") Check for updates

https://doi.org/10.4047/jap.2021.13.6.396

Comparative finite element analysis of
mandibular posterior single zirconia and
titanium implants: a 3-dimensional finite
element analysis

Sung-Min Choil, Hyunsuk Choi?, Du-Hyeong Lee3, Min-Ho Hong**

IDepartment of Dental Laboratory Science, College of Health Sciences, Catholic University of Pusan, Busan, Republic of Korea
2Department of Dentistry and Prosthodontics, Daegu Catholic University School of Medicine, Daegu, Republic of Korea
3Department of Prosthodontics, School of Dentistry, Kyungpook National University, Daegu, Republic of Korea

“Department of Dental Laboratory Science, College of Health Sciences, Catholic University of Pusan, Busan, Republic of Korea

ORCID
Sung-Min Choi
https://orcid.org/0000-0001-6083-7732

Hyunsuk Choi
https://orcid.org/0000-0002-0381-3870
Du-Hyeong Lee
https://orcid.org/0000-0003-2803-7457

Min-Ho Hong
https://orcid.org/0000-0002-6456-2200

Corresponding author

Min-Ho Hong

Department of Dental Laboratory
Science, College of Health
Sciences, Catholic University

of Pusan, 57 Oryundae-ro,
Geumjeong-gu, Busan 46252,
Republic of Korea

Tel +82515100592

E-mail mhhong@cup.ac.kr

Received August 27,2021/
Last Revision November 23,2021/
Accepted December 6, 2021

This research was supported by
the Ministry of Trade, Industry &
Energy (MOTIE), Korea Institute
for Advancement of Technology
(KIAT) [P0018960] and RESEARCH
FUND (2021) offered from Catholic
University of Pusan.

396

PURPOSE. Zirconia has exceptional biocompatibility and good mechanical
properties in clinical situations. However, finite element analysis (FEA) studies

on the biomechanical stability of two-piece zirconia implant systems are limited.
Therefore, the aim of this study was to compare the biomechanical properties

of the two-piece zirconia and titanium implants using FEA. MATERIALS AND
METHODS. Two groups of finite element (FE) models, the zirconia (Zircon) and
titanium (Titan) models, were generated for the exam. Oblique (175 N) and
vertical (175 N) loads were applied to the FE model generated for FEA simulation,
and the stress levels and distributions were investigated. RESULTS. In oblique
loading, von Mises stress values were the highest in the abutment of the Zircon
model. The von Mises stress values of the Titan model for the abutment screw
and implant fixture were slightly higher than those of the Zircon model. Minimum
principal stress in the cortical bone was higher in the Titan model than Zircon
model under oblique and vertical loading. Under both vertical and oblique
loads, stress concentrations in the implant components and bone occurred in

the same area. Because the material itself has high stiffness and elastic modulus,
the Zircon model exhibited a higher von Mises stress value in the abutments than
the Titan model, but at a level lower than the fracture strength of the material.
CONCLUSION. Owing to the good esthetics and stress controllability of the Zircon
model, it can be considered for clinical use. [J Adv Prosthodont 2021;13:396-407]
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Comparative finite element analysis of mandibular posterior single
zirconia and titanium implants: a 3-dimensional finite element analysis

INTRODUCTION

Dental implants are not only applicable to edentu-
lous or partially edentulous patients, but are also an
effective treatment option for patients who need to
replace a single missing tooth.! In the dental field, ti-
tanium is currently considered the gold standard for
implant manufacturing because of its excellent bio-
compatibility, long-term scientific validation, and rel-
ative ease of manufacture.? Titanium implants have
demonstrated excellent long-term survival rates and
clinical performance.? However, esthetic issues may
arise because of the metallic color of titanium. In
some cases, the gray color of titanium can be visible
through the mucosal tissues after soft tissue reces-
sion.*® In addition, despite the excellent properties
of titanium, disadvantages such as allergic reactions,
cellular sensitization, and galvanic current formation
have been reported. Owing to these problems, there
is an increasing demand for implant materials that
are esthetically satisfactory and highly biocompati-
ble.67

Various materials for the manufacture of implants
and implant-related treatments have recently been
introduced. Zirconia is a promising material for oral
rehabilitation since it can replace titanium-based im-
plant systems with excellent esthetics, biocompatibil-
ity, and mechanical and optical properties, properties
that allow its use even in premolar and molar ar-
eas.? Specifically, zirconia is made of yttria-stabilized
tetragonal polycrystals (Y-TZP), which have high flex-
ural strength, favorable hardness, high fracture tough-
ness, and a Weibull parameter of 10 to 12.° Y-TZP un-
dergoes a phase transformation from a tetragonal
phase to a monoclinic phase, especially when stress
is induced. This property limits crack propagation by
causing a volume expansion.t In addition, its bio-
compatibility as a material for dental implants has
been demonstrated in several animal studies.’ 10-12

In most clinically commercialized zirconia implant
systems, one-piece implants are preferred over two-
piece ones.'®!* In some studies, one-piece zirconia
implants showed good tissue response and a satis-
factory degree of biocompatibility.t>17 In 3-year fol-
low-up studies on the success and survival of one-
piece zirconia implants, survival rates ranged from
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97.5% to 98.5%, which are almost identical to those
of titanium implants.!81° However, from the perspec-
tive of reconstructing lost teeth, one-piece zirconia
implants have somewhat less prosthetic flexibili-
ty than two-piece zirconia implants. Owing to these
properties, prosthetic correction of one-piece zirconia
implants that are not placed in the ideal position is
difficult. Moreover, their use is limited when implants
need to be submerged.!? In such cases, two-piece
zirconia implants are more advantageous than one-
piece ones because the abutment shape and angle
can be flexibly modified.

Recently, two-piece zirconia implants have become
widely accepted in implant dentistry.?%2! However,
the available evidence for their long-term success is
insufficient. In most of the previous studies that per-
formed finite element analysis (FEA) on zirconia im-
plants, only the stress transmitted to the support
bone around the fixture was analyzed.82%22-24 The lack
of widespread clinical adoption of two-piece zirconia
implants is likely due to the properties of brittle ce-
ramics such as microcracks.!320

FEA simulation is one of the most frequently used
tools to investigate stress distribution in implant-sur-
rounding bone. It is well known that optimal stress
occurring in the jawbone affects the success of den-
tal implants. However, the biomechanical properties
used to assess the suitability and safety of two-piece
zirconia implants are not widely known. Thus, the
aim of this FEA simulation project was to compare the
biomechanical properties of the new two-piece zirco-
nia and the existing titanium implants using FEA.

MATERIALS AND METHODS

The 3D model used for the study was designed using
a computer-aided design program (CATIA, Dassault
Systemes, Velizy-Villacoublay, France), and a mandib-
ular right first molar-shaped 3D model was fabricat-
ed. The models in the study were classified as zirco-
nia (Zircon) and titanium (Titan) models. The implant,
abutment screw, and bone (cortical and trabecular)
geometries in both models were identical (Fig. 1).
The zirconia crown used in this study was designed
by editing artificial tooth (Dentiform, Nissin Dental
Products, Kyoto, Japan) scan data in an NX program
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Fig. 1. Cross-sectional view of the three-dimensional finite element models of dental implants with the internal assembly

structure. (A) Zircon model and (B) Titan model.

(NX10.0.0.24, SIEMENS, Munich, Germany). In addi-
tion, a reverse design of the natural tooth was carried
out using the method of producing the surface based
on STL (stereolithography) geometry. The zirconia
crown used in this study was designed by editing nat-
ural tooth scan data in a CAD program. The cement
thickness between the zirconia crown and the abut-
ment was ignored to simplify the experimental mod-
els and to focus on the stress concentrations at im-
plant and surrounding bone.?> The abutment used in
this study (Milling abutment, Megagen, Daegu, Korea)
was 4.5 mm in diameter and length. The abutment
screw was 1.8 mm in diameter and 8.5 mm in length.
The distance from the abutment screw head to the
screw thread was 5.1 mm. The implant fixture (Any-
one® Internal; Megagen, Daegu, Korea) was tapered
implant with an internal hex connection and 5.0 mm
in diameter and 11.5 mm in length. The mandible

Table 1. Nodes, elements, and mesh size of the FE models

model, which was built based on the cross-sectional
image of a human mandible, was 29.5 mm high and
14.0 mm wide. It was composed of trabecular bone
surrounded by a cortical bone with the thickness of
1.4 to 3.7 mm. Implant fixture was applied on the
mandible model at the cortical bone level.

A meshing program (Altair Hypermesh v17.0; Altair
Engineering, Troy, MI, USA) was used to discretize all
3D models. For the models applied in this study, 10
nodes of quadratic tetrahedral elements (mean size:
0.25 mm)2® were used. Table 1 shows the nodes, ele-
ments, and mesh sizes used in this study. The results
for both models were derived through simulation us-
ing specific software (Abaqus FEA v6.12; Dassault Sys-
tems Simulia Corp., Providence, RI, USA). To simplify
the models and the numerical calculations related to
stress analysis using finite elements, it was assumed
that the models had the following physical proper-

Components Nodes Elements Mesh size (um)
Zirconia crown 12,809 58,892
Zirconia and titanium abutment 55,931 23,534
Zirconia and titanium fixture 96,051 23,534 250
Abutment screw 12,064 58,163
Cortical bone 60,134 280,089
Trabecular bone 50,931 247,142
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ties: homogeneity (the mechanical properties of the
material are uniform), isotropy (material properties
and mechanical behavior are the same in the three
directions of the X, Y, and Z axes), and linear elasticity
(the deformation or displacement of the structure is
proportional to the applied force and independent of
the amount of displacement). The implant and bone
were assumed to be completely osseointegrated. The
Young’s modulus and Poisson’s ratio of each compo-
nent were chosen considering the physical properties
used in previous studies (Table 2).1%728

To prevent all mandible movements, the bound-
ary condition constrained the mandible model in all
three directions, X, Y, and Z. Deformation was allowed
in the crown, fixture, and surrounding bone. Also,
the model was assumed to be in the “tie contact,” in
which the fixture is fixed to the support bone, and the

Table 2. Mechanical properties of all simulated materials
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screw is connected to the internal thread of the fix-
ture. By tightening the screw torque, the abutment
was connected to the fixture. However, the coefficient
of friction between the inner surface of the abutment
and the screw head was set to 0.5.2° A screw tight-
ening torque of 320 N was applied, based on the for-
mula provided in a previous study, to reproduce the
preload generated in the stage before applying the
occlusal force (Fig. 2).30:3!

Two load conditions were applied to describe the
occlusal load that may occur during mastication in
the oral cavity. An inclined force (175 N) was applied
at an inclination of 30° relative to the axis of the fix-
ture (Fig. 2). In addition, a vertical force was applied
relative to the axis of the fixture (175 N) (Fig. 2). The
stress transmission of the abutment, abutment screw,
and fixture were evaluated using von Mises stress

Material Young’s modulus (GPa) Poisson’s ratio Reference
Titanium abutment/fixture 110 0.35 [1,24]
Zirconia abutment/fixture 210 0.30 [1,24]
Abutment screw 110 0.35 [24]
Zirconia crown 210 0.26 [1]
Cortical bone 13.7 0.30 [24]
Trabecular bone 1.37 0.30 [24]
Tightening torque (320 N) Vem(?%os)dlri Obll((q1u7r35lol\la;d|ng
A B

Fig. 2. Boundary and loading condition of the FEA models (Zircon and Titan models). Both groups of models are fixed in
all directions. (A) A force of 320 N was applied in a direction parallel to the axis of the placed fixture, and the fixture and
abutment were considered to be fully engaged. (B) Oblique and vertical loadings were obtained with the application of

175 N in two directions onto the eight occlusal areas.

https://jap.or.kr
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analysis. In addition, the stress transmission of the
cortical and trabecular bone structures was compara-
tively evaluated using principal stress values.

RESULTS

Figure 3 shows the von Mises stress values in abut-
ment, abutment screw and fixture under oblique and
vertical loading. The von Mises and principal stresses
transmitted under oblique and vertical loading to the
cortical and trabecular bone are shown in Fig. 4.
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In oblique loading, the abutment exhibited the
highest von Mises stress in the Zircon model (Fig. 3).
The abutment screw revealed slightly higher von Mis-
es stress in the Titan than in the Zircon model. In ad-
dition, the von Mises stress in the Titan model was
also slightly higher than that in the Zircon model.
Overall, the cortical bone showed higher maximum
and minimum principal stress levels than the tra-
becular bone in all FE models. In addition, the stress
concentration point was found to be similar in all FE
models. In the abutment, the stress was concentrat-
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Fig. 3. von Mises stress values of abutment, screw, and fixture. (A) Oblique loading, (B) Vertical loading.
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Fig. 4. von Mises and principal stress values in cortical and trabecular bone. (A) Oblique loading, (B) Vertical loading.

400

https://jap.or.kr



Comparative finite element analysis of mandibular posterior single

zirconia and titanium implants: a 3-dimensional finite element analysis

A Buccal

S, Mises
(Avg: 75%)

Lingual

Zircon model

Lingual

Titan model

J Adv Prosthodont 2021;13:396-407

Lingual Lingual

Zircon model Titan model

Fig. 5. von Mises stress distribution in the abutment. (A) Oblique loading, (B) Vertical loading.
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Fig. 6. von Mises stress distribution in the abutment screw. (A) Oblique loading, (B) Vertical loading.

ed on the inner surface of the fixture and the hex part
of the abutment (Fig. 5A). Regarding the abutment
screw, the stress was the highest at the third thread
pitch and bottom of the screw head (Fig. 6A). The fix-
ture showed stress concentration in the buccal neck
region (Fig. 7A). In the case of maximum and mini-
mum principal stresses, stress was concentrated in
the buccal region of the cortical bone (Fig. 8A) and in
the distal region of the trabecular bone (Fig. 9A).
Under vertical loading, stress concentrations in the
implant components and bones occurred in the same
areas as under oblique loads (Fig. 5B, 6B, 7B, 8B and
Fig. 9B). Overall, the stress value was slightly lower
under the vertical than under the oblique load (Fig.

https://jap.or.kr

3B and 4B). In addition, when the same type of stress
was applied, the stress distribution was also similar,
and in all models the stress was mostly concentrated
in the connection part where the implant and abut-
ment were connected. In all models, the maximum
and minimum principal stresses in the cortical and
trabecular bones were similar.

In addition, von Mises and maximum principal
stress in the cortical and trabecular bone were similar
in the Zircon and Titan model under oblique and ver-
tical loading. However, minimum principal stress in
the cortical bone was higher in the Zircon model than
in the Titan model under oblique and vertical loading.
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Fig. 7. von Mises stress distribution in the fixture. (A) Oblique loading, (B) Vertical loading.
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Titan model
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Fig. 9. von Mises and principal stress distribution on trabecular bone. (A) Oblique loading, (B) Vertical loading.

DISCUSSION

In this study, the details and physical/mechanical
properties of the simulation model were determined
based on the validated numerical values to increase
the accuracy of the FEA.32 Nevertheless, structural
design and biomechanical analysis using FEA do not
include all biomechanical conditions and biochemi-
cal contents found in the oral cavity of patients. How-
ever, FEA is very helpful in improving implant system
design because its results allow to predict the stabil-
ity and suitability of the structure in advance.3?33 In
addition, even when laboratory experiments are not
possible, FEA can help predict the dependence of out-
comes on various parameters related to geometry,
material, boundary, and load conditions.3?

There have been previous studies to evaluate bio-
mechanical behavior of zirconia and titanium im-
plants through FEA. Brandao et al.?® evaluated zir-
conia and titanium implants placed in the anterior
region, and de Matos et al.?* analyzed the results of

https://jap.or.kr

3-unit fixed partial dentures on zirconia and titanium
implants placed in the posterior region. However, in
the above studies, only the stress transmitted to the
support bone around the fixture was analyzed. There-
fore, in the present study, FEA was performed on
the biomechanical behavior of abutment, abutment
screw, fixture, cortical and trabecular bone when
oblique and vertical loads were applied to single two-
piece zirconia and titanium implants, respectively.

In the stress analysis using FEA performed in this
study, it was assumed that the material was homo-
geneous and isotropic, to simplify the model and the
numerical calculation of stress. In addition, the mate-
rial properties were defined only by their elastic mod-
ulus and Poisson’s ratio. An ideal FE model is essential
for achieving successful results.3* In previous studies,
the results derived when the element size was larger
than 300 um were inappropriate.3 However, an ele-
ment size of 150 um or less extends the time required
for analysis.>®> Therefore, in this study, the average el-
ement size was set to 250 um.
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Various materials can be used in prosthetic im-
plants. The selection of the optimal dental restorative
material is a debatable topic, but there is a general
agreement that implant survival is not affected by the
dental restorative material. Therefore, in this study,
a monolithic zirconia crown was selected. The distri-
bution of occlusal loads on osseointegrated implants
has a significant impact on their long-term prognosis.
The von Mises stress is used as a major indicator to
determine the fracture level of ductile metal materials
such as abutments, abutment screws, and fixtures.
On the other hand, because brittle materials such
as the support bone are useful for judging failure by
principal stress, the analytical results are presented
using principal stress.

Under oblique and vertical loads, the Zircon model
abutment showed the highest von Mises stress val-
ue of 672.4 MPa. This value did not exceed the maxi-
mum fracture strength of zirconia, which is 900 - 1200
MPa.? In addition, under all loading conditions, the
von Mises stress in the abutment screw was less than
550 MPa, which corresponds to the yield strength of
titanium.3¢ Moreover, the abutment and fixture of the
Titan model also exhibited von Mises stress values
smaller than 550 MPa. The result of above are simi-
lar to the results of previous study that analyzed the
same geometry of the implants. Brandao et al.?® re-
ported that titanium fixture-zirconia abutment group
obtained the higher values of tensions in implants
and abutments compared to titanium fixture-titani-
um abutment group. This result is in agreement with
other studies®’28 that observed a greater number of
fractures in the region of connection with the implant
for zirconia abutments compared to titanium. Howev-
er, these higher stress values do not compromise the
use of zirconia abutments in the posterior region of
the oral cavity, since these abutments presented simi-
lar clinical performance to titanium abutments. In ad-
dition, this result shows that the abutment/implant
interface also influences the stress distribution.

In previous studies, when stress was applied to the
cortical bone, the maximum tensile stress was 100 -
130 MPa, and the compressive stress was 170 - 190
MPa.3%3%|n the present study, neither the Zircon nor
the Titan model exceeded the strength threshold of
the cortical bone. However, in this study, vertical and
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oblique static loads of 175 N were applied to each
model, and the stress distribution in each implant
component and support bone was evaluated. There-
fore, in clinical situations, repeated masticatory loads
may lead to implant failure and unfavorable long-
term prognosis.

In the present study, von Mises stress values in the
implant and maximum and minimum principal stress
concentrations in the cortical and trabecular bones
were similar in all models, except for the abutment
in Zircon models. In the vertical and oblique loading
conditions, the stress distribution of the abutments of
the Titan and Zircon models was observed to be sim-
ilar. However, the zirconia implant abutment showed
a significantly higher maximum equivalent stress val-
ue than the titanium implant abutment. This is due
to the properties of zirconia, which has a modulus of
elasticity nearly twice that of titanium.%1423

Due to such high modulus of elasticity, zirconia dis-
sipates more stress and reduces the displacement of
the surrounding soft tissue. Owing to these physical
properties, zirconia implants exhibit high von Mis-
es stress on their internal structure, and the equiva-
lent strain value is low.* In a recent FEA study of an
implant model, zirconia was reported to be subject-
ed to higher stress than titanium.*® The authors also
stated that the Young’s modulus of the material can
directly affect the stress applied to the implant, and
that a harder material can withstand more stress.40
The results of their study may be the reason why the
stress value of the Zircon model abutment was higher
than that of the Titan model abutment in this study.
Therefore, because the fracture strength of the zirco-
nia abutment is more than twice that of the titanium
abutment, it cannot be concluded that the zirconia
abutment causes greater mechanical failure than the
titanium abutment, considering the magnitude of the
stress and the mechanical strength. In a clinical study
using zirconia abutments, abutment fracture did not
occur for an average of 49.2 months in single missing
tooth restorations,* and it has been reported that no
abutment fracture has occurred for more than 5 years
in clinical cases restored with all-ceramic crown res-
torations.*?

The FEA in this study revealed that zirconia im-
plants have competitiveness and potential over tita-
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nium implants. In addition, the stress values in MPa of
the Zircon and Titan model were similar, but it can be
seen that the Zircon model reduces the stress of the
bone around the implant when compared with the
Titan model. However, dental clinicians should also
consider other clinical parameters such as esthetics,
insertion torque, occlusion, parafunctional habits,
restoration location, type of edentulous areas, etc.*> A
prospective clinical study with a large number of pa-
tients will be needed to establish whether zirconia im-
plants are an excellent alternative to titanium ones.

This study has several limitations as follows. First,
the experimental design was limited to the poste-
rior single crown, and in order to analyze the effect
in the clinical situations, further studies on anterior
implants or posterior fixed partial dentures will be
necessary. Next, in this study, it was assumed that
zirconia and titanium implants were completely osse-
ointegrated. In the previous study, there was no sig-
nificant difference in the degree of osseointegration
between zirconia and titanium implants.* However,
as the difference in osseointegration appears depend-
ing on the microstructure and implant surface mod-
ification method, additional research is needed. In
addition, as our study was conducted under the static
load, follow-up studies on the effect of dynamic load-
ing will also be needed.

CONCLUSION

Based on the FEA results for a mandibular first molar
single implant, which mimics a general clinical sce-
nario, the following conclusions were drawn: the Zir-
con model exhibited higher von Mises stress values in
the abutment than the Titan model. In addition, the
Zircon model showed more favorable results in terms
of stress transmission to the support bone around the
implant compared to the Titan model. These results
are due to the high stiffness and elastic modulus of
the zirconia, but the stress value was lower than the
fracture strength of the material. Therefore, the Zir-
con model can be considered to have sufficient es-
thetic and stress-modulating properties for clinical
use.
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