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SUMMARY

Introduction. The development of new dentalimplants in the context of the booming domestic industry makes it
possible to find alternative options in the treatment of clinically difficult situations, to select the necessary individual
solution during dental implant surgery and consequently to perform the surgery in an error-free manner and
achieve the desired results. The development of a dental implant is a multistep process, and the characteristics
of the implant material and its biophysical characteristics must be studied in detail until the implant is integrated
into the bone fissue.

The aim of the study: to estimate the opportunities and prospects of applying the finite elements method by
developing the new systems of dental implants according to the literature data.

Materials and methods. A search was carried out in the national digital libraries e-library, CyberlLeninka, as well
as PubMed, Medline, Web of Science and Google Scholar using the following keywords: dental implant, finite-
element analysis, mathematical model. Sixty-nine papers were selected and analysed.

Results. The finite element method is an accurate method to analyse the implant being developed, but it has
certain limitations, because in the finite element mesh, the implant-bone interface is a continuous relationship.
The absence of micro-movement at the implant-bone interface during loading is different from the actual
clinical situation. The expected 100 % osseointegration based on 3D-modelling can’t be an ideal option and
never corresponds fo the redlity in the clinical situation. However, the use of the finite element method makes it
possible to test single loads and inclination angles, which in the clinical situation is very rare.

KEYWORDS: biocompatibility, osseointegration, biomechanics, dental implant, finite element analysis,
mathematical model.
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Introduction

Today, issues related to achieving positive results in dental
implant surgery have received considerable attention. This
is due to the expansion of a number of techniques, surgical
techniques, a wide range of dental surgeons, especially in
view of the widespread development and implementation of
digital dentistry, and new types of implants [1, 2].

At the time of dental implant development, the study of
biophysical characteristics is traditionally considered of para-
mount importance. This is due to a number of factors, which
undoubtedly include the response of bone tissue to the foreign
body, the loading ratio of the dental implant and bone, as well as
the distribution of forces at the implant-abutment junction. In the
case of dental implants, the following features should be noted:

* nature of the failure: fatigue or temporary (static);

+ the condition of the bone, both at the implant site itself
and in the surrounding bone tissue;

» the condition of the implant fixation nodes;

+ the degree of osseointegration of the implant at different sites.

In the body of knowledge required by the dental implan-
tologist using dental implants, the fundamentals of biome-
chanical reasoning for the decisions he or she makes are of
particular importance [3].

Inadequate biomechanical analysis in the design, fabri-
cation and application of dental implants can lead to a lack
of formation of the bone-implant interface as well as short
duration of their function, which in turn affects the patient
and leads to negative feedback.

The aim of the work was to examine the publications avail-
able in digital libraries, which included information on the
possibilities and peculiarities of applying the finite element
method to the development of new dental implant systems.

Materials and methods of research

Scientific sources indexed in PubMed, Medline, Web
of Science and Google Scholar were analysed in this study.
The sources describing the original research in this area
focused on the prototypes of the implants being developed,
stress distribution on the adjacent bone, the biomechan-
ics of the dental implant and bone, and the implant-bone
interface.

Results and conclusions

Dental implants made of titanium (Ti) and its alloys (rox-
olide, titanium-zirconium alloy) are one of the most reliable
alternatives for replacing missing teeth due to their optimal
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biomechanical properties [66, 68]. Almost all existing im-
plants are made of titanium, which has a hard structure and
a higher strength that is 5-10 times stronger than bone [4]. It
is worth noting that a significant mismatch between implant
strength and bone strength can contribute to overloading,
aseptic inflammation and bone resorption [5—10].

Currently, the development of new dental implant systems
is based on the principles of optimising implant physical den-
sity and bone simulation [11-16] to overcome the aforemen-
tioned complications and achieve complete bone remodelling.

Thus, this process can be influenced by many factors
such as implant material and design [17-21], implant surface
[22-25] and bone quality [9, 26—29].

Implants have a higher physical density and are able to
absorb more load and transfer less stress to the surrounding
bone tissue. The amount of deformation in the surrounding
bone determines the remodelling process under occlusal
loading [30, 31], as proven by Wolf’s transformation law.

Harold Frost [32] described the mechanostatic theory
as changes in strain levels and corresponding changes in bone
density. Bone density is a value that is often used to assess
clinical evidence of bone health. Each individual may have
a different bone density. In addition, bone density varies in
different age and gender groups [33].

To overcome the aforementioned complications, many
researchers are working on the development of new materials
and bioinspired structures using both standard solutions and
additive technologies (3D-printing) to recreate mechanical
properties that are well compatible with bone tissue [23, 34,
35, 36]. To simulate different bone densities, implant designs
and various mechanical loads, computer methods are actively
used in the evaluation of implant biomechanics [37, 38]. The
most relevant method for modelling and calculating the strength
and reliability of developed products is the usage of modern
computer-aided engineering analysis packages, with ANSYS
[39] being the most effective computer-aided engineering (CAE)
system for modelling the functional processes of such products.

The main method of computer simulation is the finite el-
ement analysis (FEA), which allows the calculation of the
stress-strain state (SSS) arising within a mechanical system
under the influence of external forces, as well as displaying
the areas of the structure where material deformation and
subsequent failure occurs [40]. The calculated finite element
method of stress analysis may not exceed the stress limit values.
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Fig. 1. Dental implants (a) and 3D model of the mandible with dental implants with abutments (b)

It is important to consider that the transfer of stress be-
tween the implant and the bone depends on a number of fac-
tors and the description of this process is quite extensive. In
order to realise the biomechanical effects, a 3D mathematical
model is used, in which the geometric data of the implant,
the mechanical properties of the bone and the parameters of
the bone-implant interface are defined, otherwise known as a
finite element network [41-44]. By modifying the individual
elements of this system, it is possible to obtain data on the
clinical performance of the dental implant.

Thus, by studying the biomechanical features of dental
implants, biomechanical changes and VAT can be fully deter-
mined, which in turn will help to further improve implantation
techniques and increase the effectiveness of the treatment
performed [45].

At the time of creation of a dental implant, methods for bio-
mechanical evaluation of its effect on the bone-implant interface
are actively used to predict the behaviourof the implant directly
in the bone tissue and to assess its advantages and disadvantages
[46]. To study the biomechanical effects, a computer model
(Figure 1) with predetermined dental implant specifications
is used to digitally construct a finite element model of the jaw
region with the dental implant (bone tissue parameters are
determined in advance based on already available data).

Korioth, TW. and Hannam, A.G. [44] reflected one of the
first works on the application of the finite element method to
biomechanical analysis in dentistry. More recently, Van Staden,
R.C. et al. [47] in their work indicated that finite element method
(FEM) should be considered a numerical method for the analysis
of strains and stresses in any given structure. Today, FEM is
a widely used method in the field of dental biomechanics [48].

A study based on the FEM using simplified models, allows
«pure experimentationy, i.e. to exclude all irrelevant factors
inherent to the real object, with the properties of FEM models
being as close as possible to the real object [49].

During the development phase of a dental implant, a finite
element model is used to assess the technical characteristics
and will overwhelmingly consist of several parts (Figure 2),
namely the jaw cortical bone, jaw trabecular bone, dental
implant, abutment and abutment screw, and the crown and
its fixation method [9,46,50].

The properties of the dental implant materials to be used in
the biomechanics simulation must be specified in advance. The
materials must be homogeneous, isotropic and linearly elastic.
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Therefore, 2 independent parameters (Young’s modulus (E) and
Poisson’s ratio (v)) are often used to indicate material properties.

The mesh element used in the finite element computer
model is a tetrahedral mesh [51,52] (Figure 3).

In most cases, it is necessary to use a finite element mesh
model to determine the various occlusal conditions on the
dental implant system to be designed.

FEM makes it possible to assess the distribution of reaction
forces and structural stresses at the fixed upper end of the
abutment in a dental implant system [20,53].

With the mathematical model, it is possible to estimate the
von Mises stress distribution in the modelled bone area (Figure
4). Moreover, when examining the load on the alveolar bone
in the areas of a single tooth, it can be seen that the areas in
connection with the cortical bone have a higher stress. The
occurrence of this high stress can be explained by Hooke’s
Fig. 2. Finite element model for dental implant design: 1 -bone block, law (stress = Youpg’s modulus x straln).. W},len a dentall -
2~ implant body, 3—screw, 4— abutment plant system receives an external force, it will have a slight
downward displacement, compressing the alveolar bone and
creating the same displacement at the junction of the cortical
bone and the trabecular bone (creating the same deformation
here) [12]. The stress is proportional to the Young’s modulus.
The cortical bone above the alveolar bone therefore has a higher
stress (54). Therefore, the design of some implants increases the
number of microthread coils on the implant neck, increasing
its contact area with the alveolar bone surface, preventing the
dental implant system from loosening when exposed to external
forces, thereby increasing implant success.

The von Mises load distribution of the bone-implant sys-
tem shows that high loads on dental implants due to external
forces mainly occur near the dental implant neck, where the
dental implant contacts the abutment. Therefore, when a
tooth receives an external force, it directly deforms the neck
of the dental implant. According to Hooke’s law, high stress
will be generated in this area. [10].

It is worth noting that the alveolar bone adjacent to the
implants that have been exposed to external forces will also

Fig. 3. Grid element in the computer model

S, Mises be highly stressed due to deformation (44).

(Avg: 75%) When assessing the stress on the abutment and abutment
e screw, it can be seen that high stress on the abutment occurs
e 4+ Lo at its junction with the dental implant [55, 56]. High stress
pode s s o on the abutment screw occurs in the area where the screw
b 455 e o) head is connected to the abutment, also corresponding to the
by g1 Ld g area where the geometric shape of the screw head and screw
$o2mea are bent. Therefore, the design of abutments and abutment
13:3332;%10 screws should avoid the generation of high stresses by the

geometric shape. Otherwise, since the patient will be using
the structure for an extended period, the dental implant
system may be damaged due to material fatigue (57, 58).

In obtaining unique dental implant models, and specifically
in the design phase of their development today, a self-adaptive
3D model is used, which in contrast to traditional approaches
in parameterised self-modifying implant models, assembling
self-adaptive 3D models, transferring bi-directional parame-
ters and adjusting variables [59].

Building a parametrized self-modifying implant model
means that the implant model is built based on the diameter and
length of the implant. In other words, the amount of implant

Fig. 4. Von Mises load distribution
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threading can be changed with automatic changes in implant
diameter and length. Assembling self-adaptive 3D models
means that all models are rebuilt based on implant parameters.
That is, the parameters of other parts (bone types) were changed
while automatically changing the implant parameters [4, 58].

CAD (Pro/E) and CAE (ANSYS Workbench) bidirectional
parameter transfer tools can transfer model parameters mutually
and seamlessly. The variable settings include input variables
(D and L) and output variables (max EQV stress in the mandible
and max displacement in the implant-abutment complex) [38, 39].

Results

FEM is an accurate method to analyse the implant under
development, but has certain limitations because in a finite
element mesh, the implant-bone interface is a continuous rela-
tionship. The absence of micro-movement at the implant-bone
interface during loading is actually different from the actual
clinical situation [28, 60].

The expected 100 % osseointegration based on 3D mod-
elling cannot be ideal and never corresponds to reality in
the clinical situation. The bone (cortical, cancellous) and the
implant are thought to be isotropic and homogeneous, but in
real, the bone is anisotropic and heterogeneous. The implant
is rigidly fixed in the bone. Loads were only applied at point
locations. The duration of force application in implants and
the oral cavity is different [8, 61, 62].

In addition, the use of FEM, allows the testing of single
loads and tilt angles, which is very rare in the clinical situation
[25, 45, 57, 63, 64, 65].

In many scientific studies using the finite element method,
most authors use optimum values and loads [66], but for a
complete understanding of the biomechanical behaviourof
dental implants, attention must be paid to all existing bio-
mechanical modelling features.

Conclusions

The finite element method is an important tool in dental
implantology, because it makes it possible to test prototypes
of implants under development and to study the behaviour of
existing modified implants in order to study stress distribution
in adjacent bone, the biomechanics of the dental implant and
bone, and the implant-bone interface.

A mathematical model including finite element anal-
ysis allows for predicting possible risks associated with
overloading of the implant or possible complications at the
time of loading.

The combined use of fatigue, aging, thermal and continu-
ous mechanical cyclic loading in the analysis of dental implant
prototypes makes it possible to generate the most effective
medical devices from a clinical point of view.
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