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Abstract

Dental implant applications for edentulous jaws are today considered a predictable, safe, and daily technique for
giving patients new aesthetics and function. However, the success of the implant therapy should be thoroughly
investigated for long-term clinical results about the stress distribution in hosting bone tissue and prosthetic
components. In this study, the effect of different prosthesis designs on the stress distribution around the abutment
and dental implant in bone tissue was investigated using the finite element method (FEM) with Workbench module
of the ANSYS package program. The examination focuses on the effect of the number of implants in teeth layouts
on the distribution of stresses, strains, and displacements. In the study the historical development of dental implant
problems is mentioned, and some previous studies are summarized. Critical information is also given about
biomechanics, dental implants, jawbone, teeth, and the finite element method. Totally four different cases, one
layout with three implants and three layouts with two implants, were analyzed. Titanium was used as an implant
and abutment material. Nobel Active implants and abutments manufactured by Nobel BioCare Company were
used for complete toothless lower jaw case. The critical stress, strain, and displacement values were determined
for all four different scenarios. As a result, it was concluded that stresses, strains, and displacements have lower
values for the design of triple dental implants compared to other layouts.

Keywords: Biomechanics, Dental implant, Finite element method

1. Introduction

Mechanical behaviors of designs that can keep up with the developing technology is one of the
main topics of researchers. For this reason, researchers have made analytical and numerical
solutions about the mechanical behavior of structures [1-8]. Biomechanics of the respiratory,
skeletal, muscular and cardiovascular systems, soft and hard tissues, biological fluids,
prosthetics, and tissue-implant interfaces are among the specialized topics of multidisciplinary
numerical analysis. In this dental implant treatment process not realistically considering the
importance of biomechanical effects may prevent them from continuing their task successfully
for a long time and even lead to serious clinical complications.
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Dental implant treatments have rapidly increased since the evolution of osseointegration,
replacing removable dentures in the treatment of partially edentulous patients. Regardless of
the clinician's success, many factors play an important role in load transfer from dental implant
to the surrounding bone, such; as loading type, bone-implant integration, length and diameter
of the implants, implant surface characteristics, prosthesis design, and quality of the host bone
[9]. In the literature, it seen that the relationship between the success or failure of an implant
and its useful life with the bone-implant interface has been studied [10]. Factors affecting the
balance of implants have been presented and the principles on which implants should be
designed for long-term success have been emphasized [11].

In ancient times, it can be counted as a solution for using stone, wood, and animal teeth in the
jaw bones instead of a tooth that was lost. Dental implants are the most needed of these kinds
of materials and are applied to human jaws in line with the studies performed today. Dental
implants are placed under the bony or mucous membrane of the rigid or movable prosthesis,
inside the jawbone, to transmit the forces formed between the jaws to the joint points instead
of the teeth lost for any reason. Biocompatible materials are used for its production.

Biomechanical behavior analysis are important implications for implants to do their job or not.
Failure to apply the occlusal forces in accordance with the real scenarios in calculations poorly
affects the stresses at the implant-prosthesis junction and the reshaping of the bone around the
implant. Using biomechanical behaviors, which have a significant impact on the life of
prostheseis, in this way enables the optimization of biomechanical conditions. There are several
methods in the literature to examine stress, strains, and displacements for dental implant
analysis. In experimental tests in laboratories, strain measurements give reliable results only at
the specific position of the indicator. Photoelasticity provides realistic and reliable information
about the global location of stresses, apart from the quantitative values. The finite element
analysis is one of the most widely used methods in recent years, not only in the field of
engineering but also in the field of dental implants, since it shows the problems that may occur
before the application and shows the stresses that it will create around the implant. Geometric
designs can be created using the finite element method. Material selection and geometric design
are very important in determining the success of dental implants. The finite element analysis
(FEA) can provide complete quantitative data at any local location of the model. Therefore,
FEA has become a valuable analytical method for numerical analysis of implant applications.
Studies on dental implant applications in different cases in the literature can be summarized as
follows.

Van Oosterwyck et al. have examined the effects of bone-implant interface, bone mechanical
properties, unicortical versus bicortical implant fixation and the presence of a lamina dura by
using FEM [10]. Geng et al. have investigated the bone-implant interface, implant prosthesis
connection, and its use in multiple implant prostheses [11]. Kunavisarut et al. have aimed to
investigate the effect of dental implant-supported passive fit prostheses, cantilever prostheses
and various occlusive forces on prostheses, implant components, and stress around the bone
using FEM [12]. Ding et al. have aimed to create a 3D FE model of a mandible with dental
implants to analyze the stress distribution in the bone around the implants for different
diameters [13]. Hsu et al. have studied the application of the finite element analysis in dentistry
[14]. Kumar et al. have investigated the stress distribution around implant and tooth the finite
element method in implant- supported fixed prosthesis designs [15]. EI-Anwar and El-Zawahry
have studied 25 different 3D implant designs with a gradual increase in diameter and length in
order to extract simplified design equations to better understand implants behavior, using the
finite element method [16]. Baggi et al. have compared two different restorative techniques for
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complete-arch rehabilitations supported by four implants. [17]. Liu et al. have aimed to evaluate
the tension distribution in the peripheral bone, the tension in the abutments and the tension in
the abutments, and the prosthetic stability of the mandibular overpressures attached with
different implants under different loading conditions [18]. Cicciu et al. has studied the FEM
evaluation of cement and screw-held dental implants against a single-tooth crown prosthesis
[19]. Hambli has developed a simple and reliable FE model coupled to quasi-brittle damage
law to describe the multiple cracks initiation [20]. Parkhe et al. have performed a finite element
analysis to determine the best thread shape by comparing stress-induced in cortical and
cancellous bone [21]. Gonzalez and Nuno have characterized the three types of manufacturing
irregularities on an additive manufactured porous titanium sample having a simple cubic unit-
cell using FEA [22]. Mahajan and Patil have studied the optimization of dental implants using
FEA [23]. Rzaghi et al. have studied dynamic simulation and the finite element analysis of the
maxillary bone injury around the dental implants for different chewing loads [24]. Demenko et
al. have estimated implant success prognosis, considering 0.2 mm annual bone loss for
successful implantation [25]. Macedo et al. have evaluated the stresses and bone volume of an
external hexagon or Morse taper dental implant systems by FEA [26]. Aumnakmanee et al.
have studied the effects of four different Thread designs of dental implant prosthetics on stress
at four different areas [27]. Jafarian et al. have studied the stress distribution around the
implants of different lengths and diameters with the finite element analysis [28]. Wu et al. have
evaluated the all-on-four treatment with four osseointegrated implants in terms of the
biomechanical effects of implant design and loading position on the implant and surrounding
bone using both test results and 3D FEA [29]. Jiménez et al. have used the FEA to determine
whether the risks linked to Narrow-diameter implants (NDIs) could be mitigated by the
mechanical advantages [30]. Robau Porrua et al. have examined the effect of the diameter,
length, elasticity module on a dental implant on the stress and strain distribution in the implant
bone by 3D FEA [31]. Zhong et al. have analyzed the biomechanical responses of zirconia-
based FAFDPs with different implant configurations by using the FEM [32]. The effect of
different abutment materials on the stress distribution in bone tissue around the dental implant
has investigated using the FEM by Terzi et al. [33].

Biomechanical principles help to evaluate existing designs in dental implantology and to model
new designs. The FEM has been adapted from the engineering field to the dental implantology
for an approximate prediction and evaluation of the amount of stress that will occur on the
implant or surrounding tissues during the function performed. The finite element method is a
method that explains the complex biomechanics of the implant studied and provided numerical
results. In this study, it was aimed to find the stress, strain, and displacement values of the dental
implants with different geometrical structures by changing the number of implants in four
different strategies.

2. Finite Element Analysis

In this section, a 3.9 mm diameter prosthesis system is designed on bone tissue taken from a
healthy person and this prosthesis is mounted. The geometry of the underlying system is
introduced. The prosthesis and abutment system designed on the obtained bone tissue is
connected under the first minor molar-second minor molar and first major molar teeth.
Solidworks program was used to create the geometry [34]. After the design of the 3D model,
the FEM was used for analysis. Stress, strain and displacement values were compared on the
model by changing the selected material on the same model. In this study, the ANSYS
Workbench program was used for the finite element analysis [35].
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The first step to be taken when starting the finite element analysis is to create a three-
dimensional model of the object to be worked on. While preparing these models, different
imaging methods can be used depending on the complexity of the object. Computerized
tomography and magnetic resonance imaging methods are two examples. While transferring
such images to the computer environment and creating the model, firstly real models are created
by scanning each detail of the object with 3D scanners and transferred to the computer
environment or drawn by the researcher with three-dimensional modeling programs. The
desired results can be simulated through the mathematical model and test simulations can be
repeated at any time. Therefore, a well-tested and validated mathematical model offers
researchers a very powerful tool for analysis.

The geometric model prepared in the finite element analysis is divided into simple geometric
infrastructures called elements, which are classified according to certain features. As some
example of these features, geometric shape (triangle, parallel edge, quadrilateral), size (one-
dimensional, two-dimensional, three-dimensional) and the number of nodes can be given.
Element types are shown in Figure 1. These elements are fully compatible with the geometry
of the existing main structure. They show the desired mechanical properties in each region of
the main structure.

2D

3D

Fig. 1. Finite element types (one-dimensional, two-dimensional and three-dimensional)

After the desired model is transferred to the computer environment, the division of the elements
is called the creation of a network structure. The model analysis can be made in the most
realistic way and reduced to a simpler model. Corner contact points between the elements are
called knot points. In the second step, material data such as elasticity modulus, Poisson ratio
used material are defined in the program. The boundary conditions of the object and the forces
applied to the object are defined in the third step of the analysis. After entering this information,
the analysis is performed by adjusting the direction, intensity and angle of the force for the
loading conditions to be applied to the object. As a result of the solution, the sub-elements of
each object and the entire structure are evaluated. In the interpretation of the analysis made
using the finite element method, the values that directly affect the results of the analysis are
chosen. These are, the geometry of the bone and implant, material properties, boundary
conditions, force properties, and properties of the implant-bone interface.

In this study, the finite element analysis was performed by transferring dental implant, abutment
and lower jawbone modeling from Solidworks to the ANSYS Workbench program. The
computerized tomography image of the bone tissue simplified and modeled to the desired extent
is shown in Figure 2.
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1. Large molar

2. Small molar

1. Small molar

Fig. 2. Created solid modeling of the prosthesis

The bone tissue image obtained by computerized tomography has been reduced to a simpler
model by Solidworks program. As seen in Figure 3-b, the 3.9 mm diameter and 13 mm length
dental implant of the Nobel Biocare Company named the Nobel Active which provides
excellent stability in all areas was created by the Solidworks program. In Figure 3-c, a suitable
custom abutment (personalized application) designed according to the dental implant solid
model is shown in Figure 3.

(a) (b)
Fig. 3. (a) Bone modeling (b) Dental implant modeling (c) Abutment modeling

Layouts have been created for assembly operations and listed as follows in Figure 4. In this
section, different geometrical assemblies of prosthetic systems designed with a diameter of 3.9
mm and abutment systems of which the assemblies made are described. Prosthesis and abutment
systems designed on the resulting bone tissue are linked under teeth as the following designs;
Model 1: 1. small molar, 2. small molar, and 1. large molar

Model 2: 1. small molar, and 1. large molar

Model 3: 1. small molar, and 2. small molar

Model 4: 2. small molar, and 1. large molar

M1

4 +
2

Fig. 4. Assembly layouts

After the solid model of each part were created, they were transferred to the assembly stage.
Bone, dental implants and abutments are combined by placing them in suitable positions for
assembly. Firstly, the mandible and dental implants were created in the SolidWorks software
and then transferred to the ANSYS Workbench program for the analysis, as shown in Figure 5.
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— & ‘
Fig. 5. Imported geometry for ANSYS Workbench

The solid model was transferred to the ANSYS Workbench program for numerical solution.
The data that must be entered into the system to perform the analysis are introduced one by one.
Young’s modulus and Poisson ratios are taken from the literature. The data used in the study
are shown in Table 1.

Table 1. The material properties of the models

Materials ~ Modulus of elasticity Poisson’s  Literature
(MPa) ratio
Abutment Ti6Al4V 113800 0.34 [36]
Implant  Ti6Al4V 113800 0.34 [36]
Bone Bone 14000 0.30 [37]

In Figures 6-7, the mesh structure of the solid model on ANSYS Workbench is given. 191622
elements and 321422 nodes are used in the model. After the mesh structure was created, 50 N
load was applied to the abutments.

Fig. 6. 3D mesh of the dental implant and abutment
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Fig. 7. 3D mesh of the structure

Three different models with two implants and one model with three implants were created.
Three different teeth were applied to the models, namely the first molars, the second molars
and the third molars. Titanium was chosen and used as a dental implant material. Static
structural stress analysis was performed for the models. After all the necessary data such as
boundary conditions and loads are defined in the ANSYS Workbench software, the analysis
phase has been started and the obtained results are described in the numerical results part.
Results of four different models under 50 N load are given below.

3. Numerical Results

In this study, the finite element method was used to obtain stress, strain, and deformation values
in each region of the bone, dental implant, and abutment. Titanium was used as a dental implant,
and abutment material for all models. The stress, strain, and displacement images and numerical
values of the analysis results for the Model 1 (M1), Model 2 (M2), Model 3 (M3), and Model
4 (M4) are shown in Figures 8-10 and Tables 2-5, respectively.

The stress, strain, and displacement images and numerical values of the analysis results for the
bone are shown in Figure 8 and Table 2, respectively. As can be seen from the table, the highest
stress values were obtained in the M2, the highest strain values were obtained in the M4, and
the highest deformation values were obtained in the M3. The lowest stress values were obtained
in the M1, the lowest strain values were obtained in the M1 and the lowest deformation values
were obtained in the M2.
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Fig. 8. Analysis images of the stress, strain, and deformation in the bone

Table 2. Results of the stress, deformation, and displacement in the bone

Models Max. Von-Mises Stress Max. Strain Max. Deformation
(MPa) 10 (mm) (107
Ml 1.3981 1.0144 7.4699
M2 2.4186 1.8684 5.8766
M3 2.4093 1.7773 7.5332
M4 2.2610 2.0067 7.4385

The stress, strain, and displacement images and numerical values of the analysis results for the
dental implants are shown in Figure 9 and Table 3, respectively. As can be seen from the table,
the highest stress values for the first, second, and third dental implants were obtained in the M1,
M4 and M4 respectively. The highest strain values for the first, second, and third dental
implants were obtained in the M1, M4, and M4. The highest deformation values for the first,
second, and third dental implants were obtained in the M3, M4, and M4. As can be seen from
the table, the lowest stress values for the first, second, and third dental implants were obtained
in the M2, M1 and M1 respectively. The lowest strain values for the first, second, and third
dental implants were obtained in the M2, M1, and M1. The lowest deformation values for the
first, second, third dental implants were obtained in the M2, M3, and M1.
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Fig. 9. Stresses, strains and deformations in the dental implants

Table 3. Results of the stress, deformation, and displacement in the implants
First Dental Implant
Models Max. Von-Mises Stress  Max. Strain  Max. Deformation

(MPa) (107 (mm) (10™)
M1 | 16.7090 1.5345 7.0567
M2 7.0089 0.6488 5.4778
M3 16.3770 1.4900 7.8450

M4 - - -
Second Dental Implant
Models Max. Von-Mises Stress Max. Strain  Max. Deformation

(MPa) (107 (mm) (107)
M1 8.8032 0.8147 7.3773
M2 - - -
M3 14.0200 1.3748 6.8087
M4 15.9690 1.5023 7.5063
Third Dental Implant
Models Max. Von-Mises Stress  Max. Strain  Max. Deformation
(MPa) (107 (mm) (107)
M1 9.6161 0.9130 6.1572
M2 17.0410 1.7195 6.1651
M3 - - -
M4 26.7020 2.6432 6.5491
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The stress, strain and displacement images and numerical values of the analysis results for the
abutment are shown in Figure 10 and Table 4, respectively. As can be seen from the table, the
highest stress values for the first, second, and third abutments were obtained in the M1, M4,
and M4 respectively. The highest strain values for the first, second, and third abutments were
obtained in the M1, M4, and M4. The highest deformation values for the first, second, and third
abutments were obtained in the M3, M4, and M4. As can be seen from the table, the lowest
stress values for the first, second, and third abutments were obtained in the M3, M3, and M1
respectively. The highest strain values for the first, second, and third abutments were obtained
in the M3, M3, and MI1. The highest deformation values for the first, second, and third

abutments were obtained in the M2, M3, and M1.
[ '
eformatio
.
Deformation ’
&)r‘maﬁo

Stress Dcformatlon#

Fig. 10. Stresses, strains, and deformations in the abutments
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Table 4. Results of the stress, deformation, and displacement in the abutments
First Dental Implant
Models Max. Von-Mises Stress  Max. Strain  Max. Deformation

(MPa) (10 (mm) (107)
M1 11.1670 1.1098 9.5823
M2 10.2530 0.9523 8.3830
M3 9.2542 0.8634 11.0920

M4 - - -
Second Dental Implant
Models Max. Von-Mises Stress  Max. Strain  Max. Deformation

(MPa) (10 (mm) (107)
Ml 11.9320 1.1721 10.6140
M2 - - -
M3 9.2966 0.8609 10.1660
M4 12.5810 1.2684 10.6880
Third Dental Implant
Models Max. Von-Mises Stress  Max. Strain  Max. Deformation
(MPa) (107 (mm) (10™)
Ml 10.5810 1.0424 9.4376
M2 12.0060 1.1913 9.5851
M3 - - -
M4 17.6070 1.7118 10.0410

According to Figures 11-13, it is seen that the stress values of bone are close to each other for
M1, M2, M3 and M4 models, but it has a lower value when using M1. In dental implants, the
stress values are found different for the first, second and third dental implants in all models.
The stress values in the first and third dental implant are higher than the second implant. The
stress values for abutments are close to each other for all models. Maximum Von-Mises stress
values for all abutments were obtained when using M4, while minimum stresses were obtained
when using M2.

As can also be seen from the data in Figures 11-13, the highest value of strain in bone and dental
implants was obtained when using M4, and the lowest value of strain was obtained when using
MI. The maximum strain values for the abutments were obtained when Model 4 was used as
the design.

When the numerical data in Figures 11-13 are examined, it is seen that the results obtained
using M1, M2, M3, and M4 designs were close to each other. The maximum deformation values
were obtained when using M3 in bone, dental implants and abutments, while the lowest values
were obtained in M2.

When all the results were examined, the lowest stress, strain and deformation results among the

analyzed design were generally seen in the M1. As a result, it is possible to say that the most
suitable model among these for models is the M 1.
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Fig. 13. Stresses, strains, and deformations in the abutments

4. Conclusion

In the study, the stress, strain and deformation that were formed as a result of supporting dental
implant supported prostheses with three and two implants in different locations and with a
single type of implant material were examined. Three models with two implants and one model
with three implants were created as a dental implant layout. The obtained models are analyzed
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with the help of the ANSYS Workbench finite element program. The results are described
below.

1. The stress values occurring in three implant models were lower than the two implant models
for all loading conditions. The reason for this may be that the applied force is shared by three
implants.

2. The maximum Von-Mises stress, strain and deformation values occurring in two implant
models differed by the change in the region of the implant location and the applied load. For
example, in Model 2, maximum stress, strain and deformation results are from the application
of the load to the first molars, whereas in Model 3, the first molar tooth is in the first molar
tooth, while in Model 4 the stress and strain values are in the first molar tooth. The replacement
value was observed to occur in the second premolar tooth.

3. The stresses occurring in the implants are concentrated in the implant neck region and
reached the highest strain values at the implant neck point. The channels located in the implant
neck region and which allow the implant to fit better in the bone caused the initial loading to be
covered by the implant neck region and the region where the maximum stress values were
observed.

4. The stresses, deformations, and total displacements occurring in the abutments are
concentrated in the abutment step region and the highest values are also formed in this region.
5. When the stress values occurring in the bone were examined, the highest values occurred in
the hard bone layer.

6. Decrease in the number of implants caused negative biomechanical behavior for all structures
(M2, M3, M4).

7. Considering two implant-supported prostheses, Model 2 showed that stress and strain
distributions were more suitable.

8. The use of fixed showed unwanted biomechanical behavior for M3 and M4, mainly for M4.
9. The use of three implants gave lower results of stress and strain.

10. Considering two implant-supported prostheses, M3 and M4 showed unwanted
biomechanical behavior, especially for M4.
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