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Abstract
Purpose: The aim of this study was to establish and assess the validity of in silico models of biaxial flexural strength (BFS)
tests to reflect in vitro physical properties obtained from two commercially available computer-aided design/computer-
aided manufacturing (CAD/CAM) ceramic blocks and one CAD/CAM resin composite block.
Methods: In vitro three-point bending and BFS tests were conducted for three CAD/CAM materials (n = 10): Katana Zir-
conia ST10 (raw material: super-translucent multilayered zirconia, ST10; Kuraray Noritake Dental, Niigata, Japan), Katana
Zirconia HT10 (raw material: highly translucent multilayered zirconia, HT10; Kuraray Noritake Dental), and Katana Avencia
N (AN; Kuraray Noritake Dental). Densities, flexural moduli, and fracture strains were obtained from the in vitro three-point
bending test and used as an input for an in silico nonlinear finite element analysis. The maximum principal stress (MPS)
distribution was obtained from an in silico BFS analysis.
Results: The elastic moduli of AN, HT10, and ST10 were 6.513, 40.039, and 32.600 GPa, respectively. The in silico fracture
pattern of ST10 observed after the in silico evaluation was similar to the fracture pattern observed after the in vitro testing.
The MPS was registered in the center of the tensile surface for all three specimens. The projections of the supporting balls
were in the form of a triple asymmetry.
Conclusions: The in silico approach established in this study provided an acceptable reflection of in vitro physical proper-

ties, and will be useful to assess biaxial flexural properties of CAD/CAM materials without wastage of materials.
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1. Introduction

Advances in dental computer-aided design/computer-aided
manufacturing (CAD/CAM) processes have led to the expanding use
of machinable ceramic blocks[1]. Recently, monolithic multilayered
zirconia ceramics have been developed and have become prefer-
able materials to produce dental restorations by clinicians due to
their counterbalanced mechanical and aesthetic properties[2]. They
have a better semblance to the natural tooth structure consisting of
different layers with varying degrees of translucency and color inten-
sity[3,4]. The mechanical properties of certain types of commercially
available multilayered zirconia blocks have been evaluated using in
vitro test setups[5-7].

Flexural strength is generally considered a meaningful and reli-
able parameter to evaluate mechanical properties of restorative or
prosthetic materials. It is often determined by an in vitro three-point/
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four-point bending test[8-10]. Although the three-point bending
test is the most commonly used method, there is sensitivity to flaws
along specimen edges or surface defects. This may result in failure of
the test beam at a location that is not directly beneath the applied
load, thereby violating the testing apparatus and possibly yielding
inaccurate outcomes[11,12]. Another method to determine the flex-
ural strength of ceramic materials is the biaxial flexural strength (BFS)

WHAT IS ALREADY KNOWN ABOUT THE TOPIC?

» In vitro tests for measuring the flexural strength of CAD/CAM
zirconia ceramics typically provide inaccurate results and can result
in material wastage. Finite element analysis (FEA) allows the assess-
ment of stress distribution and evaluation of various mechanical per-
formance parameters. An FEA-based approach that can accurately
assess in vitro biaxial flexural properties has not yet been reported.

WHAT THIS STUDY ADDS?

» Our study proposed an FEA approach that accurately mirrors in
vitro load-displacement curves, biaxial flexural strength, and frac-
ture patterns of the studied materials. Fracture behavior varied be-
tween CAD/CAM zirconia and resin composite blocks owing to stress
triaxiality thresholds, highlighting the need for clinicians to consider
various stress states concentrated in restorations.
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Table 1. Composition of CAD/CAM resin composites used in this study

Code Manufacturer Composition Content (wt%)
Mixed filler with colloidal silica and aluminum oxide
Katana Avencia N AN Cured resins consisting of methacrylate monomer (Copolymer of 62%
Urethane dimethacrylate and other methacrylate monomers)
N Zr0,+HfO, 88%-93%
Katana™ Zirconia ST10
(raw material of STML) sT10 Kuraray Noritake Dental Y203 7%-10%
Others 0%-2%
o ZrO,+HfO, 90%-95%
Katana™ Zirconia HT10
(raw material of HTML) HT10 Y205 5%-8%
Others 0%-2%

test. Under biaxial flexural conditions, the maximum tensile stress
occurs in the bottom of the central loading area within the specimen,
which prevents the premature failure from edge flaws[11]. As dental
restorations are subjected to multiaxial mastication forces with a
considerable amount of flexural stresses in the oral cavity, BFS tests
would be advantageous to simulate the relative properties of restor-
ative and prosthetic materials[1,13]. Different loading configurations
have been identified, such as piston-on-three-ball (P3B)[14,15],
piston-on-ring[16], ball-on ring (BOR)[17], and ring-on-ring[18].
Only the P3B test has been adopted by International Organization
for Standardization (ISO) 6872: 2015 among the above methods, in
which a thin disc is supported by three balls and loaded by a piston.

However, for both in vitro uniaxial and BFS tests, inaccuracies
may occur during specimen—fixture articulation, positioning, and
parallelism[19]. The preparation of a minimized specimen for the
BFS test using such brittle materials can be time-consuming and
material-wasting. Additionally, different flexural strength values of
the same product have been reported by different researchers and
manufacturers as the behavior of ceramics can be susceptible to
different specimen processing and testing conditions including the
sintering and surface polishing methods, thickness and geometry of
the specimen, and type of loading piston[8,19-24].

Although finite-element analysis (FEA) is digitally available for
these parameters, as well as those of the preparations, it is more
amenable to a stress analysis and failure prediction[25]. FEA has been
well established as a method for assessment of the stress distribution
in dental materials, with numerous advantages including specimen
standardization, low cost, and capability to detect a fracture initia-
tion point from stress concentration regions[26,27]. Compared to in
vitro studies, FEA allows evaluation of the stress distribution as a
subject of analysis for the assessment of diverse physical parameters
related to mechanical performance[28]. Therefore, a standard in silico
method, which reduces the repeating times of an in vitro experiment,
while reflecting in vitro mechanical properties, should be considered.

Nonlinear dynamic FEA can represent fracture propagation cor-
responding to the fracture criteria of materials[29]. The fracture crite-
rion is one of the important factors to obtain accurate fracture loads
reflecting the in vitro results. In one study, the maximum principal
strain has been reported as the most appropriate fracture criterion
for evaluation of the flexural strength of resin composites[30]. In
our previous study, an in silico three-point bending and notchless
triangular prism model was developed and reflected in vitro physi-
cal properties of CAD/CAM resin composite blocks (RCBs) using the
maximum principal strain as a fracture criterion[27]. Thus, we

conceive an approach to combine the nonlinear dynamic FEA and
fracture criterion to develop in silico models of BFS tests to reflect the
in vitro results for both materials.

To the best of our knowledge, in silico approach that can reflect
the biaxial flexural properties (load-displacement curves, BFS,
fracture patterns) without conducting the BFS test has not been
reported. Based on the in silico process that we have established in
previous studies[27,30], the aim of this study was to further assess the
validity of in silico models of BFS tests to reflect in vitro physical prop-
erties obtained from two commercially available CAD/CAM ceramic
blocks and one CAD/CAM resin composite block. The null hypothesis
was that the proposed in silico approach could not reflect the in vitro
biaxial flexural properties obtained from the tested materials.

2. Materials and Methods
2.1. CAD/CAM blocks

Three commercially available CAD/CAM blocks were used:
Katana Zirconia ST10 (raw material: super-translucent multilayered
(STML) zirconia, ST10; Kuraray Noritake Dental, Niigata, Japan),
Katana Zirconia HT10 (raw material: highly translucent multilayered
(HTML) zirconia, HT10; Kuraray Noritake Dental), and Katana Avencia
N (AN; Kuraray Noritake Dental). Details of the material composition
of each block are summarized in Table 1.

2.2. Invitro three-point bending tests

In vitro three-point bending tests were conducted for the three
CAD/CAM materials (n = 10). Regarding the CAD/CAM RCB, 1.2 x 4 X
14 mm?3 rectangular bar specimens were prepared using a diamond-
coated low-speed precision sectioning blade (ISOMET1000, Buehler,
Illinois, USA) and polished with #1000 and #2000 SiC papers. The
specimens were immersed in distilled water at 37 °C for 24 h. Regard-
ing the CAD/CAM ceramic blocks, 60 x 50.5 x 21 mm? rectangular
specimens were prefabricated using a milling machine (DWX-52DC,
Roland DG, Shizuoka, Japan) and fired at 1500 °C for 2 h using a fur-
nace (Noritake Katana F-1 N, Kuraray Noritake Dental) according to
the manufacturer’'s recommendations. By trimming the specimens
using a diamond saw, rectangular bar specimens (1.5 X 4 X 18 mm?3)
were obtained. In vitro three-point bending tests were conducted us-
ing a universal testing machine (EZ-SX, Shimadzu, Kyoto, Japan) with
a crosshead speed of 1 mm/min.
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Fig. 1. CAD models of the in vitro biaxial flexural strength test for fabrication
of custom-made jigs

2.3. Preparation of specimens for the biaxial flexural test

The in vitro BFS test was conducted for three CAD/CAM materials
(n = 10). Regarding the CAD/CAM resin composite block, ¢14 x 1.2
mm? cylindrical disk specimens were fabricated using a machin-
ing center (VM5, OKK, Hyogo, Japan) and grinding machine (MHT,
Mitsui High-tec, Fukuoka, Japan). These specimens were polished
with #1000 and #2000 SiC papers. Regarding the CAD/CAM ceramic
blocks, disk-shaped specimens (@17 x 1.5 mm?) were fabricated using
a milling machine (DWX-52DC, Roland DG) and fired at 1500 °C for 2
h using a furnace (Noritake Katana F-1 N, Kuraray Noritake Dental) to
obtain specimens with final dimensions of @14 x 1.2 mm?2,

2.4. Invitro BFS test

According to the ISO 6872: 2014 standard, a custom-made P3B
biaxial fixture was prepared. The specimens for each material were
supported by three stainless-steel ball bearings with a diameter of
4.5 £ 0.1 mm positioned 120° apart on a support circle with a diam-
eter of 11 mm. The load was applied with a flat piston with a diameter
of 1.4 mm at the center of the specimen using a universal testing
machine (AG-X plus, Shimadzu) with a constant crosshead speed of
1 mm/min. A schematic of the experimental setup is presented in
Figure 1. The BFS (0p;,yiq) Was determined by

-0.2387P(X-Y)
b2

Obiaxial =

]

where P is the total load causing fracture [N], b is the thickness of the
specimen [mm], and X and Y are determined by

y=(1+v) 1+In[r—1]2 +(1- v)[ijz,

i

where v (0.38) is the Poisson'’s ratio, ry (5.5 mm) is the radius of the
support circle, r, (0.7 mm) is the radius of the loaded area, and r3 (7
mm) is the radius of the specimen.

2.5. Insilico three-point bending tests

In silico three-point bending analyses were conducted for the
three materials using the nonlinear dynamic FEA (LS-DYNA, ANSYS,
Pennsylvania, USA). The FEA models were designed using a pre- and
post-processor (LS-PrePost, ANSYS) according to the specimen di-
mensions. Two important parameters were considered for the FEA
file, the density and elastic modulus. For each specimen, the volume
was measured by microcomputed tomography (micro-CT;, R_mCT2,
Rigaku, Tokyo, Japan) at a resolution of 0.05 x 0.05 x 0.05 mm?3 and
voltage of 90 kVp. The density was calculated by dividing the weight
measured by an analytical balance (AP124X, Shimadzu) by the vol-
ume. To assess the elastic modulus, the load-displacement curve
obtained by the in vitro three-point bending test was converted into
a stress—strain curve. The flexural modulus was obtained by the ini-
tial slope of the stress—strain curve. The fracture strain was recorded
at the end of the curve. The flexural modulus and elastic modulus are
not equal. However, the flexural modulus was used as an initial trail
value for the three-point bending FEA file. After the first analysis, the
load-displacement curves exhibited some differences from the in vi-
tro load-displacement curve. We then changed the flexural modulus
value according to the difference and calculated again. This process
was repeated until the in silico and in vitro curves were converged
within an error of 10%. The final value was then determined as the
elastic modulus. The Poisson’s ratio of each material was set to 0.38
according to that of dental composites[31].

2.6. Failure criteria selection

For AN, MAT_ADD_EROSION was used to control the element
erosion. The maximum principal stress (MPS) was obtained from the
three-point bending k file, which showed the last converged curve,
and was used as an input failure criterion for the in silico biaxial flex-
ural test. Regarding HT10 and ST10, the effective plastic strain (EPS)
was obtained from the three-point bending k file, which showed the
last converged curve, and was used as an input failure criterion for
theinsilico BFS test. MAT_ADD_DAMGE_GISSMO was used to control
the element erosion. The stress triaxiality factor was set to 0.333 for
the three-point bending simulation and 0.667 for the BFS test simu-
lation. The corresponding erosion keywords and failure criteria are
shown in Table 2. The theoretical background of the GISMMO model
used in MAT_ADD_DAMAGE_GISSMO is summarized in Supplemen-
tary information.
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Table 2. Erosion keywords and failure criterion used in LS-DYNA

Erosion keyword Failure criteria
AN MAT_ADD_EROSION
HT10 MAT_ADD_DAMAGE_GISSMO

ST10 MAT_ADD_DAMAGE_GISSMO

Maximum principal stress
Effective plastic strain
Effective plastic strain

In vitro three-point bending testl |1n silico three-point bending testl

| |
I

Ture elastic modulus was Maximum principal stress/
determined Effective plastic strain

| In silico biaxial flexural strength testl

Load (N)

/ —— insilico

os ,
Displacement (mm)

Fig. 2. Schematic for an in silico biaxial flexural strength analysis

2.7. Insilico BFS analysis

The CAD models for the in silico BFS analysis were designed
according to the same parameters as for the in vitro jigs. Using
the elastic moduli and EPS obtained from the in vitro three-point
bending test, along with densities, a nonlinear dynamic FEA was
conducted. Load-displacement curves, BFS for each analysis, and
fracture patterns were obtained and compared to in vitro results. The
MPS distribution was obtained at each calculation point for the three
materials. A schematic of the whole process is shown in Figure 2.

2.8. Fracture pattern analysis

The fracture pattern of the disk specimens for AN, HT10, and
ST10 after in vitro BFS tests was observed by optical microscopy
(SMZ-745T, Nikon, Tokyo, Japan) at a magnification of 0.67x. Both in
vitro and in silico fracture patterns were compared.

2.9. Statistical analysis

Loads and displacement at each time point obtained from the
in vitro BFS tests were compared statistically to the value determined
by an in silico analysis using Spearman’s correlation tests (IBM SPSS
Statistics 25, IBM, New York, USA). Regarding the HT10 and ST10
blocks, in silico curves were also fitted by a linear dotted line. The
correlation analysis was conducted between this fitted linear curve
(translated along the X axis to the origin) and in vitro curve. P values
below 0.05 were considered statistically significant for all tests.

Table 3. Physical properties of three materials obtained by in vitro three-
point bending tests, micro-CT analysis, and weight measurement

Flexural modulus (GPa)  Density (g/cm?) Fracture strain (g)
AN 6.913+0.207 1.66+0.00783 0.0491+0.00319
HT10 39.661+0.700 6.01£0.01202 0.0330+0.00078
ST10 33.081+2.009 5.96+0.13462 0.0228+0.00286
3. Results

3.1. Elastic modulus obtained from the in silico three-point bending
analysis

The flexural moduli, densities, and fracture strains of AN, HT10,
and ST10 are summarized in Table 3. In vitro/in silico load—-displace-
ment curves after the three-pointing tests/analysis are shown in
Figure 3. The in vitro curves were obtained by averaging all loads
and displacement at each time point. Both in vitro and in silico load-
displacement curves were significantly correlated (AN: R, 4 = 1.000,
HT10: Rjoqq = 0.997, ST10: R, 544 = 0.997; AN: Rpjspiacement = 0.999, HT10:
Rpispiacement = 0.997, ST10: Rpjspiacement = 0.997, P < 0.05). The elastic
moduli of AN, HT10, and ST10 were 6.513, 40.039, and 32.600 GPa,
respectively.

3.2. Flexural strength after the in vitro/in silico biaxial flexural test/
analysis

The mean BFSs obtained by the in vitro/in silico biaxial test/
analysis for the three materials are listed in Table 4. In vitro/in silico
load-displacement curves after the BFS tests/analysis are shown in
Figure 4. The in vitro curve was obtained by averaging all loads and
displacement at each time point. Both in vitro and in silico load-dis-
placement curves were significantly correlated (AN: Ry, = 1.000,
HT10: Rypgq = 1.000, ST10: R;0qq = 1.000; AN: Rpygpiacement = 1.000, HT10:
Roisplacement = 1.000, ST10: Rpispiacement = 1000, P < 0.05).

3.3. MPSdistribution in the disk specimens

Figure 5 shows the MPS distribution during deformation and
after fracture for AN, HT10, and ST10. The MPS was registered in the
center of the tensile surface for all three specimens with a gradual
decrease to its borders. The MPS distribution and projections of the
supporting balls were in the form of a triple asymmetry. A fracture
was observed after the MPS exceeded the fracture stress of each
material on the tensile side.

3.4. Fracture pattern analysis

The fracture patterns of the disk specimens for AN, HT10, and
ST10 after in vitro and in silico BFS tests/analysis are presented in
Figures 6a and b. The fracture pattern of ST10 observed after the
in silico evaluation was similar to the fracture pattern observed after
the in vitro testing.

4. Discussion

Previously, we have established an in silico three-point bending
and notchless triangular prism model and reflected in vitro physical
properties of CAD/CAM resin composites[27]. To further elucidate the
effectiveness of this in silico approach, in this study, we developed a



478 H.Li, etal./JProsthodont Res. 2024; 68(3): 474-481

600 600 600
a b c
500 | 500 500 |-
Z 40 ¢ Z 400 ¢ Z 400
E E i
S 300 S 300 f S 300
200 — invitro 200 — invitro 200 — invitro
— insilico — in silico — insilico
100 t 100 100
0 L L 0 . L 0 L .
0 0.5 1 1.5 0 0.5 1 15 0 0.5 1 15

Displacement (mm)

Displacement (mm)

Displacement (mm)

Fig. 3. Load-displacement curve obtained from in vitro/in silico three-point bending tests. The in vitro curve was obtained by averaging all curves. a: AN, b:

HT10, c: ST10.

Table 4. Mean biaxial flexural strength values obtained from in vitro/in silico
biaxial test/analysis

Biaxial flexural strength (MPa)

in vitro in silico

AN 274.235+29.630 275.362
HT10 620.560+63.376 605.055
ST10 489.338+22.303 502.566

biaxial flexural test model that could be used to predict BFS to reflect
in vitro physical properties obtained from two commercially avail-
able CAD/CAM zirconia blocks and one RCB. The null hypothesis was
rejected as the in vitro/in silico load-displacement curves after the
BFS tests/analysis were significantly correlated.

Under the conditions of our study, for AN, the same in silico ap-
proach described in the previous study[27] was applied and reflected
the in vitro load-displacement curve. However, for both zirconia
blocks, different erosion method and failure criteria were applied,
as described in the Materials and Methods section, and reflected
the in vitro properties. These first reported keyword settings could
provide meaningful references for future FEA for dental zirconia.
Furthermore, the in silico approach employed in this study, which
utilizes the nonlinear dynamic FEA, demonstrated that the fracture
behavior of CAD/CAM zirconia blocks differs from those of CAD/CAM
resin composites because of a varying threshold depending on the
stress triaxiality. This finding suggests that clinicians should be mind-
ful to the various stress states that concentrate in dental restorative
materials.

The three-point bending tests indicated that the elastic modu-
lus of AN was considerably lower than those of HT10 and ST10. The
elastic modulus represents the stiffness of a material within the
elastic range when tensile or compressive forces are applied[32].
Ceramics usually have higher moduli than polymers and composites,
and therefore are stiffer and more brittle[33]. For yttria-stabilized
zirconia (YSZ) blocks, the elastic modulus of HT10 was barely higher
than that of ST10. Table 1 shows that the yttria exhibited differences
among these two materials. However, the yttria content has a limited
effect on the elastic modulus of dental zirconia[34].

In a previous study, we used an in silico three-point bending
analysis to reflect the in vitro testing of CAD/CAM RCBs[271]. In this

study, the proposed models for in silico analyses also reflected the
in vitro testing results of one CAD/CAM RCB and two zirconia blocks.
These results suggested that, using this in silico approach, the three-
point bending test would be the only in vitro experiment required to
obtain the flexural modulus. Thereafter, the elastic modulus could
be calculated by the in silico three-point bending analysis, and the
obtained elastic modulus could be used as an input parameter for
other mechanical tests, such as BFS or four-point bending tests. The
established approach has been applied to CAD/CAM resin composite
crowns, by subjecting them to a compression test[35], and will be
useful for prediction of the crack initiation point of marginal/incisal
chippings for zirconia crowns[36] or design of the appropriate crown
shape to prevent an unexpected failure.

The BFS test was originally developed for brittle ceramic or
glassy materials. The equations for BFS calculation were proposed
by Kirstein and Woolley[37]. The applications of BFS testing have
expanded as an alternative protocol to overcome the shortcomings
of the traditional uniaxial three-point bending test for measure-
ments of flexural properties of dental materials[34,38] such as CAD/
CAM RCBs and ceramic blocks. Notably, for both zirconia blocks, the
load-displacement curves exhibited a nonlinear part in the begin-
ning. This phenomenon could be attributed to the unstable contact
at the initial stage. Owing to the hardness of zirconia, it was difficult
to slightly deform and fully contact with the supporting balls, induc-
ing a period of an unstable curve, which could not reflect the intrinsic
material property. Compared to HT10 and ST10, AN tended to be
softer. Therefore, the resin composite specimen more easily exhibits
a slight deformation and starts the normal contacting process, and
thus the slope did not show notable change. This nonlinear part
could also originate from the difference between in vitro and in silico
specifications of the specimens and fixations. In vitro, the sizes of the
three stainless steel supporting balls were not exactly equal. There
were slight differences among them, within the standard deviations
(£0.1 mm). Therefore, the contact surface between the specimen
and supporting jigs was not completely flat, which resulted in an
unstable contact at the initial stage of the BFS test. However, in the
in silico scenario, the specifications of both specimen and support-
ing jigs are exactly the same. Without space between the specimen
and supporting balls, the contact surface was ideal. Considering this
setup, the contact between the supporting fixture and tested speci-
mens was stable from the initial stage. In other words, the degree of
freedom for the in vitro test was larger than in the in silico simulation.
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Fig. 4. Load-displacement curve obtained from in vitro/in silico biaxial flexural strength tests. The in vitro curve was obtained by averaging all curves. a: AN,

b: HT10, c: ST10.
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Fig.6. Fracture patterns of three materials after in vitro/in silico biaxial flexural strength tests. a: in vitro,
b: in silico.
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The BFSs of HT10 and ST10 were higher than that of AN. Zirconia
has no intervening etchable glassy matrix. All crystals are densely
packed into regular arrays, and then sintered[39,40]. The dense crys-
tal lattice reduces crack propagation resulting in stronger mechanical
properties[41]. For YSZ, the BFS of HT10 was higher than that of ST10.
According to the material compositions in Table 1, the yttria content
of ST10 was 7-10 wt%, higher than that of HT10 (5-8 wt%). In case of
not considering other effective factors, a higher yttria content corre-
sponds to a better translucency at the expense of lower strength and
toughness[3]. The BFS for STML is consistent with those of Pereira et
al. (487.6-528.5 MPa)[42] and Kongkiatkamon et al. (466.41 + 22.898
MPa)[43], but lower than that of another study, where plate-shaped
specimens were used, instead of disk-shaped specimens, which was
not a requirement from the ISO standard 6872[6]. The BFSs for HT10
and AN have not been reported in the published studies.

The strength is not an inherent property of a material, and
therefore the recorded value by the in vitro test is a function of the
geometry and preparation of the specimen, as well as the testing
method[12]. However, our developed approach could reflect the
inherent strength and elastic properties of the materials, which
could not be affected by the error caused by fixations and specimen
preparation process.

In terms of fracture pattern, the in silico simulation demon-
strated a fracture pattern for the ST10 block that closely matched
the observed in vitro fracture patterns, which further suggested the
effectiveness of our proposed method. There has been a positive
correlation between fractured pieces and strength values in a BOR-
configuration BFS test for RCBs[13]. However, both of our in vitro/in
silico results for zirconia with the P3B configuration did not reveal
the same trend. HT10 had a higher BFS but less fragments compared
to ST10. This result could be explained by the different materials
and configurations used. As a discrete population of internal flaws
exists in the specimens’ structure in zirconial[6] or voids, various
filler shapes, and distribution in CAD/CAM RCBs, the fracture pattern
could be affected, leading to different fracture patterns compared to
the results from FEA, where the fracture pattern was obtained from a
perfectly homogeneous zirconia or CAD/CAM RCBs. Therefore, the in
vitro fracture fragments of AN and HT10 were not the same, regard-
ing the results of in silico simulations.

The MPS distribution concentrated in the middle at the bottom
of the specimen with a gradual decrease toward the specimen bor-
ders, as shown in Figure 5. This distribution was similar to that of the
FEA simulation conducted by Coki¢ et al. even though their mesh size
was 0.2 mm[6]. The mesh size for the developed models was 0.1 mm.
It was still relatively large to represent the crack initiation and crack
propagation compared to the nano/microscale. Therefore, the com-
bination of the multiscale analysis and FEA[27] should be considered
to achieve a direct observation of the fracture behavior of compos-
ites with nanofillers at the nano/microscale in the future. One of the
limitations of this study is that the elastic modulus of multilayer zirco-
nia ceramics may vary in different layers. Future studies considering
the different elastic modulus of each layer in anatomic models are
required to investigate the fracture origin and crack propagation of
zirconia crowns. Additionally, in the future, this approach, involving
the in vitro mechanical testing of materials and in silico FEA simula-
tion, should be further validated by other testing centers.

5. Conclusions

The in silico approach established in this study produced results
that were similar and correlated with the in vitro biaxial flexural
properties of the tested CAD/CAM RCBs and ceramic blocks. The es-
tablished approach will be useful to assess biaxial flexural properties
of CAD/CAM RCBs and ceramics without wastage of materials.
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