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Abstract: In this study, biomechanical evaluation was per-
formed to select appropriate dental implant material, and
the implant-bone model was verified by finite element
analysis (FEA). Ti-6Al1-4V, ZK60, WE43, HA, and Ta materials
were compared using three different multi-criteria decision-
making (MCDM) methods according to lightness, functional
durability, relative movement, penetration, and cost
criteria. The stress, deformation, safety factor, sliding dis-
tance, and penetration distributions obtained under four
loading conditions were scored according to these evalua-
tion criteria and Ti-6Al-4V was determined as the most
successful material. By adding 0.1 mm wide and deep micro-
grooves to the dental implant model, an 8.3 % improvement
in sliding distance and a 53 % improvement in penetration
were achieved.

Keywords: dental implant; material comparison; finite
element analysis; buttressed; multi-criteria decision-mak-
ing; micro-groove

1 Introduction

Dental implants are synthetic roots placed in the jawbone to
compensate for the physical deficiency caused by tooth loss.
They are used to eliminate chewing inadequacy and improve
aesthetic appearance. Implant installation is performed by
considering the general health of the patient’s jawbone and
the healing process continues. Correct geometry and
appropriate material selection are important for implants’
longlives. Titanium alloys [1] and biocompatible ceramics [2]
are today’s most commonly used implant materials. How-
ever, alternative materials such as magnesium alloys [3]
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have been investigated regarding their biomechanical per-
formance and bone compatibility. The geometrical features
of dental implants affect the life of the implant. Shape, size,
surface, and design are critical in biomechanical perfor-
mance. In the screw-like implant shape, the screw di-
mensions affect the implant placement and the uniformity of
the load on the implant surface [4]. The surface of the
implant is effective for osseointegration [5]. A rough implant
surface allows bone cells to adhere better to the implant
surface. Surface treatments applied to the implant help
implant-bone integration.

FEA [6], [7] enables an easy understanding of complex
structural behaviors [8], [9], the creation of optimal designs,
and the determination of weak points in the structure [10].
FEA, which enables simulating real-world mechanical
behavior and saves time and cost, works on the principle of
tear down engineering problems into solvable sub-parts [11].
These parts are small, simple, and interconnected sub-
systems called finite elements. The structure is geometrically
divided into small elements and information about the
behavior of the entire structure is obtained by establishing
and solving appropriate equations between these elements.
The most important advantage of this method is that it al-
lows solving situations that are difficult and time-consuming
to realize with experimental methods. With the help of FEA,
various physical outputs such as stress, deformation, vi-
bration, and fatigue can be easily predicted in response to
external forces that a structure is exposed to [12]. FEA is also
a critical tool for understanding and optimizing biome-
chanical performance in dental implants. It allows detailed
examination of the contact of complex geometry implants
with the jawbone [13]. It provides a detailed examination of
the stresses, deformations, and force distributions that occur
after implant installation. Thus, predictions can be made for
potential problems that may occur under different condi-
tions. New designs can be created with FEA and biome-
chanical examination of various materials can be made
possible. By simulating the mechanical behavior of an
implant under multiple loading conditions, the most suitable
implant form can be created, and the installation method
can be determined. It is also possible to compare the me-
chanical behavior of different materials such as titanium
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and magnesium alloys. With FEA, the biocompatibility and
long-term success of implants can be easily increased.

Various engineering materials are used in biomedical
applications. Among these, titanium alloys and magnesium
are among the most important metals and have a wide range
of uses due to their different properties. Examining the
biocompatibility and biomechanical properties of these
materials will ensure that a successful implant is obtained
[14]. Titanium stands out with its high biocompatibility, high
strength, superior corrosion resistance, and compatibility
with additive manufacturing [15]. Thanks to these proper-
ties, it is widely preferred in dental implants, hip and knee
prostheses, and spinal screws [16]. On the other hand,
magnesium is gaining increasing interest, especially in
biodegradable implants. Since magnesium can dissolve in
contact with body fluids due to its characteristics, it has great
potential as a biodegradable implant material [17]. This
feature is important in applications such as screws and
plates that break down over time during the bone healing
process and give way to natural bone. In addition, it creates
an effect that increases patient comfort by providing
biomechanical compatibility with its elastic modulus close to
bone tissue. Hydroxyapatite (HA) is a ceramic similar to
bone tissue and improves bone-implant interaction thanks
to its osteoinductive and osteoconductive properties [18].
This feature makes HA a preferred material for dental im-
plants [19]. Tantalum (Ta) is a dense and hard metal in its
natural state with high biocompatibility, corrosion resis-
tance, and mechanical strength [20]. Tantalum has also made
a name for itself in many medical studies thanks to its pos-
itive properties.

1.1 Literature survey

Kalay et al. [21] conducted numerical research to see the
titanium implant shape effect on bone-implant integration.
They modeled four different dental implant grooves and
analyzed them under four loading conditions with the help
of FEA. They found that the buttressed groove is the appro-
priate model for the specified implant model. Roatesi and
Roatesi [22] examined an accurate Ti6—Al-4VS implant
model in bone. Axial and horizontal loadings were applied to
the dental implant by using FEA. They have reached out to
highlight the weak areas of the dental implant. Lee et al. [23]
compared the cement-retained and cementless zirconia
crown screws by using FEA. Under two different loading
conditions, the cementless screw model showed better me-
chanical results. Ibrahim et al. [24] investigated the biome-
chanical behavior of two different Titanium dental implants
by using FEA. Dhatrak et al. [25] compared isotropic and
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orthotropic material models on the four different dental
implant models. They observed the mechanical responses of
different materials under the same boundary conditions by
using FEA. According to their results, orthotropic material is
superior given comparison. Paracchini et al. [26] compared
two different groove types on Titanium dental implants. Two
different loading conditions were evaluated in the FEA
setup. Roatesi and Roatesi [27] aimed to evaluate the success
of the implant osseointegration with a finite element model.
They simulated the osseointegration process by FEA. In this
reference, Magnesium alloy was used in the intermediate,
Titan alloy in the implant and screw, and Ceramic was used
in the crown of the dental implant. Choi and Hong [28] used
FEA in their study to determine the optimal tightening tor-
que for two-piece zirconia implants. The stress values
formed by three different tightening torque trials were
examined. It was observed that the determined optimal
tightening torque was sufficient for the stability of the
implant system and had no effect on the trabecular and
cortical bone regions. In the study conducted by Wang et al.
[29], finite element model simulation, fatigue test, and in vivo
experiment were performed to evaluate the biomechanical
performance and osseointegration of porous dental im-
plants produced by the selective laser melting (SLM) method.
It was concluded that porous structures promote osseoin-
tegration and have the potential to increase the mechanical
stability of dental implants.

Previous studies have made significant contributions to
the literature on dental screw implants. However, there is a
lack of perspective in terms of material diversity and
osseointegration extent in the biomechanical evaluation of
implants. In this study, five different biocompatible mate-
rials were evaluated on a digitally verified dental implant
model under four different loading conditions. In the ma-
terial evaluation, the most suitable material was determined
according to the criteria of lightness, structural strength,
osseointegration, and cost using MCDM methods. As a result
of this comprehensive evaluation, a dental implant model
with high biocompatibility, osseointegration, and mechani-
cal strength was obtained and adverse conditions such as
bone loss, infection, and implant rejection were prevented.
To increase osseointegration, square-section micro-grooves
with a depth and width of 0.1 mm were added to the dental
implant and included in FEA under the same conditions.

2 Materials and methods

The methodology of the study was initialized by simulating
the geometry of a previously conducted reference study [21]
on dental implants and obtaining similar FEA results. The
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numerically validated model was subjected to the same FEA
process with five different material properties, namely Ti—
6A1-4V, ZK60, WE43, HA, and Ta. For the biomechanical
evaluation of the dental implant, lightness, functional
strength, relative mobility, and penetration criteria were
considered. In the FEA results, the stress and deformation
distribution on the dental implant, safety coefficients, sliding
distances, and penetration values were extracted. Micro-
grooves were added to the dental model to increase
osseointegration. The success of square-section micro-
grooves in preventing bone-implant relative movement
was measured on FEA results with the same boundary
conditions.

2.1 FEA model verification

The 3D model and FEA set considered in the study were
prepared following the reference study [21]. The prepared
model and analysis set are qualified to meet the same con-
ditions as the reference. The implant model has a buttressed
type of screw with a length of 13 mm and pitch of 0.6 mm on a
conical surface with diameters of 2.1 mm and 3 mm. Tetra-
hedron unit element type mesh was created for the prepared
model and 0.3 mm element size was assigned to trabecular
bone and 0.1 mm element size was assigned to cortical bone.
In addition, 0.5 coefficient frictional contact was defined for
bone-implant contact surfaces. The mesh structure created
with this configuration contains 8,239,003 elements and
11,249,438 nodes. The visual of the created 3D structure is in
Figure 1.

In the structure shown in Figure 1, due to the excess
number of mesh unit elements, memory insufficiency
occurred. For this reason, the full model was reduced to a
quarter model, thus saving memory and time. The full model
was divided from the symmetrical surfaces and symmetrical

Figure 1: Detailed view of a tetrahedral mesh applied to solid body.
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Figure 2: Symmetric boundary conditions in finite element model.
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regions were defined on the cutting surfaces. The symmet-
rical surfaces are seen in Figure 2.

Table 1 shares the mesh quality values shared in the
reference study and the results obtained in this study to
demonstrate the suitability of the model and mesh structure.
Skewness is the amount of distortion in a mesh element
relative to its ideal shape [30]. It refers to the differences
between the corner angles of a mesh element. A high
skewness can cause stress concentrations, reducing the ac-
curacy of the analysis. As the skewness decreases, the ele-
ments become more ideal, which provides more accurate
results. A skewness value of less than 0.25 is considered
excellent, between 0.25 and 0.5 is acceptable, and greater
than 0.5 can be considered a poor-quality mesh. Orthogonal
quality indicates how close the corner angles of an element
are to 90°. In rectangular or square elements, the corner
angles must be 90°. This criterion evaluates the corner angles
of the element. An increase in orthogonal quality indicates
that a higher-quality mesh structure is formed. For orthog-
onal quality, which takes values between 0 and 1, 0 is the
worst and one shows the best result. According to the results

Table 1: Mesh quality comparison.

Reference [21] Current study

Maximum skewness <0.95 0.96
Average skewness <0.33 0.21
Minimum orthogonal quality 0.06 0.04
Average orthogonal quality 0.81 0.79
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obtained, very close values were reached with the reference
study, and the mesh can give accurate results.

Figure 3 shows the mesh structures and loading condi-
tions of the quarter model. The obtained quarter model
contains 2,056,183 elements and 2,829,369 nodes. The quarter
model mesh structure, the dental implant mesh detail, the
mesh detail of the bone surface in contact with the dental
implant, and the quarter model FEA boundary conditions
can be observed in detail. In the boundary conditions visual,
a fixed support is defined for the blue surfaces, and a positive
force is determined on the Y axis for the surface visible
in red.

One quarter of the loading values specified in the
reference study were applied to the quarter implant model
obtained from the full model. As a result of the FEA per-
formed, the graph resulting from the equivalent stress in
megapascal (MPa) and forces in newton () units according
to the von-Mises criteria is shared in Figure 4. It is seen that
very close results are obtained with the stress values ob-
tained in the reference study.

Figure 5 shows the stress distribution of the quarter
model under axial 150 N. Visual inspection revealed that the
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stress distribution in the implant model was also quite
compatible with the reference study.

2.2 Materials

The properties of five different materials, titanium alloy (Ti—
6Al-4V), magnesium (ZK60 and WE43), hydroxyapatite (HA),
and tantalum (Ta), which are frequently used in biomedical
studies, were investigated on the implant model, which has
been proven to be suitable numerically. The properties ob-
tained from the relevant references are presented in Table 2.

2.3 Biomechanical performance criteria

The criteria considered in the biomechanical evaluation of
materials include lightness, durability, relative movement,
and penetration. The specified criteria were evaluated in
three different MCDM methods together with the numerical
results obtained from the FEA. The material presenting the
highest score was selected as the most suitable material for

a;) b)

c) | d)

Figure 3: Pre-processing steps in FEA of a bone-implant system, a) mesh structure of quarter FEA model, b) mesh detail of implant, c) mesh detail of bone,

d) boundary conditions of FEA model.
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Figure 5: von mises stress (MPa) distribution of the implant under 150 N
axial load.

Table 2: Material properties.

Ti-6Al-4V  ZK60 WE43 HA Ta
[21], [31] [31] [32] [33],[34] [35]-[37]
Density (kg m~) 4,430 1800 1840 3,156 16,650
Young’s modulus 105,000 44,300 45,000 90,000 163,500
(MPa)
Poisson ratio 035 035 0.35 0.30 0.36
Yield tensile 862 240 199 100 220
strength (MPa)
Ultimate tensile 931 315 - - 310

strength (MPa)

the dental model. Explanations of the criteria considered in

the evaluation are given below.

— Lightness is important for biomechanical suitability and
patient satisfaction [38], and obtaining the lightest
implant model is a measure of success.

—  Functional durability effectively reduces the frequency of
maintenance or repairs to obtain implants with long ser-
vice life. According to the selected material technical
specifications, the model with the low stress value and high
safety factor resulted in the material being preferable.

— Relative movement in bone-implant contact is effective
in osseointegration. Studies in the literature [39], [40]
have suggested that micro motion should not exceed
150 um for healthy osseointegration. Additionally,
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according to Wolff’s law, it is stated that a stress value
within a certain range accelerates bone formation [41]. A
successful implant should have a low micro motion.

— Implants under load can move independently of the
bone tissue due to relative movement. In a good implant
integration, the implant under load should not pene-
trate the bone and keep the stability. For this reason, low
penetration and deformation are a criterion that in-
creases implant success.

— Although cost is not the main criterion in many aca-
demic studies, it is an important factor for a product
offered to the public. In the study, material costs were
also included among the assessment criteria in addition
to biomechanical assessments. The prices of the mate-
rials assessed in the study were Ti—6A1-4V 47 USD kg™
[42], ZK60 832.5 USD kg’1 [43], WE43 1332 USD kg’1 [44],
HA 1070 USD kg " [45], Ta 2,930.4 USD kg™ [46], respec-
tively. In the dental implant cost calculation, the price of
the materials, the material density, and the dental
implant volume were used to obtain the results.

2.4 MCDM

The criteria taken into consideration in determining the most
suitable material for dental implants were evaluated with
MCDM methodologies. Weighted sum model (WSM) [47],
technique for order of preference by similarity to ideal solution
(TOPSIS) [48], and analytic hierarchy process (AHP) [49]
methods frequently used in the literature were included in this
study. Each method scored the dental implant material evalu-
ation criteria, and the resulting scores were compared. In this
way, the results of different methods were presented together,
and the obtained result was strengthened.

WSM is one of the MCDM methods and is based on the
evaluation of each criterion by weighting it. In this method,
each alternative is scored according to the specified criteria,
and a total score is calculated by multiplying these scores by
the specified weights. The alternative with the highest total
score is determined as the best option. The WSM steps fol-
lowed in the study are as follows.

In Equation (1), each criterion is given weight based on
its importance. Weights are usually expressed as a per-
centage and the total weight of all criteria should be 1. Here,
w; represents the weight of each criterion.

Wy + Wy + W3 + Wy + Ws @

In Equation (2), to compare criteria in different units, they
are normalized. In cases where the maximum/minimum
value of the criterion is better, the following formulas are
used. In the equation, ry is the normalized value of the
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alternative for the jth criterion, x; is the original value of the
alternative in the jg, criterion, Xp.x and Xy, are the
maximum and minimum values of the relevant criterion.

Xmax — Xij
ri,- =
Xmax — Xmin
Xij — Xmax
ry == @

Xmax — Xmin

In Equation (3), the normalized value of each criterion
is multiplied by the weight of that criterion, and the
weighted sum of all criteria is taken. Alternatives are
ranked according to their total scores. The alternative
with the highest score is selected as the most suitable
option.

n
Si=Ywry 3
i

TOPSIS is another MCDM method. In this method, each
alternative is evaluated according to its distance from both
the ideal solution (best) and the anti-ideal solution (worst).
The alternative is closest to the ideal solution and farthest
from the anti-ideal solution it is selected as the best option.
The TOPSIS calculation stages are as follows.

In Equation (4), the criteria are normalized, and all
criteria are made comparable. ry; is the normalized value of
the alternative for the ju, criterion, while x;; is the original
value of the alternative at the jth criterion.

Xjj

i 2
X X
i=1

In Equation (5), the normalized value of each criterion is
multiplied by the weight of that criterion. vy is the weighted
normalized value of the alternative for the jth criterion, wjis
the weight of the jth criterion.

(@)

rij =

Vij = Wj Ty ©)

In Equation (6), the distances to the positive and negative
ideal solutions for each alternative are calculated with the
following formulas.

d =2 (v - vp)’

=
Il
SN

()

_
|
M=

(vi =) ©)

=
=N

In Equation (7), the closeness score to the ideal solution is
calculated for each alternative. C; is the TOPSIS score of the
is, alternative, d;* is the distance to the positive ideal solu-
tion, and d; is the distance to the negative ideal solution.
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The alternatives are ranked according to their C; scores. The
alternative with the highest score is selected as the best.

di
Q‘@+q

™

Another decision-making method, AHP, is based on the
comparison of criteria and alternatives in a hierarchical
structure. Results are produced from a decision matrix by
evaluating the relative importance of criteria and alternatives.
In the AHP method, the decision problem is modeled as a hi-
erarchical structure. The main goal of the decision is at the first
level, the criteria are at the second level, and the alternatives
are at the third level. Criteria and alternatives are compared
pairwise with each other in a pairwise comparison matrix. The
comparison is made using a scale from one to 9. In comparison,
one indicates equal importance, three indicates a criterion is
slightly more important than the other, five indicates a crite-
rion is much more important than the other, seven indicates a
criterion is extremely important than the other, and nine in-
dicates a criterion is more important than the other. An
example of the matrix created is in Equation (8).

r1 ap --anm
1
a_ 1 - Qop
A= 12 ®)
1 1
il |
L A, o |

In Equation (9), the geometric mean of each row in the
comparison matrix is taken to find the weight of each cri-
terion. W;, geometric mean of the iy, criterion, a;, relative
importance of the iy criterion to the jy, criterion in the
comparison matrix, n, dimension of the comparison matrix.

Figure 6: Geometric design and thread detail of the implant model.
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Figure 8: Load-dependent structural safety assessment of implant materials.
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n n
Wi = (H aij) 9) 7
j=1 6
In Equation (10), the normalized weight of each criterionis . i
calculated as follows. Here w; represents the normalized =~ s
weight of the iy, criterion. 5
w; 1
wi = n ! (10) 0 N — | |
Z W; Ti6AI4V ZK60 WE43 HA Ta

. . . . Fi 12: Material-based cost analysis for dental implant applications.
Equation (11) involves calculating the total score. R; is gure ateriarbased cost analysis for dental Impiant applications

the total score of the iy, alternative, wj is the weight of the jy,
criterion, ry is the normalized value of the iy, alternative on
the jg, criterion.

2.5 Design improvement

In biomedical implants, implant-bone compatibility is
(1) important for lifespan and patient health. Biomechanically,

n
R4 = z Wi Wi
1 Jj=1 P the low relative movement between the bone and the
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Figure 14: Biomechanical analysis results of
Ti6Al4V implant, a) equivalent stress (MPa), b)
total deformation (mm), c) sliding distance

c) d (mm), d) penetration depth (mm).
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implant prevents the formation of a stress shield. In ap-
proaches to reducing relative movement, material selection
close to bone properties or design changes provides solutions.
In this study, microgrooves were added to the dental implant
model for which optimum material selection was made to
improve osseointegration. The dimensions of the micro-
grooves added with the expectation of reducing the relative
movement between the bone and the implant are 0.1 mm in
depth and 0.1 mm in width, based on [50]-[52]. Micro grooves
were designed with a square cross-section and were placed
between two screw threads in the dental implant model. The
dental implant model with micro-grooves can be seen in
Figure 6. For the dental implant model with osseo-healing
design changes, FEA was repeated with the same boundary
conditions, and stress, deformation, sliding distance, and
penetration measurements were made on the same points.

3 Results

In this study, the optimal material determination was made
among five different materials under four different loadings
for a dental screw implant. Mechanical behaviors were
simulated with the help of FEA. The obtained results were
evaluated regarding lightness, strength, and osseointegra-
tion. In the examination of lightness, the implant masses in
gram (g) were 0.638 g for Ti-6A1-4V, 0.259 g for ZK60, 0.265 g
for WE43, 0.454 g for HA, and 2.40 g for Ta. According to these
results, the dental implant using the ZK60 will have the
lightest structure.

Figures 7 and 8 shows maximum stress values according to
the Von Mises criteria and safety factors, respectively. In these

Table 3: FEA results comparison under the 150 N.

Non-grooved Grooved
Maximum stress (MPa) 40.01 39.96
Maximum deformation (mm) 0.0122 0.0120
Sliding distance (mm) 0.00094 0.000862
Maximum penetration (mm) 0.000532 0.000317
Table 4: FEA results comparison under 200 N.

Non-grooved Grooved
Maximum stress (MPa) 51.20 52.754
Maximum deformation (mm) 0.0162 0.0159
Sliding distance (mm) 0.00108 0.00107
Maximum penetration (mm) 0.000685 0.000395
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results, the stress increase and the safety factor decrease
occurred with the increase in force. Compared with other ma-
terials in maximum stress values, ZK60 and WE43 had higher
values, while HA had the lowest stress value. In the safety fac-
tors, the order from bad to good is HA, WE43, Ta, ZK60, and
Ti6Al4V. According to the functional durability assessment,
Ti6Al4V was able to create the most optimistic picture.

In the osseointegration evaluation, deformation, sliding
distances and penetration values at the implant-bone
interface are shown in Figures 9, 10, and 11, respectively. It
is shown that there is an increase in the deformation values
in Figure 9 parallel to the increase in force. However, the Ta
gave the lowest deformation result under forces. The sliding
distances in Figure 10 show the relative movement value
between the bone and the implant. While the sliding values
were similar in all material types, ZK60 and WE43 gave
higher results. All materials were successful in meeting the
micro movement criteria. The penetrations in Figure 11
show how far the implant penetrates the bone surface under

Table 5: FEA results comparison under 250 N.

Non-grooved Grooved
Maximum stress (MPa) 65.10 66.66
Maximum deformation (mm) 0.0203 0.0199
Sliding distance (mm) 0.00124 0.00123
Maximum penetration (mm) 0.000876 0.000501
Table 6: FEA results comparison under the 300 N.

Non-grooved Grooved
Maximum stress (MPa) 79.20 78.54
Maximum deformation (mm) 0.0243 0.02385
Sliding distance (mm) 0.00133 0.001245
Maximum penetration (mm) 0.0011 0.000512
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K
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|54
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8
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£
, N _ _ -
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M sliding distance improvement Penetration improvement

Figure 15: Percentage improvement in sliding distance and penetration
depth at various loading conditions.
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loading. Similar to the sliding movement, ZK60, and WE43
dental implants penetrated more into the bone.

Figure 12 shows the results of the calculated piece cost
based on the unit prices of the materials. All materials except
Tantalum cost less than 1 USD. According to these results,
Ti6Al4V can offer the most cost-effective dental implant
model, while Ta is the most expensive. The remaining ZK60,
WE43, and HA have approximately similar cost results.
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3.1 MCDM results

Five materials were evaluated in terms of their biome-
chanical suitability for the dental implant model with the
help of WSM, TOPSIS, and AHP, among the MCDM methods.
The effect rates of the lightness (kg), functional durability,
relative mobility (mm), penetration (mm), and cost (USD)
criteria considered in the study are equal. The results
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Figure 16: Biomechanical assessment results of the micro-grooved dental implant with Ti6AI4V, a) equivalent stress (MPa) distribution, b) deformation
(mm) distribution, ) sliding (mm) distribution, d) penetration (mm) distribution.
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obtained according to four different loading conditions are
shown in Figure 13. According to the scores obtained in the
MCDM methods, magnesium alloy Ti6Al4V stood out as the
most suitable material for the dental implant model by
receiving the highest score in three different MCDM
methods. On the other hand, Ta was ranked last by obtaining
the lowest score. Other materials were ranked high to low:
HA, ZK60, and WE43.

The FEA result images of the Ti6Al4V dental implant,
which was selected as the most suitable material for the dental
implant by receiving the highest score in three different MCDM
methods, are in Figure 14. Figure 14 shows the stress distribu-
tion, deformation distribution, relative mobility in the bone-
implant contact, and the amount of embeddedness of the
dental implant in the bone underload according to the von
Mises criterion. In the evaluation of FEA results, high-value
results containing singularities were not considered.

3.2 Design improvement results

The dental implant model with osseointegration enhancer
micro-grooves was subjected to FEA with the same boundary
conditions as the model without grooves. Maximum stress,
maximum deformation, maximum sliding distance, and
maximum penetration results in the implant structure un-
der 150 N, 200 N, 250 N, and 300 N were obtained and shown
in Tables 3, 4, 5, and 6, respectively. In the results obtained, it
was seen that the groove had a reducing effect on the sliding
distance and penetration.

Figure 15 shows the percentage results of the positive
effect of microgroove on the sliding distance and penetration
under different loadings. The penetration improvement rate
became better with the increase of force. However, the same
behavior was not observed for sliding distance. The pene-
tration improvement rates were between 40 % and 53 %,
while the sliding distance improvement rates were between
0.8% and 8.3 %.

Figure 16 visualizes the FEA stress, deformation, sliding
distance, and penetration results of a micro-threaded dental
implant under 150 N. The measured points are included in
the images to make the evaluation objective. The maximum
values on the scales in the images are not considered
because they occur in very small areas.

4 Conclusions

In this study, results supporting biomechanical evaluation
were obtained using finite element analysis (FEA) to deter-
mine the appropriate material for dental implants.
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According to the comprehensive evaluation, the most
appropriate material was determined as Ti6Al4V using three
different MCDM methods. It is not surprising that Ti6Al4V
stands out among other materials because it is a frequently
preferred material in biomedical applications with its
lightness, biocompatibility, mechanical strength, and low
cost. In addition, its suitability for additive manufacturing
technology shows that this material is open to new tech-
nologies. Other results obtained in the study revealed that
the sliding distance and penetration increased significantly
as the force increased and showed a positive relationship
between sliding distance, deformation, and penetration.

According to the FEA results, micro-threaded implants
provide significant improvements compared to unthreaded
implants, especially in terms of penetration performance.
Threaded implants show lower maximum penetration
values at all force levels, indicating that osseointegration can
be achieved better and the implant can be more tightly in-
tegrated into the bone. In addition, penetration improve-
ment increased as the force increased. This will increase
implant stability and reduce the risk of failure in the long
term. No significant difference was observed between
threaded and unthreaded implants in terms of sliding dis-
tance, but there was a slight improvement. In terms of
maximum stress and deformation values, it was observed
that micro-threads did not negatively affect the structural
integrity and durability of the implant, and the stress and
deformation rates remained largely constant. As force levels
increased, the penetration advantage of micro-threaded
implants became more apparent.

This study provides a comprehensive assessment
including the most appropriate material selection for dental
implants and also reveals some important points that can
guide future studies. The data obtained with powerful
methods such as FEA in the study, if supported by clinical
experiments, can better reflect the real-world behavior of
materials. Osseointegration plays a critical role in the suc-
cess of dental implants, and more comprehensive clinical
studies or simulations would be beneficial. Furthermore, the
inclusion of more materials could broaden the scope of the
study and provide more generally valid results. Factors such
as manufacturing processes, costs, and application diffi-
culties should also be included in the cost analysis. It should
also be noted that dental implants may exhibit different
performance under dynamic loading, and this should be
taken into account to fully assess the long-term success of the
implant.
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