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Effects of different cement-restorative material combinations in full-

coverage onlay restorations: a FEA study.

1. INTRODUCTION

When cuspal coverage is needed [1], it has been demonstrated that indirect adhesive
restorations (IAR) can efficiently restore severely compromised teeth while preserving tooth
structure [2],[3],[4]. Residual dental tissue is a fundamental factor in the longevity of
restorations, especially when dealing with endodontically treated teeth (ETT) [5],[6].,[7].
Therefore, IAR have been encouraged and are nowadays showing promising clinical results
[81.[9].

In order to match aesthetic and mechanical properties requests of clinicians, a variety of
materials has been proposed for IAR. According to Gracis et al., these materials comprehend
milled resin composites, glass-matrix ceramics, polycrystalline ceramics and resin-matrix
ceramics [10]. These materials present severe differences especially in mechanical properties,
which are related to their specific composition [11]. A 2020 paper by Sulaiman et al. reviewed
the essential mechanical properties of most materials used for AR, reporting that milled resin
composites have a flexural strength of 157-198MPa and an elasticity of 10.3-12.6GPa; hybrid
materials, such as resin-matrix ceramics, have a flexural strength of 191-219MPa and an
elasticity of 7.9-11.1GPa; glass-matrix ceramics have a flexural strength of 112.4.-420MPa and
a modulus of elasticity of 48-95GPa; zirconia, the most common polycrystalline ceramic has a
flexural strength of 557-1194MPa and an elastic modulus of 205-210GPa [12]. It is worth to
highlight that this review, as well as similar papers, illustrate a great amount of data regarding
the materials taken alone, but few information regarding their behavior when efficiently luted
with different resin-based cements [13],[14]. For the present study, we selected for the
simulation glass matrix-ceramic, polycrystalline ceramic and resin-matrix ceramic. These three
groups are representative of most commonly used commercial materials for this type of
restorations, but also possess important mechanical differences between each other.

Moreover, various protocols have been created for their cementation, combining
adhesive systems, substrate pretreatments and cements [ 15]. Literature clearly showed how the
performance of different adhesive systems depends on the substrate (dentin or enamel) and the
surface pretreatment performed, with etched enamel performing the best [16],[17],[18].
However, there is still lack of data about the best approach in terms of which cement material
perform the best. An ideal resin-based cement should be able to achieve good degree of
conversion (DC) under the restoration, while maintaining low shrinkage stress and sufficient

mechanical properties [19]. With these aims, two types of cements are today applied for the



cementation of adhesive restorations: dual-curing resin cements and light-curable composites.
Dual-curing cements are commonly used because of their ability of being cured both trough
light and chemicals, always leading to a proper DC [20]. On the other hand, light-curable
composites present the best handling, but the DC is correlated to the light transmission through
the restoration [20],[21]. Again, depending on the composition, these materials might present a
wide range of shrinkage stresses and mechanical properties, that have been enlisted and
evaluated in numerous papers [22],[23].

When simultaneously considering IAR materials and cements, the number of clinical
scenarios increases, leaving no clear guidelines to the clinicians. Moreover, even if there are
several mechanical tests available to efficiently evaluate the restoration-cement-tooth interface,
anatomical variables make really hard to test all these combinations while maintaining a proper
sample size. In this complex matter, Finite Element Method (FEM) has been introduced in
dental research and proved useful to perform investigations of different materials in the exact
same conditions, without prototyping [24]. This can help speeding up the procedure when lots
of different material combinations need to be tested, simultaneously reducing biases related to
the geometries of tested parts and biological samples quality. FEM has been validated by
several studies as an effective research method for dental materials and is able to measure
shrinkage forces and residual stresses of different restorative materials [25],[26],[27]. However,
to the best of authors knowledge, few studies tested different combinations of cement-
restorative materials and most of them used a conventional crown preparation design [28].

Given these considerations, the aim of the present study was to test, through FEM,
different cement-material combinations in an IAR scenario generated through Micro-Computed
Tomography (micro-CT). The null hypotheses tested were that there are no differences between

tested (1) restorative materials and (2) cements.

2. MATERIALS AND METHODS

2.1 Specimen preparation
A single intact human lower first molar, extracted for periodontal reasons was selected
and stored in distilled water after disinfection with an ultrasonic device. The study was granted
ethics approval by the local ethics committee of the Dental School, University of XXX (DS-
2018 No.001). The selected tooth was examined and confirmed to be sound, with no carious
lesions, demineralization, cracks, or signs of wear under 20x magnification optical microscope.
The sample was evaluated as representative of a common clinical scenario, both from an

endodontic and restorative expert. No other samples were used, to avoid biases related to the



anatomical variability. Moreover, using multiple samples would complicate analyses without
the benefit of comparing results between each other.

Pulp chamber opening was performed with a minimally invasive access and canals were
shaped to the working length, set at the visible apical foramen (Pathfiles 1-3 and ProTaper Next
X1-X3, Dentsply Maillefer, Ballaigues, Switzerland). The root canal system was not obturated
with gutta-percha or cements, in order to avoid scattering artifacts in the micro-CT acquisition
and considering that the focus of the study was the crown of the tooth rather than the radicular
system.

A standard MOD cavity was then drilled on the specimen by an expert operator (+10
years of practice in restorative dentistry) to simulate a damaged tooth. Interproximal boxes were
created with an extension of 4 mm in the buccal—oral direction and 2 mm in the mesio-distal
direction, with the cervical margin positioned 1.5mm above the CEJ. As concerns the occlusal
area, the cavity was performed setting residual wall thickness of buccal and oral cusps at the
height of the contour to 2 + 0.2 mm, measured with conventional caliper. For cavity preparation,
cylindrical diamond burs (model 835KR; Komet, Schaumburg, IL, USA) under copious air-
water cooling were used in a high-speed headpiece (Kavo Dental GmbH, Biberach, Germany).
All internal edges were then smoothed and rounded with an Arkansas point (FG 645, Komet,
Schaumburg, IL, USA), in order to remove non-sustained enamel and to create a continuity
between the MOD cavity and the endodontic access.

A conventional build-up procedure was then performed as follow: selective enamel
etching for 30 s with 35% phosphoric acid (K-etchant, Kuraray Noritake Dental, Mie, Japan),
rinsing for 30 s, and air-drying. A two-step self-etch adhesive system (Clearfil SE Bond2;
Kuraray Noritake Dental, Mie, Japan) was then applied following the manufacturer’s
instructions, and slightly air-dried before light-curing for 40 s with a light-emitting diode (LED)
lamp at 1400 mW/cm? (Cefalux2; Voco, Cuxhaven, Germany). Then, 2 mm nanohybrid
composite layers were applied progressively up to the occlusal surface (Clearfil Majesty ES-2,
Kuraray Noritake, Mie, Japan), each being light-cured with the same LED lamp for 20 s.

After that, a beveled overlay preparation was performed, in order to obtain a uniform
1.5mm space for the restoration in the occlusal surface. In order to standardize restoration
thickness, an initial anatomical reduction was performed with 1.4mm diameter cylindric bur
(model 835KR; Komet, Schaumburg, IL, USA). Mesial and distal boxes were prepared with
dedicated sonic points (n°34 and n°35, SonicFlex, Kawo, Shangai, China), cervically exposing
enamel. Occlusal sharp edges were beveled with a football-shaped bur angulated at 45° (model
8379-021, Komet, Schaumburg, IL, USA). Finishing was performed with same-shape burs with



fine and extra-fine grit, then Arkansas (FG 645, Komet, Schaumburg, IL, USA) and rubber
points.

Specimen was then scanned with an intraoral camera (Cerec Omnicam AC, Dentisply,
Sirona, Konstanz, Germany) and an overlay was designed with a CAD system (Cerec 4.5.2
software, Dentisply, Sirona, Konstanz, Germany). Restoration was milled with a reinforced
lithium silicate material, optimal for further segmentation in micro-CT (Celtra DUO, Dentsply,
Sirona, Konstanz, Germany) in extra-fine mode (Cerec MC XL, Dentsply, Sirona, Konstanz,
Germany). The parameter for luting space was set to 80 pm in the internal area and 10 um in
the 1mm-wide marginal area. Once milled, the restoration was crystallized following
manufacturer instructions and a dedicated patented program (Cerec Speedfire, Dentisply,
Sirona, Konstanz, Germany).

Cementation was carried out with a dual-cure resin cement suitable for greyscale
segmentation (Panavia V5, Kuraray Noritake Dental, Mie, Japan) following manufacturer
instructions. Excesses of cement were removed with a micro-brush, then, after three minutes of
setting, photopolymerization was carried out for a total of three minutes (approximately 40
seconds per surface) with a LED lamp at 1000mW/cm2 (Celalux 2, Voco). Finishing and
polishing were performed with fine and extra-fine diamond burs and rubber points on a
handpiece. Margins were double-checked to exclude the presence of under-contours or over-
contours, then the sample was confirmed to be clinically acceptable by an expert operator (more

than 10 years of experience in prosthodontic field).

2.2 Micro-CT reconstruction

A Micro-CT scan (SkyScan 1172; Bruker, Billerica, MA, USA) was employed to
recreate an accurate digital model of the tooth-restoration complex. The scan was performed
using the following parameters: voltage = 100 kV; current = 100 pA; aluminum and copper
(Al+Cu) filter; pixel size = 10 pm. NRecon software (Bruker, Billerica, MA, USA) was used
to reconstruct the images and obtain DCM files (DICOM, Digital Imaging and
Communications in Medicine) applying the following corrections: beam hardening = 30%,
smoothing = 2, ring artifact correction = 9.

The obtained files were imported into a segmentation software (Mimics Medical ver.
20.0; Materialise, Ann Arbor, MI, USA). Thanks to the different radiodensity among materials,
using the thresholding function, it was possible to create masks representative of enamel,
dentin, restorative material, cement and build up. To manage artifacts, region growth was used
to remove noise voxels, while the close function was applied to remove gaps. The contact was

ensured using morphology and Boolean operations, expanding the masks and using subtraction



to avoid gaps and compenetrating parts in this phase. The final masks were then converted into

optimal-quality STL files (STereo Lithography interface format), with a sample ratio 1:1.

2.3 Finite Element (FE) model preparation

The obtained STL files were imported into Meshlab (ISTI, CNR, Pisa, Italy) in order to
perform the refinement and quality analysis of elements. This process consisted in the reduction
in the number of elements and in the elimination of the degenerated elements, while
simultaneously filling holes and fixing orientation. Commonly used quality parameters, such
as aspect ratio, were used to evaluate the overall quality of the mesh.

The two-dimensional mesh was then converted into a tetrahedral mesh model using
Altair Hyperworks (Altair Engineering, Troy, Michigan, USA). The obtained FE model has a
total number of nodes equal to 23039. The number of nodes of each different part is reported

in Table 1.

PART N° Nodes
Chewing sphere | 7351
Restoration 5127
Cement 6967
Enamel 8646
Build-up 2244
Dentin 7042

Table 1. Number of nodes of each part of the FE model.

Intermediate analyses were carried out to optimize the contact in between the surfaces,
verifying and removing compenetrating parts that might lead to unwanted results.

Moreover, similarly to other FEM studies, a 6 mm diameter sphere was discretized using
shell elements to apply to load with a tripod contact, while the tooth was restrained in the
radicular aspect 2 mm below the CEJ to simulate bone level [29],[30]. This type of contact is
commonly found in-vivo (with the mesio-palatal cusp of the first upper molar) and is also used
to position the sample in chewing simulator tests. Figure 1 shows a representative picture of the

obtained model.



Figure 1. (4). Obtained Finite Element (FE) model; (B)Exploded view of the FE model; (C-D) cross sections of
the FE model.

Periodontal ligament was not simulated, due to debates in literature regarding the best
way to model it. Moreover, there is a consistent difficulty in measuring numerically the
mechanical properties of the ligament itself, which might lead to additional biases. Finally, the
study is focused on coronal structure, thus root boundaries were simplified to avoid
displacement of the tooth-restoration system.

Three different restorative materials and two different resin cements were evaluated in
the present study. This was meant to test the main categories of dental materials applied for
IAR, for a total of six combinations, as follow:

Model A: Glass matrix ceramic (lithium disilicate) + Dual-curing resin cement

Model B: Glass matrix ceramic (lithium disilicate) + Light-curable composite

Model C: Polycrystalline ceramic (zirconia) + Dual-curing resin cement

Model D: Polycrystalline ceramic (zirconia) + Light-curable composite

Model E: Resin-matrix ceramic (reinforced resin composite) + Dual-curing resin cement



Model F: Resin-matrix ceramic (reinforced resin composite) + Light-curable composite

Table 2 reports a summary of material properties that were attributed to the single
volumes, according to previous paper and manufacturers [29]. The dual-curing resin cement
and the light-curable composite were purposely selected with similar Young’s modulus but
different volumetric shrinkage, in order to emphasize the effect of polymerization shrinkage

stress on the models.

Material Young’s modulus | Poisson Density Volumetric
(GPa) ratio (g/ecm?) Shrinkage
(%)
Enamel 80 0.33 2.9
Dentin 18 0.23 2.2
Nanohybrid composite of 12.7 0.35 1.9 1.9%
build-up*
Allumina sphere 80 0.23 2.7
Glass matrix ceramic 95 0.23 2.5

(lithium disilicate)

Polycrystalline ceramic 210 0.3 6.03
(zirconia)
Resin-matrix ceramic 7.9 0.37 1.94

(reinforced resin composite)

Dual-curing resin cement * 8.3 0.24 2.23 5*

Light-curable composite * 6.7 0.33 1.85 1.9%

Table 2. Material properties of the FE parts, obtained from literature or provided from the manufacturers (*).

Dentin, enamel and restorative materials were modelled as linear and elastic, whereas
the chewing sphere was modelled as a rigid material, because the deformation of this part is
negligible compared to the others of the model. Sphere-tooth contact was created with an
automatic surface-to-surface contact algorithm, positioning the sphere centered in the central
fossa.

The FE simulation was performed using LS-Dyna code in its explicit and implicit
formulations, also taking into account the residual stresses caused by polymerization shrinkage
of resin-based materials, both of the build-up and the two tested cements. In order to do that,

an initial implicit analysis was carried out, taking advantage of thermal variation to simulate



volumetric contraction of aforementioned materials. After this step, it was observed (Figure 2)
that residual stresses are present both in the restoration-cement interface and in the cement-
tooth interface. The Von Mises stress analysis on these are shown a quite regular distribution
of stresses without significative presence of localized high stress area. In particular, the
volumetric contraction is more regular and creates lower residual stresses using reinforced resin
composite. With this condition considered as baseline, loading was applied through the sphere
at the whole structure. This second simulation was set-up considering the explicit method. In
order to avoid instabilities of the simulation, a motion law was applied to the sphere, with a
constant 2 mm/s speed in the vertical direction up to the target load of 50 N. The contact
between the sphere and the tooth was set as a penalty-based formulation, whereas the joining
between the other parts (enamel, dentin and restorations) were defined with a tied contact
formulation with offset option (Ansys LS-Dyna User Manual R16@e545952c7), to simulate
proper interfaces. This type of contact is a constrained based contact, which creates a kinematic
constraint between the two surfaces in contact, without affecting the original position of nodes,
therefore without affecting the interface geometries.

Normal pressure and shear stress at the tooth-cement and the cement-restoration

interfaces were recorded and are reported in the result section.

Von Mises stress (GPa)
4.10E-01
3.43E-01 ]
2.75E-01
2.08E-01
1.41E-01
7.33E-02
6.00E-03

Figure 2. Resulting Von Mises stresses of the six tested models due to the polymerization shrinkage



3. RESULTS
3.1 Tooth-cement interface

Figure 3 reports the stresses along the three main directions on the tooth-cement
interface. Regarding restorative material variable, resin-matrix ceramic models (E and F) were
subjected to the highest stresses, followed by glass-matrix ceramic and polycrystalline ceramic.
According to the color maps of the Y-axis a tendency of rotation occurred along X-Axis (Figure
3) because right-hand side is remarkably in tension and the left-hand side is in compression,
due to experimental setting and occlusal surface geometry.

Regarding the cement variable, small differences were found in all models when
comparing light-curable composite and dual-curing resin cement. However, most differences
are quantitatively negligible and dependent from the observation point, with no clear pattern.
Nonetheless, it is worth to notice that higher variations (high compression in the Z-axis) were
found when comparing between each other the two models with resin-matrix ceramic as

occlusal material (Model E and F).
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Figure 3. Resulting stresses in the different axes and Von Mises stresses of the six tested models. A dedicated color
scale, expressed in GPa is reported for each axis.

3.2 Cement-restoration interface
Figure 4-6 and 7-9 report vector plot and color map respectively for normal pressure

and shear stress analyses in the cement-restoration interface, in the cement restoration and in



the dentin. There is a correlation between the stress pattern and the adopted restorative material,
with resin-matrix ceramic showing a wider stressed area. Stress peaks in case of normal
pressure (Fig. 4-6), are located in the most coronal aspects of the interface, closer to the loading
point and exactly in the spots with more residual tensions after shrinkage stress simulation.
Lower stresses in the dentin are obtained using the resin-matrix cercamic (e and F) whereas
these solutions present some peak in the dentin respect to the use of other material
combinations. As a matter of shear stresses (Fig. 7-9), the same points are involved, but the
higher stresses are concentrated in the peripheral area as well due to restoration flexion, with
resin-matrix ceramic showing wider and higher stresses. The higher stresses are obtained both
in dentin and restoration using the resin-matrix ceramic. The vectors stress distribution
describes the interaction between the different parts of the model towards the lower direction,
considering the load direction and experimental set-up.

Concerning the cement variable, small differences were found both in terms of pattern

and intensity, especially when applied under the resin-matrix ceramic (Models E vs F).
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Figure 4. Vector plot of pressure distribution in cement-restoration interface of the six tested models.
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Figure 5. Pressure distribution in cement-restoration of the six tested models.
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Figure 6. Pressure distribution in dentin of the six tested models.
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Figure 7. Vector plot of shear stresses in cement-restoration interface of the six tested models.
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Figure 8. Shear stress distribution in cement-restoration of the six tested models.
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Figure 9. Shear stress distribution in dentin of the six tested models.

4. DISCUSSION
The present study analyzed with FEM the interfacial mechanical behavior of six
different cement-material combinations in an indirect adhesive restoration scenario generated
from micro-CT.
The protocol that was applied, from sample creation to data analysis, has already been
proved to be an efficient and predictable method to evaluate the behavior of dental materials

and has the massive advantage of bypassing prototyping and standardize the substrate



morphology [31]. In fact, conventionally testing on extracted teeth six different combinations
would require a high sample size to achieve proper power analysis, even without considering
important anatomical variables of natural teeth. Analogously to other papers, in the present
study authors aimed to reproduce a clinical scenario at best creating the restoration ex-vivo and
then segmenting all volumes, avoiding parts creation with CAD [32]. Even if this process is
more time-consuming, real restorations will never have perfect CAD shapes and might even
present defects and/or geometry limitations that have an impact on stress distribution. For the
same reason, loading was not applied directly in a single central point along z-axis, but rather
with a tripod-contact, which happens both in vivo and during conventional in-vitro tests. This
simple shrewdness allows to have a load application and distribution which is by far more
realistic, also having direct implications in the results, as will soon be discussed.

As regards the first null hypothesis, significant differences were reported between tested
occlusal materials both at tooth-cement and cement-restoration interfaces. Thus, this hypothesis
was rejected. In particular, model E and F (resin-matrix ceramic), showed overall higher
interfacial stress peaks compared to ceramic materials. These findings were unexpected, due to
the common knowledge that elastic materials express a better load distribution on the substrate,
as it happens both in other direct and indirect clinical cases [34],[35],[36]. However, an
explanation was found analyzing the shear vector orientation and considering the correlation of
the Young’s modulus with the flexibility of tested materials in the specific experimental setting
(Fig. 4-9) [37]. In fact, ceramics stiffer behavior caused negligible deformation of the occlusal
restoration at given load and, consequently, the load was directly transmitted on the substrate,
causing stress peaks next to the loading points, specifically in the nearest point in projection
[38],[31],[39]. These results are nearly identical to the ones reported in literature for crown
designs, especially when considering tensile stresses and thus are not surprising [40], [41]. On
contrary, resin-matrix ceramics behave the opposite due to the lower Young’s modulus and thus
higher flexibility at given load [42]. As aforementioned, in current experimental settings the
load was not just along z-axis like other FEM studies, but rather applied in a more realistic
tripod contact. This caused a tendency of rotation on the system and, consequently, the elastic
restorations underwent a flexion along the bucco-lingual plane, which translates into tensile
stress peaks in the cuspal area (Fig. 3). This is also confirmed by the shear stress peaks
noticeable in the border area (Fig. 4,7), in which the rotation even caused an involvement of
the margin. This is an important aspect that most papers in literature are not considering, often
applying the load perpendicularly or with an interposed food bolus that leads to nearly the same
result [43]. In authors opinion, this might underestimate the effects of shear forces that are

always present during functions (especially bruxism) and have an important effect on stress



distribution [44]. It is also worth to point out that this aspect has been likely highlighted in the
present setting due to the reduced presence of axial walls of the restoration in the buccal and
lingual regions (e.g. conventional crown design). Indeed, axial walls have been proved to have
an impact not only on the retention, but also on the stability of the system, because a wider axial
area acts as stress breaker [45]. Thus, having two boxes in the mesial and distal parts probably
stabilized the restoration in this direction, enhancing the rotation along the bucco-oral direction.
A further crucial factor that surely emphasized this aspect is the occlusal thickness of the
restoration, which was set to 1.5mm for all models. A higher occlusal thickness, at given load
could reduce the flexion of the restoration, bringing to different results especially in the resin-
matrix ceramic group which has the lowest Young’s modulus [46]. However, giving the same
thickness and occlusal morphology for all materials was essential to compare their behavior
among each other. Accordingly, zirconia, which is the most rigid material tested, showed better
stress distribution in the cement-tooth interface (Fig. 6,9).

Concerning the second null hypothesis, most differences among the two tested cements
were quantitatively negligible and dependent from the observation point. Thus, the second null
hypothesis was accepted. However, it is worth to mention that cement variable might have more
importance when the occlusal material is a resin-matrix ceramic (Models E vs F). This
observation is in agreement with a recent paper by Satrio Wicaksono et al., that tested the
influence of cement on endocrown and onlay, reporting a significant stress reduction when
using light-cure resin composite compared to dual-cure resin cement [47]. This is a
consequence of the higher contraction of the dual-curing resin cement, in the present study 5%
vs 1.9%, which causes stress peaks in model E before loading. Even if this is not directly
correlated to bond-strength degradation over time, residual stresses are essential in the
subsequent development of stresses during load. Moreover, since authors purposely selected
cements with similar Young’s modulus, which is known to have an influence on stress
distribution the differences are probably related exclusively to shrinkage simulation [48]. Thus,
the fact that most differences in models A-D are negligible is in accordance with other papers
in literature, which report cement thickness as a key variable rather than cement type [48],[49].
Cement thickness could also have influenced the stress distribution. In the present study,
simulation was performed with a cement thickness of 80 um in the internal area and 10 um in
the lmm-wide marginal area, but further studies could benefit from varying such parameters
and evaluate the so-obtained results [49].

A limitation of the models adopted in this paper was that the materials were simulated
with homogeneous and isotropic law, despite dentin and enamel having an anisotropic behavior.

However, the majority of other studies applies the same FEM protocol, due to the fact that



anisotropy can be observed only in a microscopic scale. Moreover, further efforts could be
invested in the future to properly model the adhesive layer that is, in reality, positioned both on
the restoration and the tooth prior cementation. However, in the present study several variables
were taken into account and adding an additional artificial interface was avoided to reduce
biases and misunderstandings.

The present paper is the first part of a larger FE study, that will also evaluate the effects
of sliding movements on the restoration surface and it’s progressive wear on interfacial stresses
distribution.

5. CONCLUSION

Within the limitations of the present study, and considering that all obtained results
derived from a numerical simulation, it can be concluded that:

- Load setup plays an important role in restoration flexion and thus stress behavior.
Loading can be applied with a tripod contact reproducing common in-vivo scenario
rather than simplified axial load.

- Resin-Matrix Ceramic models showed higher stresses in both interfaces, due to the
flexion of the restoration at given load. It is likely that the absence of axial walls in
the vestibular and buccal aspect, as well as the reduced occlusal thickness of the
restoration enhanced this phenomenon.

- Cement type seems to have an influence only when undergoing resin-matrix
ceramics, better performing when having a reduced polymerization shrinkage.

Further studies, both in-vitro and in-vivo are needed to confirm the present study results.
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