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Background: In a dental implant/bone system, the design factors affect the value and distributions of stress
and deformations that plays a pivotal role on the stability, durability and lifespan of the implant/bone
system.

Objective: The aim of this study was to compare the influence of different abutment designs on the
biomechanical behavior of one-piece zirconia dental implants and their surrounding bone tissues using
three-dimensional finite element analysis.

Methods: A three-dimensional geometrical model of a zirconia dental implant and its surrounding bone
tissue were created. The occlusal loading force applied to the prosthetic abutments was a combination of
114.6 N in the axial direction, 17.1 N in the lingual direction and 23.4 N toward the mesial direction where
these components represent masticatory force of 118.2 N in the angle of approximately 75° to the occlusal
plane.

Results: The system included implant abutment Model 01 showed a decrease of 9.58%, 9.92% and 3.62% at
least in the average value of maximum von Mises stress compared to Model 02, Model 03 and Model 04
respectively. The results also showed that the system included implant abutment Model 01 decreases the
average value of maximum deformation of 16.96%, 7.17% and 9.47% at least compared to Model 02, Model
03 and Model 04 respectively.

Conclusion: The one-piece zirconia dental implant abutment Model 01 presents a better biomechanical
behavior in the peri-implant bone than others. It can efficiently distribute the applied load and present more
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homogeneous behavior of stress distribution and has less deformation than others, which will enhance the
stability of implant/bone system and prolong its lifespan.

© 2019 AGBM. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Implantation alludes to non-living materials into the body and
set in living tissue [1]. Dental implant supported restorations have
been generally utilized as a typical treatment method to restore
edentulousness in recent years [2]. Numerous individuals have
practiced with missing teeth implantation for removal. The essen-
tial treatment objective is the re-establishment of function. Fur-
ther, objectives include the long-term functional stability of the
implants, lessened surgical and prosthetic procedures, high pre-
dictability of the treatment results, and ideal structure design [3].

The transference of the occlusal loads to the bone-implant in-
terface is a crucial factor to determine the result of the implant
treatment [4]. Numerous factors influence load transfer at the
bone-implant interface, for example, the type of loading, surface
structure, amount of surrounding bone, material properties of the
implant and implant design [5]. As the proper design can decrease
the deformation, the stress or its distribution can be homogenized,
it would be more likely to increase the success of the implant [6].

The kind of the load exerted on the implant influences the
mode distribution of stress and the deformation. The excess ap-
plied load encompassing the implant causes very small cracks in
the bone that leads to loosening and probable breaking of the
implant. In term of implant material, a perfect implant material
ought to be biocompatible, with suitable toughness, durability, cor-
rosion, wear and fracture resistance [7]. The utilization of zirconia
is concerned with the durability, corrosion resistance and aesthet-
ics anticipation. Besides, Zirconia has been proven highly biocom-
patible in numerous investigations [8-10], and the gathering of
bacteria has been reported lower than titanium [11]. Furthermore,
the beforehand described animal investigations uncovered similar
or even better bone growth onto zirconia when contrasted with
titanium surfaces [12-14].

Some research focuses on failure of zirconia dental implant.
Gahlert et al. [15] studied the failure mechanism of 13 fractured
dental zirconia implants by clinical, macroscopic and scanning
electron microscopic (SEM) methods. They found that 92% of the
fractured implants were so-called diameter reduced implants (di-
ameter 3.25 mm), thus they concluded that these diameter re-
duced implants cannot be recommended for clinical use. Kammer-
meier et al. [16] studied zirconia dental implant systems. Their
study was to investigate the long-term in vitro performance and
fracture resistance of one-piece and bonded two-piece zirconia im-
plant systems for anterior application. They found that bonded
two-piece zirconia implant systems show more failure rates and
lower fracture resistance than well-proven screwed two-piece tita-
nium systems and hence may not be acceptable for clinical ante-
rior necessaries. While Individual one-piece zirconia systems ex-
hibit high variations in failure rates and fracture resistance and
may in this manner be applied in anterior application.

Osman et al. [17] studied titanium versus zirconia implants
to compare the stress and strain occurring in peri-implant bone
and implants used to support maxillary overdentures where Three-
dimensional finite element analysis (3D FEA) was used to compare
one-piece zirconia and titanium implants. They found that ceramic
implants made from zirconia might be a potential alternative to
conventional titanium implants for the support of overdentures.
Pevida et al. [18] studied biomechanical consequences of the elas-
tic properties of dental implant alloys on the supporting bone by

finite element method, where the compared dental implants were
made of rigid (Y-TZP), conventional (Ti-6AI-4V), and hyperelastic
(Ti-Nb-Zr) materials. They found that rigid alloy (Y-TZP) dental im-
plant produce less microdeformation in the peri-implant bone and
implant itself compared to other materials. Wu et al. [19] used
three-dimensional finite-element (FE) simulations to analyze the
stresses in both the implant and the surrounding bone when us-
ing one-piece and two-piece small-diameter implants, with the
aim of understanding the underlying biomechanical mechanisms.
They found that the mechanical stress in the implant is higher in
a two-piece small-diameter implant compared to one-piece small-
diameter implant.

In literature, biomechanical behavior has been analyzed to com-
pare different dental implant materials, different designs based on
diameter or length of implants, or one-piece versus two-piece den-
tal implants. To our knowledge, this is the first investigation to
underline the effect of different abutment designs on the biome-
chanical behavior of one-piece zirconia dental implants and their
surrounding bone tissues. Therefore, the aim of this study is to
validate, using 3D finite element method, the design concept by
comparing the magnitude and distribution of stress and the defor-
mation of peri-implant bone and the implant itself corresponding
to four different abutment models of one-piece zirconia dental im-
plants under static occlusal loads.

2. Materials and methods
2.1. Modeling and meshing

In this study, 3D FE models of mandibular sections of bone with
a missing second premolar tooth are created. A bone block with di-
mensions of 15 mm x 20 mm x 15 mm, representing the section of
the mandible bone that consists of a cancellous bone surrounded
by a 2-mm-thick layer of cortical bone in the upper part. Four dif-
ferent models of implant abutments with various geometries are
specified in Fig. 1, where the 3D model of the implants was con-
structed by the Autodesk® Inventor™ software. Then, Models of
the bone, the crown and the implant were exported to ANSYS™,
where they were assembled into a single finite element (FE) model
as shown in Fig. 2. Elements for FEA were tetrahedrons. The mesh
was refined and accepted when the relative errors were less than
1%. The results of convergence analysis are shown in Table 1 and
Fig. 3.

2.2. Boundary conditions

The occlusal loading force applied to the crown is a combina-
tion of 114.6 N in the axial direction, 17.1 N in the lingual direction
and 23.4 N toward the mesial direction where these components
represent masticatory force of 118.2 N in the angle of approxi-
mately 75° to the occlusal plane [20].

All the contacts modeled in this study are considered linear. The
crown-abutment, The bone-bone and The bone-implant contact
conditions established in this FEM analysis are considered bonded
where the bone-implant interfaces are assumed to be bonded or
osseointegrated [1,17,21,22]. The FEM model is fixed at the bot-
tom surface of mandibular as shown in Fig. 4.
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2.3. Material properties

In the present study, the cortical and cancellous bone is consid-
ered orthotropic materials. The orthotropic materials exhibit dif-
ferent mechanical properties based on the loading direction, such
as axial or transversal [23]. However, isotropic materials show the
same mechanical properties regardless of loading direction [24].
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Fig. 1. Dimensions of the implant models used in the study.
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The reference values are taken from the literature [25-31]. Table 2
shows a summary of the mechanical properties used in the numer-
ical analysis.

3. Results

The data obtained from the finite element analysis can be pre-
sented in a deformation and stress distribution map with a color
scale, which makes it possible to directly compare the magnitude
and distribution of stress and the deformation of various zirconia
dental implant models and surrounding bone tissues. These results
demonstrate the relationship between the stress distribution in the
implant/bone system, the geometrical characteristics of the abut-
ment models and deformations.

One of the theories most used to determine the stress is von
Mises theory. This theory has been applied to determine the stress
distribution of the implant models and surrounding bone tissues.
From the FE analysis, numerical results of maximum von Mises
stress obtained for different models under static loading condition
have been tabulated in Table 3.

The stress in the implants is highest in the area near the first
thread for all models as shown in Fig. 5. It could be observed
that the von Mises stress of implant Model 02 (109.03 MPa) are
much higher than those of other implants, while implant Model
04 (99.38 MPa) and Model 01 (100.59 MPa) have the lowest stress
compared to other models. After the transferring of stress to the
surrounding bones, the maximum stress in cortical bone is larger

Table 1
Total number of elements and nodes for each system.
Model 01 Model 02 Model 03 Model 04
Elements 53255 55281 63677 57615
Nodes 84839 87765 100278 91031
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Fig. 3. Mesh sensitivity results in terms of the maximum von Mises stress.
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Fig. 2. Assemblies including four models used in the study.
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Fig. 4. Mesh and boundary conditions.

Table 2

Mechanical properties of the materials used in the study.
Properties Porcelain Zirconia Cortical bone Cancellous

crown (Y-TZP) bone
Density 2.4 6.05 18 1.2
[g/cm?]
Elastic 68900 205000 9600 (Ex) 144 (Eyx)
modulus 9600 (Ey) 99 (Ey)
(E) [MPa] 17800 (E;) 344 (E;)
Shear 26914 78846 3097 (Gxy) 53 (Gxy)
modulus 3510 (Gy;) 63 (Gy;)
(G) [MPa] 3510 (Gyz) 45 (Gyxz)
Poisson’s 0.28 0.30 0.55 (vxy) 0.23 (vyy)
ratio (v) 0.30 (vyz) 0.11 (vyz)
0.30 (vxz) 0.13 (vxz)
Table 3

Maximum von Mises stress in different implant models and surrounding bones.

Von Mises stress [MPa]

Description Model 01 Model 02 Model 03 Model 04
Implant 100.59 109.03 104.88 99.38
Cortical 21.03 25.43 30.07 26.78
Cancellous 0.7 0.8 0.83 0.75

than that of cancellous bone in the surrounding bone tissue as
shown in Fig. 6. The highest von Mises stress is concentrated on
the bone around the implant neck for all models. The implant/bone
system included implant abutment Model 01 has the lowest stress
at cortical (21.03 MPa) and cancellous bone (0.7 MPa) compared to
others.

It is obvious that the design of the implant abutments has a
predominate influence on the von Mises stress of bone-implant
interface. Implant Model 02 has a high trend to cause the stress
concentration, while implant Model 01 can efficiently reduce the
interface stress.

In comparison of four implant/bone systems included various
implant abutment models, it could be observed that Model 03 has
the highest average value of maximum von Mises stress (45.26
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Fig. 5. Distribution of the stress in different implant models.

Table 4
Maximum total deformation in different implant models and surrounding bones.

Total deformation [pm]

Description Model 01 Model 02 Model 03 Model 04
Implant 9.76 1243 10.8 11.05
Cortical 7.35 8.36 7.72 791
Cancellous 6.97 8.21 743 7.65

MPa) as shown in Fig. 7, while Model 01 has the lowest aver-
age value of maximum von Mises stress (40.77 MPa) compared to
other models.

Numerical results of total deformation of each model analyzed
are listed in the Table 4. Fig. 8 presents distribution of the defor-
mation in different implant models. As shown, the value of the
deformation decreases as the deformation position goes to the
bottom of implant. The highest deformation is observed in the im-
plant Model 02 (12.43 pm), while the lowest deformation is found
in the implant Model 01 (9.76 um). In the cortical bone, the high-
est deformation is observed in Model 02 (8.36 um) and the lowest
in Model 01 (7.35 pm) as shown in Fig. 9. Similar results are ob-
tained for the cancellous bone, the highest deformation is found in
Model 02 (8.21 pm), but the lowest in Model 01 (6.97 pm).

In comparison of four implant/bone systems included various
implant abutment models, it could be observed that Model 02 has
the highest average value of maximum deformation (9.67 pm) as
shown in Fig. 10, while Model 01 has the lowest average value of
maximum deformation (8.03 pm) compared to other models.

4. Discussions

In order to maintain the bone level or enhance the long-term
success rates of implant system, a significant objective for dentists
is to reduce the stress and deformation to the bone around the
implant and the implant itself [19]. When implant/bone system
is subjected to stresses, a few changes in form deformation may
occur, where their points bear dislocations, being these, changes
from the initial positions and between themselves [32].

FEA is a useful method to understand the biomechanical be-
haviors of restorative and prosthetic treatments under simulation
of loading conditions in the oral environment [33]. Furthermore, it
is a powerful approach to estimate the stress and deformation oc-
curring in dental implants and surrounding bone. It is usually used
to determine the forces that influence the bone-implant interface
or to evaluate different clinical and prosthetic options [34-39].

In many studies, researches have employed FEA in conjunction
with implant/bone system and made an effort to introduce a new
design that can efficiently reduce the interface stress and defor-
mation [17-19,40-43]. However, their work is limited to compare
different dental implant materials, different designs based on di-
ameter or length of implants, or one-piece versus two-piece dental
implants.
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Fig. 6. Distribution of the stress in the peri-implant bone.

Therefore, in the present work, a 3D FEA have employed on four
different models of one-piece zirconia dental implant abutments to
explore biomechanical behavior and compare the magnitude and
distribution of stress and the deformation of peri-implant bone
and the implant itself based on the geometrical characteristics of
one-piece zirconia dental implant abutment models under static
occlusal loads.

Since the von Mises stress is a combination of normal and shear
stresses occurring in all directions, it is important to investigate it

45.09 45.26

40.77

Stress [MPa]
S

Model 01 Model 02 Model 03 Model 04

Fig. 7. Average values of maximum von Mises stress of different implant/bone sys-
tems included various abutment models.
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Fig. 8. Distribution of the deformation in different implant models.
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in implant/bone systems [44]. From obtained numerical results, the
system included implant abutment Model 01 showed a decrease of
9.58%, 9.92% and 3.62% at least in the average value of maximum
von Mises stress compared to Model 02, Model 03 and Model 04
respectively as shown in Fig. 7. The results also showed that the
system included implant abutment Model 01 decreases the aver-
age value of maximum deformation of 16.96%, 7.17% and 9.47% at
least compared to Model 02, Model 03 and Model 04 respectively
as shown in Fig. 10. These results achieved due to the abutment
design that enable to distribute the applied load, thus the using
of implant Model 01 will present more homogeneous behavior of
stress distribution and has less deformation than others, it will also
enhance the stability of implant/bone system and prolong its lifes-
pan.

Since the diameter reduced implants cannot be recommended
for clinical use due to its tendency to the failure [15], it is impor-
tant to use the proper diameter implant that achieve the stability
and load distribution in the system. Therefore, the use of implant
Model 01 with 5 mm neck diameter seems to present a better
performance in the system, so it could efficiently enhance the sta-
bility of implant/bone system, the stress distribution and prolong
its lifespan.
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Fig. 10. Average values of maximum deformation of different implant/bone systems
included various abutment models.
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Fig. 9. Distribution of the deformation in the peri-implant bone.
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In this study, in order to achieve reliable data, the convergence
and accuracy of the finite element results was examined, evaluated
and validated. Two fundamental verifications were made; first, a
mesh study to ensure about the size of mesh as previously men-
tioned and showed in Table 1 and Fig. 3. Second, a comparison
with respect to an existing related work in literature regarding that
no earlier studies have examined the influence of different abut-
ment designs on the biomechanical behavior of one-piece zirconia
dental implants and surrounding bone tissues.

Mahajan and Patil [45] showed that the stress in dental implant
concentrated in the area near the first thread, while it concen-
trated on the bone around the implant neck. They also showed
that the value of the deformation decreases as the deformation
position goes to the bottom of implant, which was in agreement
with the presented results in this study.

Gahlert et al. [15] showed that diameter reduced implants (di-
ameter 3.25 mm) have high failure risk caused by high concen-
trated stress, and Santiago et al. [46] found that the large-diameter
implants (diameter 5 mm) improved the transference of occlusal
loads to bone tissue and decreased stress. These results were in
agreement with the presented results, where the stress was the
highest in the implant/bone system with abutment Model 02 (di-
ameter 3.5 mm), while the lowest stress was observed in the
implant/bone system with abutment Model 01 (diameter 5 mm),
compared to Model 03 (diameter 4.16 mm) and Model 04 (diame-
ter 4.28 mm).

Wau el al. [19] showed that the stress induced in zirconia den-
tal implant is higher than bone stress. They also found that the
stress in the cortical bone is higher than cancellous bone stress,
that could be explained because the cortical bone has the tendency
of concentrate greater strain [47]. Despite the fact that they stud-
ied two designs differ from the models studied in this research,
this result was in agreement with the presented results.

Some limitations remain in the current study and must be
taken into account in the model in order to optimize computa-
tional resources without affecting fundamental analysis. Given that
the proposed design concept is based on implant/bone system with
crown, the both of metal framework under the crown and cement
layer were neglected. Perfect osseointegration between implants
and bone was assumed and finite element analysis was performed
under static occlusal loads. However, FEA is like any other basic re-
search tool, which aids in planning further in vitro and in vivo tests
when used as an initial step.

Nevertheless, as mentioned, the one-piece zirconia dental im-
plant abutment Model 01 presents a better biomechanical behavior
in the peri-implant bone than others. It can efficiently distribute
the applied load and present more homogeneous behavior of stress
distribution and has less deformation than others. That will en-
hance the stability of implant/bone system and prolong its lifespan.

5. Conclusion

Within the limitations of this study, it can be concluded that
the one-piece zirconia dental implant abutment Model 01 can effi-
ciently distribute the applied load in the implant/bone system and
presents a more homogeneous behavior of stress distribution, and
have less deformation than others. That will enhance the stability,
durability and lifespan of the system. Further investigations study-
ing the models under dynamic loadings are required to achieve a
better understanding of the biomechanical behavior.
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