantly calculate adverse stresses, distributions, and displacements accu-
rately. In addition to this, the indirect lithium disilicate showed reduced stress values when
replaced with lost enamel or dentin. In another work by Ausiello et al. [26], the influence
of a specific ferrule design on the mechanical response of a restored teeth was studied
computationally. Micro-CT of a canine tooth was performed to develop a high-fidelic 3D
model. The study reported high stresses for the model without a ferrule, whereas the stress
was found to be equally distributed with ferrule. The finite element (FE) approach using in
silico modeling has quantified dental fractures and reattached teeth that included various
adhesive materials [27–31]. Recent advancements in finite element model production, such
as greater computed tomography image quality, improved segmentation methods, and
faster computers, have substantially enhanced the efficiency of finite element modeling [32].
Finite element analysis (FEA) studies also provide the extra benefits of being cost-effective
and accurate [33]. Thus, using a computer simulation has become a practical and acceptable
approach for assessing the stresses and strains produced in complicated structures under
variable loading situations. This is crucial for researching inaccessible anatomical locations
in vivo and traumas that cannot be examined in situ, therefore forecasting the possible areas
of structural collapse [34,35]. Although several studies have analyzed the effect of adhesive
materials across custom crown–root fractures, no previous research has quantified the effect
of these materials across realistic fracture geometries of reattached tooth fragments. Hence,
this study aimed to quantify the performance of three different adhesive materials in crown
and crown–root fractures using the 3D modelling techniques of FEA. The null hypothesis
of this study states that there is no change in the stress and deformation values when the
crown and crown–root fractures were reattached using various adhesive materials under
masticatory and traumatic loading.

2. Materials and Methods
2.1. Geometrical Modeling

The geometrical 3D model of the permanent maxillary anterior tooth (PMAT) was ac-
quired through cone beam computed tomography (CBCT) scans [19,20] from a 25-year-old
healthy subject. The CBCT data were then transferred to software (Mimics 24.0, Materialise,
Belgium) that employs the DICOM file format, so that the pulp, enamel, and root may
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be segmented precisely. After segmentation, the permanent maxillary incisor teeth’s 3D
triangle-based surfaces were generated using stereo lithography (STL) format. Several
constituents used in this study have been shown in Figure 1. The measurements were
consistent with those of the permanent maxillary central incisor tooth, i.e., the distance
from the incisal boundary to root was 23.50 mm, and root length from cementoenamel
junction to root apex was 13.70 mm [21].
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Figure 1. Constituents of tooth showing root, enamel, and pulp.

Two commonly observed crown and crown–root fracture models were applied for the
reattached tooth model using a 3D CAD modelling software (Solidworks 2017, Dassault
Systèmes, France). To model the fractures, a 25-micron [22] gap was implemented, which
mimicked the fracture line, and was applied with a filler material depicting the luting
material. The first realistic fracture model used in this study was a crown fracture based on
the previous literature [23,24]. Another fracture model was the crown–root fracture, which
was generated by modeling a fracture line of 60◦ from the axis of the tooth and traversed
both enamel and root [25–27]. Figure 2 represents all the fractures considered in this study.

2.2. Material Model

In the current study, three commonly available adhesive materials, i.e., flowable
composite, resin cement, and resin adhesive, were used. The flowable composite con-
sists of a mixture of resin matrix and filler material [36]. Examples of some commonly
used resin matrices involves combination of materials such as Bis-GMA (Bisphenol A
dimethacrylate) adduct, Bis-EMA (Bisphenol A polyetheylene glycol diether dimethacry-
late) adduct, TEGDMA (Triethyleneglycol dimethacrylate), EBPADMA (ethoxylated Bisphe-
nol A dimethacrylate), and UDMA (urethane dimethacrylate), and filler material in-
cludes Ba–F–Al–B–Si–glass nanofiller silica [36]. Resin cement, along with resin and
filler material, also consists of setting accelerators, such as camphor quinone or ethyl 4-
dimethylaminobenzoate. Resin adhesives are different in that they are made up of a mixture
of resin and a solvent, rather than filler particles [37]. Examples of commonly used solvent
in preparation of resin adhesives include water, ethanol, acetone, or tert-Butanol [37].
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Figure 2. Fracture models: (a) Crown, (b) Crown fracture with adhesive material, and (c) crown–root.

In this analysis, linear and isotropic elastic models were assumed for the healthy
and reattached tooth. The values of elastic modulus for the enamel, root, and pulp were
considered to be 77.90 GPa, 16.60 GPa, and 6.89E-3 GPa, respectively, based on a previous
study [38]. The corresponding Poisson’s ratio values were 0.3 for enamel and root and 0.45
for the pulp. Similarly, flowable composite, resin cement, and resin adhesive were assumed
to have Young’s modulus of 19.70 GPa, 4.92 GPa, and 1 GPa and a Poisson’s ratio of 0.32,
0.27, and 0.24, respectively [38]. According to the ISO requirements for luting cement, the
thickness of the adhesive system was standardized at 25 microns [39].

2.3. Finite Element (FE) Model
2.3.1. Mesh Convergence Study

A detailed mesh convergence study was conducted across the healthy tooth model
to establish the FE model’s accuracy. Stress and displacement analyses of the healthy
and fractured tooth models was performed by using FE software (Ansys 19.0, Ansys Inc.,
Beltsville, MD, USA). Material properties were applied to the enamel, root, and pulp
across three different adhesive materials. The models were meshed with a 20-node Solid
186 element. A contact pair with the characteristics were ‘permanently bonded’, without
considering minimal sliding, and a trim tolerance of 0.0016 mm was used between enamel,
root, and pulp for the tooth models. Face sizing of enamel and root with sizes ranging from
0.2 mm to 0.6 mm was used to limit the number of meshes. Four different meshes were
generated, and the stresses across these models were evaluated. Mesh with a difference in
stress values of less than 5% was considered as the optimal mesh. As a result of this mesh
convergence exercise, an optimal mesh consisting of 87,471 elements was selected as shown
in Figure 3.

2.3.2. Loads and Constraints

Figure 4 represents all the loads and boundary conditions that is being applied in this
study. Due to the prevalence of frontal and incisal injuries [40], two common types of loads
and boundary conditions were implemented (represented in red color). The tooth roots are
encased in the periodontium; therefore, the root surface, as a whole, was constrained in all
axes (represented in blue color). A load of 0.6 MPa was applied at the incisal edge of both
the healthy and reattached tooth to replicate the normal masticatory or incisive load [41].
In order to simulate the effects of a traumatic load (impact force due to a ball hitting the
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tooth surface), a 10 MPa of pressure was applied to the centre of the crown of healthy and
re-attached tooth models [41].
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2.4. Data Analysis

A detailed statistical analysis was carried out to test the significance of each adhesive
material under considered fracture models. A confidence value of 95% was used for the
statistical tests. In our work, paired t-test was implemented to ascertain the significant
differences amongst the test combinations. Sample size of five observations per class was
considered, with total of 12 groups having three variables each summing up to 180 data
values. Total of 12 test combinations were tested within 12 groups. These 12 groups were
as follows:
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(i) Displacement, stress, and shear stress values for reattachment of crown fracture using
flowable composite under masticatory loading.

(ii) Displacement, stress, and shear stress values for reattachment of crown fracture using
resin cement under masticatory loading.

(iii) Displacement, stress, and shear stress values for reattachment of crown fracture using
resin adhesive under masticatory loading.

(iv) Displacement, stress, and shear stress values for reattachment of crown fracture using
flowable composite under traumatic loading.

(v) Displacement, stress, and shear stress values for reattachment of crown fracture using
resin Cement under traumatic loading.

(vi) Displacement, stress, and shear stress values for reattachment of crown fracture using
resin adhesive under traumatic loading.

(vii) Displacement, stress, and shear stress values for reattachment of crown–root fracture
using flowable composite under masticatory loading.

(viii) Displacement, stress, and shear stress values for reattachment of crown–root fracture
using resin cement under masticatory loading.

(ix) Displacement, stress, and shear stress values for reattachment of crown–root fracture
using resin adhesive under masticatory loading.

(x) Displacement, stress, and shear stress values for reattachment of crown–root fracture
using flowable composite under traumatic loading.

(xi) Displacement, stress, and shear stress values for reattachment of crown–root fracture
using resin cement under traumatic loading.

(xii) Displacement, stress, and shear stress values for reattachment of crown–root fracture
using resin adhesive under traumatic loading.

3. Results
3.1. Displacement and Stresses on the Normal Tooth
3.1.1. Masticatory Load

Under masticatory load, the maximum displacement induced in a normal tooth has
been represented in Figure 5a. The maximum displacement was observed at the incisal
edge (i.e., under the enamel), which was estimated as 0.0000332 ± 1.66 × 10−5 mm. The
maximum displacement across the enamel started at the incisal edge and decreased as it
progressed towards the junction of crown and root. In the case of the root, no significant
displacements were observed. Figure 5b represents the von Mises stress across the healthy
tooth. The maximum von-Misses stress observed was 2.65 ± 0.13 MPa (Figure 6a) at
the surface of the enamel. Apart from enamel, the maximum von Mises stress observed
was 1.10 ± 0.05 MPa (Figure 6b) at the base surface of root in contact with the inner
part of the cingulum. The second most maximum von Mises stress value observed was
0.51 ± 0.02 MPa at the same location.

Across the enamel geometry, maximum stress was reported at the incisal edge of the
crown and minimum was reported near the junction of crown and root. Shear stresses
across the healthy tooth with the value of 1.49 ± 0.07 MPa were observed at the lower
surface of enamel and root, respectively. Maximum shear stress was observed at the incisal
and frontal surfaces of the enamel.

3.1.2. Traumatic Load

Figure 7a represents the maximum displacement in a healthy central incisor
tooth due to traumatic loading. In this case, the maximum displacement was
0.00047 ± 2.35 × 10−5 mm at the incisal edge of the crown. Significant displacement was
not observed at the root surface. Large displacement was observed in the frontal portion
of enamel, while little to no changes were observed in the root. Figure 7b represents
the distribution of induced von Mises stress across the tooth geometry in healthy con-
ditions under traumatic loading. Maximum stress was observed at the palatal surface
of the tooth in the enamel and the apical portion on the root. The maximum values
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reported were 35.85 ± 1.79 MPa and 73.648 ± 3.68 MPa for root and enamel, respectively
(Figure 8a,b). In case of dentin, maximum von Mises stress value was observed at the
base surface area of dentin, which is in contact with inner surface of cingulum, and the
second most maximum von Mises stress value was observed at the cemento–enamel
junction with the reduction of almost 48% (Figure 8b). Maximum shear stress contours
across the healthy tooth under traumatic loading are presented in Figure 7c. For dentin,
high shear stress with the value of 19.686 ± 0.98 MPa and 11.17 ± 0.55 MPa was observed
on the base of dentin that is covered inside of enamel and cemento–enamel junction,
respectively (Figure 8c).
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3.2. Displacement and Stresses on Reattached Tooth with Different Fractures
3.2.1. Crown Fracture

In each simulation, the maximum displacement was observed at the incisal edges, as
compared to the fracture lines, whereas for stresses, varied locations (i.e., dento-enamel
junction and fracture line) were reported. Under masticatory loading, the fragment
of crown fracture reattached with flowable composite reported a maximum displace-
ment, maximum stress, and maximum shear stress of 9.83 × 10−5 ± 0.4925 × 10−5 mm,
2.4 ± 0.12 MPa, and 1.38 ± 0.069 MPa, respectively (Figure 9a). The ones reattached
with resin cement exhibited a maximum displacement of 4.24 × 10−5 ± 0.21 × 10−5 mm,
maximum stress of 20.98 ± 1.04 MPa, and the maximum shear stress of 12.11 ± 0.60 MPa
(Figure 9b). The fragments reattached with resin adhesive showed a maximum displace-
ment of 5.62 × 10−5 ± 0.28 × 10−5 mm, the maximum stress of 24.3 ± 1.21 MPa, and
maximum shear stress of 14.01 ± 0.70 MPa under masticatory load (Figure 9c).
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Under traumatic loading, the fragments reattached with flowable composite demon-
strated maximum displacement, von Mises stress and shear stress values of
5.44 × 10−3 ± 0.27 × 10−3 mm, 310.59 ± 15.52 MPa, and 177.71 ± 8.88 MPa respectively
(Figure 9d). In the fragments reattached with resin cement, maximum displacement,
von Mises stress, and shear stress were found to be 7.38 × 10−4 ± 0.36 × 10−4 mm,
1448.99 ± 72.44 MPa, and 829.26 ± 41.46 MPa, respectively (Figure 9e). While the
fragments reattached with resin adhesive showed maximum displacement, von Mises
stress, and shear stress values of 9.29 × 10−3 ± 0.46 × 10−3 mm, 509 ± 25.45 MPa, and
293.75 ± 14.68 MPa, respectively (Figure 9f).

3.2.2. Crown–Root Fracture

Fragments of tooth with crown–root fracture, reattached with a flowable composite,
displayed the maximum displacement of 2.61 × 10−5 ± 0.13 × 10−5 mm, maximum
stress of 2.18 ± 0.10 MPa, and maximum shear stress of 1.13 ± 0.05 MPa (Figure 10a),
under the masticatory loading. Similar fracture model reattached with the resin cement
reported the maximum displacement of 6.83 × 10−6± 0.34 × 10−6 mm, maximum stress of
1.98 ± 0.09 MPa, and maximum shear stress of 1.14 ± 0.05 MPa (Figure 10b). The fracture
model reattached with resin adhesive material displayed a maximum displacement of
7.03 × 10−5 ± 0.35 × 10−5 mm, a maximum von Mises stress of 2.04 ± 0.10 MPa, and a
maximum shear stress of 1.18 ± 0.05 MPa (Figure 10c).

Under the traumatic loading after the application of flowable composite as an adhesive
material, the displacement, induced von Mises stresses, and the shear stress were found to
be 3.68 × 10−4 ± 0.18 × 10−4 mm, 119.12 ± 5.95 MPa, and 68.55 ± 3.42 MPa, respectively
(Figure 10d). Application of resin cement as a filler material resulted in the maximum dis-
placement, maximum stress, and maximum shear stress of 1.13 × 10−4 ± 0.05 × 10−4 mm,
203.42 ± 10.17 MPa, and 116.8 ± 5.84 MPa, respectively (Figure 10e). Further, the stress
value of such fragments was significantly higher when reattached with resin cement than
its shear modulus. Additionally, the models with resin adhesive as a filler material re-
ported the maximum displacement of 9.42 × 10−5 ± 0.47 × 10−5 mm, maximum von Mises
stress of 264 ± 13.20 MPa, and maximum shear stress of 151.38 ± 7.56 MPa, mostly at the
labio-incisal edge (Figure 10f).
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Figure 9. Displacement, stresses, and shear stresses across crown fracture: (a) masticatory loading in
case of flowable composite, (b) masticatory loading in case of resin cement, (c) masticatory loading in
case of resin adhesive, (d) traumatic loading in case of flowable composite, (e) traumatic loading in
case of resin cement, and (f) traumatic loading in case of resin adhesive. The white dashed line in the
figure represents the fracture line.

3.3. Effect of Adhesive Materials and Varying Loads on the Reattached Tooth
3.3.1. Statistical Comparison

All the statistical analysis was carried out with three test combinations across the crown
fracture and crown–root fracture under both types of loading. These test combinations
were as follows:

(i) Flowable composite with resin cement;
(ii) Resin cement with resin adhesive;
(iii) Resin adhesive with flowable composite.

Therefore, twelve test combinations were created to test the statistical significance of
this study.

Effect of Adhesive Material across Crown Fracture under Masticatory Loading

For the crown fracture under masticatory loading, the comparison between the dis-
placements of tooth reattached with flowable composite and resin cement showed no
significant difference and were found to be statistically similar (i.e., p < 0.5). Comparing
resin cement and resin adhesive, as well as the resin adhesive with flowable composite,
also showed no significant differences, with p-values of less than 0.09 and 0.1, respectively.
On the other hand, the comparison between the von Mises stresses of teeth reattached with
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flowable composite, resin cement, and resin adhesive, a significant difference (i.e., p < 0.01)
was reported. In these test combinations, flowable composite showed low stress values.
Similar observations were reported for shear stress values.
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Figure 10. Displacement, stresses, and shear stresses across crown–root fracture: (a) masticatory
loading in case of flowable composite, (b) masticatory loading in case of resin cement, (c) masticatory
loading in case of resin adhesive, (d) traumatic loading in case of flowable composite, (e) traumatic
loading in case of resin cement, and (f) traumatic loading in case of resin adhesive. The white dashed
line in the figure represents the fracture line.
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Effect of Adhesive Material across Crown–Root Fracture under Masticatory Loading

For crown–root fracture under masticatory loading, the comparison between the
displacements of tooth reattached with flowable composite and resin cement showed
no significant difference, and they were found to be statistically similar (i.e., p < 0.1).
Comparing resin cement and resin adhesive, as well as resin adhesive with flowable
composite, also showed no significant differences, with similar p-values. On the other
hand, the comparison between the von Mises stresses of teeth reattached with flowable
composite, resin cement, and resin adhesive, a significant difference (i.e., p < 0.001) was
reported. In these test combinations, resin cement showed low stress values. Similar to
previous case, similar observations were reported for shear stress values.

Effect of Adhesive Material across Crown Fracture under Traumatic Loading

For the crown–root fracture under masticatory loading, the comparison between the
displacements of tooth reattached with flowable composite and resin cement showed no
significant differences and were found to be statistically similar (i.e., p < 0.1). Comparing the
resin cement and resin adhesive, as well as the resin adhesive with flowable composite, also
showed no significant differences, with similar p-values. On the other hand, comparison
between the von Mises stresses of tooth reattached with flowable composite, resin cement,
and resin adhesive, significant difference (i.e., p < 0.001) was reported. In these test
combinations resin cement showed low stress values. Similar to previous case, similar
observations were reported for shear stress values.

Effect of Adhesive Material across Crown–Root Fracture under Traumatic Loading

For the crown fracture under traumatic loading, the comparison between the displace-
ments of the teeth reattached with flowable composite and resin cement showed significant
differences, and they were found to be statistically different (i.e., p < 0.02). Flowable com-
posite was found to produce the lowest displacement amongst all the test cases. On the
other hand, the comparison between the von Mises and shear stresses of teeth reattached
with flowable composite, resin cement, and resin adhesive were similar, as compared to
masticatory loading, where resin cement showed low stress values.

3.3.2. Summary of Comparison between Each Group

Figure 11 represents the comparison between displacement, von Mises stress, and
shear stress values across reattached fragments of tooth with crown and crown–root frac-
tures using different restorative material. It was found that fragments of crown-fractured
teeth reattached using flowable composite shows maximum displacement across all adhe-
sive material under masticatory load (Figure 11a). Fragments of crown–root fractured tooth
shows very low values of displacement when reattached using resin cement, resin adhesive
which was 6.9% and 7.2% respectively as compared to maximum displacement value across
reattached crown-fractured tooth (Figure 11a). In case of masticatory loading, fragments
with crown fracture and crown–root fracture reattached using flowable composite shows
maximum displacement followed by resin adhesive and resin cement. Minimum displace-
ment was observed when fragments of fractured tooth reattached using resin adhesive
under masticatory load in both cases. Fragments with crown fracture and reattached with
resin adhesive shows displacement value of 57.2% and 7.2% respectively as compared
displacement value of crown-fractured tooth reattached using flowable composite under
masticatory load.

As contrary to masticatory load, Figure 11b depicts the maximum displacement value
when fragments with crown fracture reattached using resin adhesive and crown–root-
fractured tooth reattached using flowable composite under traumatic load. In case of
fragments with crown fracture, maximum displacement was observed when reattached
using resin adhesive, followed by flowable composite which is 58.6% of maxi-mum dis-
placement value under traumatic load. As compared to crown fracture, fragments with
crown–root fracture reattached using resin adhesive and resin cement shows much lower
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displacement value which was 1% and 1.2% respectively as compared to maximum dis-
placement value which was observed in case crown fracture reattached using resin adhesive
under traumatic load (Figure 11b).
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Figure 11c,e shows similar trend values for von Mises stress and shear stress for both
fractured tooth models under masticatory load. A similar trend in values was observed
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under traumatic load (Figure 11d,e). Maximum von Mises and shear stress values were
observed when fragments with crown fracture reattached using resin adhesive, followed
by resin cement and flowable composite, which were 86.3% and 9.9%, respectively, of the
maximum value under masticatory load. In the case of fragments with crown–root fracture,
the same reattached with resin adhesive, resin cement, shows much lower von Mises stress
and shear stress values, which was about 8.4% and 8.1%, respectively, as compared to the
maximum stress value observed when the crown-fractured tooth was reattached using
resin adhesive.

4. Discussion

This research employs computational modelling to examine the strength of three
different adhesive materials used for reattaching frequently encountered crown and crown–
root dental fractures. The CBCT imaging data were utilized, a full-scale model of the
maxillary central incisor was created, and three different adhesive material fillings were
simulated for commonly occurring fractures through novel numerical cutting and filling
operations and were subjected to masticatory and traumatic loadings. The observed results
showed significant variations in the stress values of the fragments reattached with these
materials. It was observed that no material can be universally employed for reattachment
of the frequently encountered teeth with crown and crown–root fractures.

Studies have shown that the type of restorative material used for fragment reattach-
ment will influence fracture strength [42–44]. In a flowable composite, resin is a type
of polymer that provides adhesive properties to the material, whereas the filler material
provides strength and durability to the composite [36]. Resin cement consists of both resin
and filler material, along with that, it also consists of setting accelerator that helps the
material to set quickly [45]. Resin adhesives are different in that they are made up of a
mixture of resin and a solvent, rather than filler particles [37].

It was observed that the maximum stress value of 2.65 MPa, due to masticatory load,
was less than the compressive stress limits of the enamel (38 MPa) and root (163 MPa).
Thus, the masticatory stresses are easily handled by a healthy maxillary central incisor.
Likewise, the maximum shear stress of 1.49 MPa suggests that a healthy maxillary central
incisor tooth can withstand the biting pressures, as well [30]. It was observed that the
fracture line close to the cemento–dentin junction must be handled with caution, since
larger stresses were recorded at this location. Analyzing the significant and insignificant
differences amongst all the test combinations, certain adhesive materials showed enhanced
performances, as compared to others. For crown fracture, under masticatory loading, the
application of adhesive materials showed an insignificant difference, where all the materials
showed statistically similar displacements. Hence, no conclusion can be drawn to ascertain
the best performing material for minimal displacements.

On the other hand, under masticatory loading, flowable composite showed statistically
significant differences, along with the lowest induced stresses. For crown–root fractures
re-attached with adhesive materials and subjected to masticatory loading, resin cement
showed significantly lower stress values. Under traumatic loading, across both the fractures,
resin cement showed significantly lower displacements and stress values. Additionally, for
crown–root fractures, high stresses were not observed at the fracture line, and instead, they
were observed on the enamel. This could be due to the complex tooth geometries, which
consisted of several areas where high stress concentration could be anticipated.

Concerning their shear strength, the crown–root-fractured teeth exhibited low stress
values, with all the materials under masticatory load and significantly high stress values
during traumatic load. The shear stress values in reattached crown–root fractures subjected
to masticatory loading with all adhesive materials did not vary significantly. However, the
stress value for the same material under a traumatic load varies significantly amongst the
three materials. Actual experiments were not performed in our work, but our consideration
of CBCT for the tooth scanning, finite element model, replication of actual fracture geome-
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tries, and statistical analysis tried to ensure accurate outcomes, so that the best material
could be selected for a certain type of fracture.

5. Conclusions

The novelty of the current work was to evaluate the performances of commonly
available adhesive materials, while considering the actual fracture path line on a scanned
tooth. This modelling procedure, along with the testing framework, has never been
explored in the past, as per the best of our knowledge.

In conclusion, this kind of detailed research on how different adhesive materials
affect reattached fractured teeth has not been conducted to date, as per the best of our
knowledge. Flowable composite showed the lowest induced stresses for crown fracture
under masticatory loading. Under the same loading conditions, crown–root fracture
re-attached using resin cement showed significantly lower stress values. While, across
both the fractures, resin cement showed significantly lower displacements and stress
values under traumatic loading. Therefore, the null hypothesis was rejected. These
novel findings can help dentists select an appropriate kind of adhesive material for their
patients. The modelling techniques presented in this research could also help researchers
or scientists to test newer adhesive materials for the re-attachment of teeth to protect
them from further trauma.
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