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Abstract: All-ceramic fixed dental prostheses (FDPs) tend to fracture in the connector areas, due to
the concentration of tensile stresses. This study aimed to evaluate the role of connector height on the
stress distribution of a posterior three-unit implant-supported all-ceramic FDP using finite element
analysis (FEA). Two titanium dental implants, their abutments, screws, and a three-unit all-ceramic
FDP were scanned using a micro-CT scanner. Three 3D models with altered distal connector heights
(3, 4, and 5 mm) were generated and analyzed on ABAQUS FEA software. The maximum principal
stress values in MPa observed for each model with different connector heights and their respective
locations (MA = mesial abutment; DA = distal abutment; F = framework; V = veneer) were: 3 mm—
219 (MA), 88 (DA), 11 (F), 16 (V); 4 mm—194 (MA), 82 (DA), 8 (F), 18 (V); 5 mm—194 (MA), 80 (DA),
8 (F), and 18 (V). All the assembled models demonstrated the peak stresses at the neck area on the
mesial abutments. The connector height had a significant influence on the stress distribution of the
prosthesis. The models with higher distal connectors (4 and 5 mm) had a lower and more uniform
distribution of maximum principal stresses (except for the veneer layer) when compared with the
model with the smallest distal connector.

Keywords: all-ceramic FDP; connector design; connector height; dental biomaterials; dental implants;
design parameters; finite element analysis

1. Introduction

The increasing demand for highly aesthetic and metal-free prostheses has made all-
ceramic fixed dental prostheses (FDPs) a popular choice among dentists and patients
in dental rehabilitation [1–5]. Ceramics are well known for their ability to mimic the
tooth’s optical characteristics, great biocompatibility, and chemical stability [4,6,7]. In
addition, the development of ceramics, such as yttria-stabilized tetragonal zirconia poly-
crystal (3Y-TZP) with high flexural strength (800–1500 MPa) [8] and fracture toughness
(5.5–7.4 MPa·m1/2) [9], has made it possible to substitute traditional metal frameworks
with ceramic frameworks on FDPs. Survival rates for these all-ceramic restorations are
90.4% after 5 years [10] and 91.3% after 10 years [11] even in posterior sites [1,5,10,12].
Zirconia has also been used as an implant abutment material in anterior and posterior re-
gions, with a reported three-year survival rate of 100% [13]. Even though zirconia presents
with excellent mechanical properties (due to the tetragonal to monoclinic transformation),
most dental zirconia are opaque and need to be veneered, usually with lithium disilicate
glass-ceramic, to reproduce the natural aesthetics of teeth [4,14–16].

Computer-aided design/computer-aided manufacturing (CAD/CAM) technology
has been successfully used to produce complex shapes of all-ceramic FDP prostheses
using medical imaging data. In this process, both the zirconia framework and veneer are
fabricated by CAD/CAM and combined by fusion. This technique eliminates flaws and
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consequently strengthens the veneer layer, generating high-strength bilayer ceramics when
compared with other techniques, such as overpressed or hand-layered veneers [17–19].
Therefore, the use of CAD/CAM reduces the incidence of chipping, which has been
identified as a major technical complication for veneered all-ceramic FDPs [9,20].

Implant-supported dental restorations have been the treatment of choice to rehabilitate
partial edentulism due to their high success rates, the preservation of adjacent teeth,
and ability to support high mastication forces [21,22]. A meta-analysis demonstrated an
estimated five-year survival rate of 93% after analyzing 175 implant-supported zirconia-
ceramic FDPs [23]. An in vitro mechanical test with three-unit implant-supported zirconia-
based FDPs reported fracture load values of 1789 ± 202 N for axial and 1200 ± 68 N for
oblique loads [24].

Many factors, such as the position in the arch, number of units, material composition,
fabrication technique, and design of the prosthesis, have been cited as factors that may
affect the longevity of all-ceramic FDPs [25]. Among them, the prosthesis design has been
proven to be one of the most relevant factors. The fracture of all-ceramic FDPs tends to
occur in the connector area, starting from the gingival embrasure and propagating until
the occlusal surface [25–31]. The explanation for such a phenomenon is that all-ceramic
implant-supported FDP under masticatory forces behaves like a ceramic beam on rigid
supports [8]. During the mastication, compressive forces are applied on the occlusal surface
of the prosthesis. Therefore, the narrow constrictions with asymmetric irregular shapes
on the connectors’ area concentrate tensile stress. As a brittle material, ceramics tend to
fail in tension by a lack of ductility [29]. Based on that, and following the theory of the
deflection of a beam (where the height cubed is inversely proportional to the deflection), it
was assumed that the higher the load on the FDP, the higher the connector height has to
be [26]. However, posterior regions present limited space and the highest masticatory forces
(up to 500 N in an average person) [24]. Hence, the distal connectors of posterior prostheses
have a higher incidence of fractures when compared with the mesial connectors [25,26].
Thus, in this study, we altered the distal connector height of a three-unit implant-supported
FDP to assess the stress distribution within the all-ceramic prosthesis as well as the mesial
and distal zirconia abutments.

Load-to-fracture in vitro testing, such as static load-bearing tests, is a common way to
assess the mechanical strength of FDPs [32]. The most common techniques are three or four-
point bend tests. Although these techniques are consolidated to test all-ceramic FDPs, they
usually require a large number of specimens (to overcome the flaw variation) and controlled
loading conditions, making these tests costly and technique-sensitive. Another drawback of
in vitro tests is that they exclusively provide the final fracture load value and lack data about
how the distribution of stresses happened until the fracture occurred [8,25]. In trying to
solve these limitations as well as to provide a better understanding of experimental tests and
improve the predictability of rehabilitation, finite element analysis (FEA) was introduced in
Dentistry [33]. The FEA enables the calculation and assessment of the stress distribution in
each part of an asymmetric complex structure, such as an FDP. Additionally, the selection
of different failure criteria depending on the material nature is possible. For structures
made of brittle materials, such as all-ceramic FDPs, the maximum principal stress is the
failure criterion of choice for representing the magnitude of tensile stress. Thus, maximum
principal stress values were considered for evaluation in this study. The acquisition of
high-accuracy models for further analysis can be carried out by multiple methods, such as
three-dimensional (3D) scanners, computer tomography, or the measurement of physical
specimens. Furthermore, the specific parameters of models, such as geometry, design,
material properties, and loading direction, as well as load intensity can be modified to
create new desired models for analyses. For all these reasons, FEA has proven to be a
powerful tool to test models in a reliable, relatively fast, economically reasonable, and
non-destructive way [34]. Thus, 3D FEA was carried out to study the stress distribution in
this study.
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In the current study, the distal connector of a clinically retrieved posterior three-unit
all-ceramic FDP produced by CAD/CAM technique was modified. Three different models
with distal connector heights measuring 3, 4, and 5 mm have been created and analyzed
by FEA. The objective of this study was to assess the impact of the distal connector design
on the stress distribution and biomechanical behavior of fracture in posterior implant-
supported three-unit all-ceramic FDPs. Many FEA studies have been performed on all-
ceramic FDP. However, they used 2D models [27,35] or focused on different scenarios
involving FDP, such as four-unit prostheses [36], distal cantilevers [37], different connector
designs [38], or rehabilitation with inlay restorations [39,40]. This study was the final part
of a series of studies [41,42] that aimed to evaluate different design parameters that affect
the failure of ceramic–ceramic prostheses based on clinical observations from previous
publications [43,44]. The null hypothesis was that the distal connector with the highest
connector height (5 mm) would present the lowest maximum principal stress (measurement
of tensile stresses) on the gingival aspect of the connectors on the veneer and framework
layers as well as in mesial and distal ceramic abutments, promoting a more uniform and
beneficial stress distribution throughout the prosthesis and adjacent components.

2. Materials and Methods
2.1. Geometry Acquisition

For this study, two implants with 4.0 and 4.8 mm diameters (Astra Tech Osseospeed,
Dentsply Sirona, York, PA, USA), their suitable abutments and screws were all scanned in a
micro-CT scanner (Skyscan1172; Bruker, Aartselaar, Belgium). The same technique was
used to make the geometry acquisition of a patient-retrieved three-unit all-ceramic FDP
produced by CAD/CAM technique (Figure 1a). The resolution of micro-Ct scanning was
34.4 µm and the additional parameters were 100 µA for the accelerating current as well
as 100 kV for voltage. The sliced images generated from each physical component cited
previously were reconstructed using a micro-CT reconstruction software (Skyscan NRecon
software; Bruker, Aartselaar, Belgium).
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Figure 1. (a) Physical specimens, (b) the reconstructed micro-CT image of the Ø 4.0 implant with its
respective abutment and screw, and (c) the 3D model of the same implant.

The reconstructed micro-CT images were imported into an interactive medical image
processing software (Simpleware ScanIP; Synopsys, Mountain View, CA, USA) to be
developed into 3D models (Figure 1b,c). Individual masks of all components were produced
using thresholding tools based on their greyscale values of image pixels. Other tools, such
as 3D editing, Boolean operations, and recursive Gaussian filters, were used to correct
artifacts and imperfections. Geometrical forms that simulated bone and the fillings inside
the abutments were generated with the Create object tool while the cement layers between
the abutments and their respective implants were generated using morphological close and
Boolean tools.

The distal connector height of the bilayer ceramic prosthesis was altered to create
three distinct 3D models. Model A presented a distal connector with a height of 3 mm,
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followed by model B with 4 mm, and model C with 5 mm, as depicted in Figure 2. The
modification was carried out exclusively on the gingival aspect of the veneer layer mask,
keeping the same features on the remaining masks. A 0.25 mm radius of the curvature of
gingival embrasure was used in the distal connector of the three models, along with the
occlusal veneer thickness of 0.9 mm, the zirconia framework vertical thickness of 1.5 mm,
and the connector width of 4 mm. The mesial connector presented approximately 4.5 mm
connector height and 5 mm width in models A, B, and C.
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Figure 2. On the top row, the buccal view of (A) model A with 3 mm, (B) model B with 4 mm, and
(C) model C with 5 mm connector height. On the bottom row, sectional images of (D) model A,
(E) model B, and (F) model C.

All masks were converted into surfaces by Standard Tessellation Language (STL) files
to describe the surface geometry of the three-dimensional objects and imported to a new
Simpleware file to be assembled simulating their original anatomic positions, as illustrated
in Figure 3.
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Figure 3. Model B assembled simulating the original anatomic position of the components.

2.2. Pre-Processing

All models were meshed using tetrahedral elements, the most commonly used element
type for biomedical FEA studies [45]. The INP files generated after each meshing were
analyzed using commercial finite element analysis software (ABAQUS; Dassault Systèmes
Simulia Corp., Johnston, RI, USA). All the material’s properties were considered to be
homogeneous, linear elastic, and isotropic for model simplification, even though the
materials can present a more complex behavior [34]. Elastic material properties used for
each specific component of the models were summarized in Table 1 [41,42,46]:
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Table 1. Material properties of all components of the mesh volumes [41,42,46].

Materials Model Components Young’s Modulus (MPa) Poisson’s Ratio

Porcelain Veneer 70,000 0.19

Zirconia Framework
Abutments 210,000 0.30

Resin cement Fillings
Cement layer 8300 0.30

Titanium Implants
Screws 110,000 0.35

Bone Cuboid (bone) 13,700 0.30

All the simulated bone external surface nodes were fixed (configuring a boundary
condition) to prevent displacement and rotation of the model and simulate the anatomical
conditions. A 110 N vertical load was applied at the occlusal surface of the pontic at the
central fossa of models A, B, and C to mimic a mechanical three-point bending test. The
load was applied to 500 nodes and equally divided, generating a load of 0.22 N/node.

2.3. Post-Processing

After running a full FEA of the models, the maximum principal stress data were
collected. This stress type was chosen due to the brittle nature of ceramics and the fact that
they usually fail when submitted to concentrated tensile stress. The stress distribution and
peak stresses from the assembled mesh volumes and their ceramic veneer, framework, and
abutments layers were recorded and analyzed.

3. Results

The convergence test was conducted using seven different mesh densities and their
respective results. A graphic was plotted correlating the number of elements for each mesh
density and the corresponding results of the test expressed in maximum principal stress,
as represented in Figure 4. The mesh density that was chosen as the most appropriate
to be applied in the remaining models was the −20 mesh density with a peak stress of
274.7 MPa. Among all the mesh densities tested, the chosen mesh density ensured that the
results of the analysis were not affected by the refinement of the mesh (because they were
converging to a repeatable solution on the subsequent mesh densities) and provided the
smallest solving time. The total number of elements for each assembled model with this
optimized mesh density was 9,308,115 for model A, 9,317,208 for model B, and 9,317,088 for
model C, respectively.
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The peak stresses in the veneer layer were located at the gingival aspect of the distal
connector in model A and at the occlusal surface of the pontic, near the loading area, in
models B and C. The veneer peak stress values were 16 MPa for model A, 18 MPa for
model B, and 18 MPa for model C. When considering just the gingival aspect of the veneer
layer, the peak stresses within this specific area were 16 MPa at the distal connector region
for model A, 10 MPa at the distal connector region for model B, and 8 MPa at the mesial
connector region for model C, as represented in Figure 5. Note that in the contour plots
used in the current study the hotter colors represent the higher maximum principal stresses
and the colder colors represent the lower maximum principal stresses.
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Figure 5. Stress distribution on veneer for (A) model A, (B) model B, and (C) model C. Note the
concentration of tensile stresses on the distal connector on models A and B (3 and 4 mm) and the
anterior connector on model C (5 mm).

The zirconia frameworks presented high-stress values at the gingival aspect of the
distal connector for model A, while in models B and C they were concentrated at the
gingival aspect of the anterior connector. Maximum principal stresses were 11, 8, and
8 MPa respectively, in models A, B, and C, as shown in Figure 6.

All the assembled models demonstrated the peak stresses at the neck area on the
buccal face of the mesial abutment. Model A, with a 3 mm connector height, presented the
highest peak stress value (219 MPa) when compared with the other models B (194 MPa) and
C (194 MPa). The peak stresses on the distal abutment were also located in the neck area
but at the lingual face. The maximum principal stress for models A, B, and C were 88, 82,
and 80 MPa, respectively. The distribution of stresses on the mesial and distal abutments is
demonstrated in Figure 7.
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A summary of the peak stresses in the individual layers of models A, B, and C is
shown in Table 2. All values are representing measurements of maximum principal stress.

Table 2. Summary of maximum principal peak stress values on the layers of models A, B, and C.

Models Distal Connector
Height Veneer Veneer (Gingival

Aspect) Framework Mesial
Abutment

Distal
Abutment

A 3 mm 16 MPa 16 MPa 11 MPa 219 MPa 88 MPa

B 4 mm 18 MPa 10 MPa 8 MPa 194 MPa 82 MPa

C 5 mm 18 MPa 8 MPa 8 MPa 194 MPa 80 MPa
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4. Discussion

The FEA method was used in several studies [21,27,47,48] that have investigated the
influence of the connector design, especially the connector height. All of them assessed
the stress distribution on all-ceramic three-unit posterior FDPs. Because the connectors
represent the thinnest cross-section of an FDP, this area is more susceptible to stress con-
centration. The results of these studies were in accordance with the results of the current
study, as well as the null hypothesis. As expected, increasing the connector height also
increases the connector cross-section area where the stresses are concentrated, therefore
promoting a more uniform stress distribution and lower peak stresses. Bataineh [47] and
coworkers investigated posterior all-ceramic three-unit FDP connectors with 4 × 3 mm;
3.75 × 2.75 mm; and 3.5 × 2.5 mm sizes. They concluded that the connector size plays
a key role in the long-term survival of the prostheses. Their results showed that, by re-
ducing the connector size, a significant reduction in fatigue strength could be obtained,
with values going from 670 N in the largest connector (4 × 3 mm) to 273 N on the smallest
connector (3.5 × 2.5 mm). In their study, all the failures occurred on distal connectors.
In another study [27], after testing FDP models with 3 and 4 mm connector heights, the
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authors observed that the stresses were concentrated in the connector regions. They also
concluded that an increase in the connector height would dramatically reduce the stress
levels within the connectors. The presence of tensile peak stress near the occlusal contact
point (as shown in models B and C of the current study) was also found in a recent FEA
study [49] of all-ceramic three-unit posterior FDPs. However, the load applied was 300 N,
but the measurements of the connectors used were not mentioned. The authors found
maximum principal stress values ranging from 17.5 to 37.4 MPa for the connector areas
and from 10.8 to 22.0 MPa on the gingival aspect of the zirconia framework.

The relationship between zirconia framework and implant-supported prostheses
located on posterior mandibular sites has also been assessed. In an FEA study [50] frame-
works made of six materials (pure titanium, cobalt-chromium alloy, gold alloy, zirconia,
polyether ether ketone (PEEK), and carbon fiber-reinforced PEEK) were analyzed under a
300 N load with a 75◦ inclination. The results showed that the highest stresses were located
around the neck of the implants and cortical bone. They conclude that the more beneficial
stress distribution occurred in prostheses with zirconia and metal framework. Vult von
Steyern et al. [51] drew a similar conclusion when comparing all-ceramic FPD supported
by implants and by tooth-analog abutments in an in vitro study. The prostheses supported
by implants had statistically significant higher loads at the fracture, leading the authors to
conclude that prostheses supported by implants were able to provide more advantageous
stress distribution than the ones supported by tooth analogs. Both studies as well as the
current study proved that prostheses with zirconia frameworks supported by the implants
(as used in the current study), were able to present good stress distribution when compared
with other alternatives.

Physical specimens were also tested in vitro to evaluate the impact of connector height
in all-ceramic posterior FDPs [26,52,53]. After testing forty-eight three-unit all-ceramic
FPDs, with connector height and width ranging from 2 to 4 mm, Bahat et al. [52] rec-
ommended minimal dimensions of 3 mm in height and 2 mm in width for this type of
prostheses. Another in vitro study [53] tested seventy three-unit FDPs with connector
height and width measuring 3 mm × 3 mm, 3.5 mm × 3.5 mm, and 4 mm × 4 mm, respec-
tively, and a radius of the gingival embrasure of 0.6 mm. They concluded that the fracture
resistance of the zirconia framework significantly increased as the connector diameters
increased. The in vitro studies cited fabricated their specimens with a symmetric design,
which is not always possible in the clinical scenario. Posterior FDPs have asymmetric
shapes (due to limited space in posterior regions in the mouth and aesthetics) and support
the highest masticatory forces during the chewing process [25,26], which influences the
distribution of stresses within the prosthesis components, as shown in the current study.

Regarding the clinical studies, few studies [43,44,54] have been carried out to analyze
the effects of design parameters, including connector height. Sixty-five implant-supported
zirconia-ceramic FDPs with connector heights of 3, 4, and 5 mm were evaluated in a
randomized controlled clinical trial [44]. The presence of cracks and fractures was assessed
in a five-year follow-up study. A total of sixteen prostheses presented fractures, including
seven fractures in the 3 mm group, six fractures in the 4 mm group, and three fractures in
the 5 mm height group. The fact that the higher number of fractures was found in the group
with the smallest connector can be explained by the higher peak stress observed in the same
group in the current study. Only chipping fractures were presented, with no occurrences
of fractures on the connector. This phenomenon also corroborates with the FEA results
in this study, as the peak stresses found on the gingival aspect of veneer and framework
were much lower than the flexural strength of the zirconia (800–1500 MPa) [8], making a
fracture at the connector areas unlikely. Although the results showed more fractures in
the 3 mm group, statistical survival analysis did not demonstrate a statistically significant
effect between the connector height (p = 0.89) and fracture. Clinically, framework fractures
are rare on zirconia-ceramic FDPs [55]. A systematic review [56] showed that less than 1%
of these prostheses (5 of 595 FDPs) had the zirconia framework fracture.
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This study was designed to simulate clinical scenarios where implants were used as
support. The presence of implants with different diameters (Ø 4.0 and 4.8 mm) placed
with a slight angulation is a common occurrence in clinical rehabilitations. The use of
these strategies is often necessary to adapt to restricted anatomical sites and high loads on
posterior areas. All these factors, as well as the modification of the connector height on the
distal connector of the models, can influence the stress distribution in all the components
of the prosthesis and possibly cause high-stress concentrations on the neck region of the
mesial and distal zirconia abutments. Model A, with 3 mm posterior connector height,
presented higher peak stresses when compared with models B and C. It should be noted
that the high values on the mesial zirconia abutment are less likely to cause the failure of
this component due to the high strength of this material. A literature review [57] showed
that zirconia abutments had a similar survival rate when compared to titanium abutments
(100%) after a follow-up of 11 years. Additionally, there were no significant differences in
biological and radiographic indexes among metals, ceramics, and natural teeth abutments.

This study showed that FEA is an excellent tool to analyze the stress distribution and
locations of stress concentration in a three-unit all-ceramic implant-supported FDP with
different connector heights. Future studies can be carried out by simulating other clinical
scenarios, material properties, prosthetic designs, and loading conditions. It should be
noted that, although with high dimensional accuracy and reliable results, FEA studies
present limitations. As the limitations of this study, all the material properties were
considered homogeneous, linear elastic, and isotropic and the models were simplified
to achieve reduced run time and more efficient analysis, while in the reality, the material
properties followed a complex pattern as well as the features of the models’ components.
Additionally, other clinical factors, such as antagonistic teeth, masticatory frequency, and
combination of different load directions, were not simulated in this study to better control
model complexity.

5. Conclusions

Finite element analysis results demonstrated that the connector height has a significant
influence on the stress distribution on implant-supported FDPs. Models with higher
distal connectors (5 and 4 mm) had a lower and a more uniform distribution of maximum
principal stresses (except for the veneer layer) when compared with the model with the
shortest distal connector (3 mm). The maximum principal stress values in MPa observed
for each model with different connector heights and their respective locations (MA = mesial
abutment; DA = distal abutment; F = framework; V = veneer) were: 3 mm—219 (MA),
88 (DA), 11 (F), 16 (V); 4 mm—194 (MA), 82 (DA), 8(F), 18 (V); 5 mm—194 (MA), 80 (DA),
8 (F), and 18 (V). The peak tensile stresses in the model with the shortest distal connector
were located at the modified connector on the veneer and framework, while in the other
two models with wider connectors the peak stresses shifted to the mesial connector. Special
attention should be paid to the neck area of the zirconia abutments due to the high-stress
values observed among all the models analyzed.

Author Contributions: Conceptualization, J.F.E.-U. and Y.D.; clinical relevance data acquisition, J.F.E.-
U.; methodology, L.H.J.A. and L.K.; validation, Y.D.; formal analysis, L.H.J.A. and L.K.; investigation,
L.H.J.A. and L.K.; resources, Y.D.; writing—original draft preparation, L.H.J.A.; writing—review and
editing, Y.D., J.F.E.-U. and L.K.; visualization, L.H.J.A.; supervision, Y.D.; project administration, Y.D.;
funding acquisition, J.F.E.-U. and Y.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by NIH-NIDCR grant R56 DE025001 and the University of
Florida Clinical and Translational Science Institute, which is supported in part by the NIH National
Center for Advancing Translational Sciences under award number UL1TR001427. The content is
solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health. Ceramic materials were provided by Ivoclar Vivadent and implant
materials were provided by Dentsply. This study is registered at ClinicalTrials.gov under study
number NCT01729858.



Symmetry 2022, 14, 2334 11 of 13

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the editors and referees for their valuable comments and
suggestions, which greatly improved the quality of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Denry, I.; Kelly, J.R. Emerging Ceramic-based Materials for Dentistry. J. Dent. Res. 2014, 93, 1235–1242. [CrossRef] [PubMed]
2. Holand, W.; Schweiger, M.; Frank, M.; Rheinberger, V. A comparison of the microstructure and properties of the IPS Empress 2

and the IPS Empress glass-ceramics. J. Biomed. Mater. Res. 2000, 53, 297–303. [CrossRef]
3. Jones, D.W. Development of dental ceramics. An historical perspective. Dent. Clin. N. Am. 1985, 29, 621–644. [CrossRef]
4. Kelly, J.R.; Benetti, P. Ceramic materials in dentistry: Historical evolution and current practice. Aust. Dent. J. 2011, 56, 84–96.

[CrossRef]
5. McLaren, E.A.; White, S.N. Glass-infiltrated zirconia/alumina-based ceramic for crowns and fixed partial dentures. Pract.

Periodontics Aesthet Dent 1999, 11, 985–994.
6. Arena, A.; Prete, F.; Rambaldi, E.; Bignozzi, M.C.; Monaco, C.; Di Fiore, A.; Chevalier, J. Nanostructured Zirconia-Based Ceramics

and Composites in Dentistry: A State-of-the-Art Review. Nanomaterials 2019, 9, 1393. [CrossRef]
7. de Jager, N.; Münker, T.J.; Guilardi, L.F.; Jansen, V.J.; Sportel, Y.G.; Kleverlaan, C.J. The relation between impact strength and

flexural strength of dental materials. J. Mech. Behav. Biomed. Mater. 2021, 122, 104658. [CrossRef]
8. Callister, W.D.; Rethwisch, D.G. Materials Science and Engineering: An Introduction; Wiley: New York, NY, USA, 2010.
9. Triwatana, P.; Nagaviroj, N.; Tulapornchai, C. Clinical performance and failures of zirconia-based fixed partial dentures: A review

literature. J. Adv. Prosthodont. 2012, 4, 76–83. [CrossRef]
10. Pjetursson, B.E.; Sailer, I.; Makarov, N.A.; Zwahlen, M.; Thoma, D.S. All-ceramic or metal-ceramic tooth-supported fixed dental

prostheses (FDPs)? A systematic review of the survival and complication rates. Part II: Multiple-unit FDPs. Dent. Mater. 2015, 31,
624–639. [CrossRef]

11. Sailer, I.; Balmer, M.; Hüsler, J.; Hämmerle, C.H.F.; Känel, S.; Thoma, D.S. 10-year randomized trial (RCT) of zirconia-ceramic and
metal-ceramic fixed dental prostheses. J. Dent. 2018, 76, 32–39. [CrossRef]

12. Seghi, R.R.; Denry, I.L.; Rosenstiel, S.F. Relative fracture toughness and hardness of new dental ceramics. J. Prosthet. Dent. 1995,
74, 145–150. [CrossRef]

13. Zembic, A.; Sailer, I.; Jung, R.E.; Hämmerle, C.H.F. Randomized-controlled clinical trial of customized zirconia and titanium
implant abutments for single-tooth implants in canine and posterior regions: 3-year results. Clin. Oral Implant. Res. 2009, 20,
802–808. [CrossRef] [PubMed]

14. Kelly, J.R.; Tesk, J.A.; Sorensen, J.A. Failure of all-ceramic fixed partial dentures In Vitro and In Vivo: Analysis and modeling. J.
Dent. Res. 1995, 74, 1253–1258. [CrossRef] [PubMed]

15. Lang, L.A.; Wang, R.-F.; Kang, B.; White, S.N. Validation of finite element analysis in dental ceramics research. J. Prosthet. Dent.
2001, 86, 650–654. [CrossRef]

16. White, S.; Miklus, V.; McLaren, E.; Lang, L.; Caputo, A. Flexural strength of a layered zirconia and porcelain dental all-ceramic
system. J. Prosthet. Dent. 2005, 94, 125–131. [CrossRef]

17. Beuer, F.; Schweiger, J.; Eichberger, M.; Kappert, H.F.; Gernet, W.; Edelhoff, D. High-strength CAD/CAM-fabricated veneering
material sintered to zirconia copings—A new fabrication mode for all-ceramic restorations. Dent. Mater. 2009, 25, 121–128.
[CrossRef]

18. Schmitter, M.; Schweiger, M.; Mueller, D.; Rues, S. Effect on In Vitro fracture resistance of the technique used to attach lithium
disilicate ceramic veneer to zirconia frameworks. Dent. Mater. 2014, 30, 122–130. [CrossRef]

19. Della Bona, A.; Pecho, O.E.; Alessandretti, R. Zirconia as a Dental Biomaterial. Materials 2015, 8, 4978–4991. [CrossRef]
20. Al-Amleh, B.; Lyons, K.; Swain, M. Clinical trials in zirconia: A systematic review. J. Oral Rehabil. 2010, 37, 641–652. [CrossRef]
21. Arinc, H. Effects of Prosthetic Material and Framework Design on Stress Distribution in Dental Implants and Peripheral Bone: A

Three-Dimensional Finite Element Analysis. Med. Sci. Monit. 2018, 24, 4279–4287. [CrossRef]
22. Pjetursson, B.E.; Heimisdottir, K. Dental implants—Are they better than natural teeth? Eur. J. Oral Sci. 2018, 126, 81–87. [CrossRef]

[PubMed]
23. Sailer, I.; Strasding, M.; Valente, N.A.; Zwahlen, M.; Liu, S.; Pjetursson, B.E. A systematic review of the survival and complication

rates of zirconia-ceramic and metal-ceramic multiple-unit fixed dental prostheses. Clin. Oral Implant. Res. 2018, 29, 184–198.
[CrossRef] [PubMed]

24. Alkharrat, A.R.; Schmitter, M.; Rues, S.; Rammelsberg, P. Fracture behavior of all-ceramic, implant-supported, and tooth–implant-
supported fixed dental prostheses. Clin. Oral Investig. 2017, 22, 1663–1673. [CrossRef] [PubMed]
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