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The stress—strain state of the “dental implant—bone tissue” system was determined using three-dimensional
computer models created in the SolidWorks 2024 parametric solid modeling software with the application of the
finite element method. The actual investigations were performed using the Simulation package. Parametric solid
models were developed in SolidWorks 2024, including a fragment of the jawbone with a dental implant and
prosthetic elements. The physical and mechanical properties of the prosthetic elements (crown and abutment), the
dental implant, as well as the cortical and trabecular bone tissues of the jaws were applied in the analysis. The
analysis of the stress—strain state was conducted under conditions corresponding to average strength and density
values of the trabecular bone tissue of the jaws. The simulation of maximally asymmetric masticatory loading
applied to the prosthetic elements and the dental implant made it possible to identify unfavorable functional

conditions of the crown—implant-bone tissue system.
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Introduction

The process of osseointegration of a dental implant
primarily depends on its biomechanical behavior because
the nature of the stress distribution in dental implants is
completely different from that of a natural tooth. Natural
tooth is characterized by the presence of a periodontal
ligament which acts as a shock absorber for occlusal
forces. The main factor in the success or failure of
osseointegration of a dental implant is the nature of the
load transfer from the dental implant to the adjacent
alveolar bone tissue [1].

The process of osseointegration of dental implants is
influenced by a number of factors: the clinical skills of the
doctor, implant placement technique and surgical
protocol. Successful osseointegration requires careful
consideration of stress distribution within the implant and
jawbone, as well as their biomechanical interaction [2].

Occlusal overload is considered the primary cause of
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peri-implant bone loss, often resulting in the failure of
prosthetic restorations and dental implants. Therefore,
biomechanics is a main factor in predicting implant
disintegration and directly affects the long-term survival
of dental implants and prosthetic reconstructions [3].

The demand for dental rehabilitation using dental
implants has increased annually due to traumatic injuries
and periodontal diseases. The number of unsuccessful
implant integration cases has increased accordingly.
Methods for modeling the behavior of a dental implant in
terms of stress and deformation in the jaw bone tissue
under the influence of masticatory forces are necessary to
predict the behavior of a dental implant during the
osseointegration process. One of the most widely applied
approaches for this purpose is the finite element method
(FEM) [4].

The finite element method is used to determine the
state of stress, strain and displacement in dental implants
and surrounding bone tissue. It enables analysis of
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biomechanical factors affecting implant behavior before
and after osseointegration and supports the optimization
of dental implant design.

The study of the osseointegration process remains an
important research topic in dental implantology [4].

The finite element method (FEM) provides valuable
insights into the mechanical behavior and stability of
implant systems and allows highly accurate predictions of
structural responses and potential deformation within both
the implant and adjacent bone tissue [5].

This method allows to determine the state of stress
and displacement immediately after implant placement,
during the osseointegration process and after the
osseointegration process until complete healing [6].

Computer-based software is used to convert both
simple and complex structures into meshes. The resulting
models consist of nodes, elements and predefined
boundary conditions. During the modeling process, loads
are applied to certain elements or nodes and then stresses
and displacements are evaluated to perform the modeling
analysis. This method is widely used in dentistry: to
determine the design and shape of restorations, removable
and fixed prostheses, posts, retention pins, dental
implants, etc. [7].

The advantage of this method is the ability to predict
the mechanical behavior of a dental implant without the
need for destructive testing or in vivo experimentation [8].

However, the finite element method (FEM) has a
number of disadvantages that must be considered when
interpreting FEM results for making clinical decisions,
including the inability to simulate biological factors such
as temperature, pH, and biofilm formation and the use of
isotropic materials [9].

Nevertheless, FEM enables detailed prediction of
spatial stress distribution in areas where implants contact
with cortical bone, as well as in the area around the apex
of dental implants in trabecular bone. Factors that
influence the regulation of biomechanical loading include
the size of the functional surface and the type of applied
force. The finite element method (FEM) can provide
accurate quantitative data at any point in the mathematical
structure. Therefore, the finite element method (FEM) is a
useful analytical tool in the modern dental implantology.
[10].

I. Materials and methods

The analysis of the obtained data will make it possible
to compare the calculated values of static stresses,
displacements of elementary internal volumes of the
model and the degree of their deformation with the
permissible stress limits, thereby enabling conclusions to
be derived regarding the nature of bone tissue response to
the mechanical loading caused by the dental implant. The
comparative results will indicate the probability level of
trabecular bone tissue failure which represents the most
vulnerable component of the system.

The studies were conducted using computer-based
models of a jawbone fragment, the dental implant and
prosthetic components.
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1.1. Research tools

Three-dimensional computer models were created in
the solid-state parametric modeling program Solid Works
2024 and the actual research was performed using the
Simulation package. The application is based on the finite
element method.

The values of equivalent static stresses are displayed
in the legend in megapascals (MPa) according to Mises
(third strength theory).

The values of displacements of internal volumes are
displayed in mm and the values of their deformation -
ESTRN - in units of equivalent deformation of the body
relative to the three coordinate axes.

1.2. Initial data for conducting research

The initial data for the study include:

- the geometric structure of the jawbone segment, the
dental implant and the prosthetic elements;

- the design of the prosthetic elements (the dental
implant, abutment and ceramic crown);

- the magnitude of the masticatory load force acting
on the crown and the remaining prosthetic elements;

- the physical and mechanical properties of the
jawbone components (cortical and trabecular bone) and
prosthetic elements.

The fastening element (screw) which ensures a
reliable and rigid connection between the abutment and
the implant was excluded from the model for the purpose
of reasonable simplification of the investigated computer
model.

The jawbone fragment at the site of dental implant
placement represents a composite structure consisting of a
relatively dense, hard and strong cortical layer with a
thickness of 0.6—1.25 mm at the surface while the internal
volume is composed of porous trabecular bone tissue
characterized by comparatively lower hardness and
strength.

The results of experimental studies of the properties
of the trabecular and cortical components of the jaw bones
are in slightly different, overlapping ranges. Generalized
material properties are presented in Table 1.

Table 1.
Physical and mechanical parameters of bone
structures
Trabecula .
Parameter Symbol Cortical bone
r bone
Modulus of | p \ o | 55150 | (2.5-20)x10?
elasticity
Poisson's ratio u 0.23+0.49 0.25+0.35
Density p, g/em’® | 0.27+1.1 1.4+2.1
Ultimate
Tensile o, MPa | 0.25+32 22+125
Strength
Ultimate
Compressive o, MPa | 0.3+12.5 15.5+82
strength

The average values of the trabecular bone tissue
parameters were established and presented in Table 2 for
the purpose of conducting studies.
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Table 2.

Selected values of physical and mechanical parameters of
trabecular bone tissue of the jaws

Parameter Symbol | Average values
Modulus of elasticity | E, MPa 65
Poisson's ratio u 0.3
Density p, g/em’ 0.6
Ultimate Tensile
Strength o, MPa 12.0
Ultimate Compressive o, MPa 55
strength

We determine that during the preparation process the
implant site is widened in such a way that the superficial
(cortical) layer has almost no contact with the prosthetic
elements, which facilitates proper placement of the dental
implant. The analysis of the numerical values of the
strength parameters of the cortical structure shows that the
elastic modulus is approximately two orders of magnitude
higher than that of trabecular bone tissue. Therefore, the
hardness is also higher which causes much smaller
deformations of the cortical layer under the influence of
force factors. The averaged values of these parameters are
adopted for the computer simulations which are presented
in Table 3.

Table 3.
Selected values of physical and mechanical parameters of

cortical bone tissue of the jaws
Parameter Symbol Cortical bone
Modulus of elasticity E, MPa 13.5x10°
Poisson's ratio 18 0.25
Density p, g/cm’ 1.65
Ultimate Tensile o, MPa 65
Strength
Ultimate o, MPa
Compressive 45
strength

We set the masticatory load force acting on the crown
to 100 N which is based on research data.

Table 4.

Physical and mechanical parameters of other elements of
a dental implant-based prosthetic structure

Parameter | Symbol

Implant

Abutme

Crown
nt

Modulus
of
elasticity

E, MPa

120x10°

115x10° | 220x10°

Poisson's

ratio H

0.32

0,3 0,22

3

Density | p, g/cm

437

4,43 3,0

Ultimate
Tensile
Strength

o, MPa

937

800 2300

Ultimate
Compress
ive
strength

o, MPa

930

810 551

1.3. Creating a solid 3D model
The first stage to perform the research is to create a
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solid-state parametric model of a jawbone fragment with
a dental implant and full-size prosthetic elements using the
Solid Works 2024 program.

Static studies of the stress-strain state are performed
in the Simulation application of the specified program in
the Static category.

The basis of the prosthetic structure included the
KDAOF4008 implant which was chosen for premolar
replacement with a diameter of ¥4.25 mm and a length of
10.0 mm from the Spanish company GMI Dental
Implantology, S.L. with an abutment and a locking screw

(Fig. 1).

Fig. 1. The model of a dental implant.

We will make the following assumption during the
modeling process. The abutment is based in the dental
implant with a high-precision conical surface and is fixed
in the implant with a screw which exclude any mutual
movements. Therefore, we will exclude the fixing screw
from the prosthetic structure in order to simplify the
model.

The thickness of the cortical layer of the jaw bone will
be taken as 1.25 mm according to average statistical data.

The configuration and dimensions of the premolar
crown are set for the same reasons.

The model of a dental implant is presented in Fig. 2.

Fig. 2. Longitudinal section of the assembly model of the
studied jawbone-implant system.
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1.4. Research methodology

The algorithm for conducting a force study includes
the following steps. At first, we will establish the direction
and place of application of the masticatory load force to
the crown. Its greatest concentration in the case of hard
pieces of food usually falling on the lateral areas of the
upper part of the tooth (shown by purple arrows).
Moreover, such a choice makes it possible to determine
the nature of the stress—strain state of the model under the
most unfavorable loading condition.

In the second stage we replace the rest of the jaw bone
with rigid (fixed) ligaments along defined surfaces. The
two lateral vertical and horizontal base surfaces of the
imaginary jaw sections are presented in our case on Fig 3.

mvcsepeaan | Sobaisers SOOWORNS | Simdation VD SOUOWMNSCAM
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Fig. 3. The model under study with an applied masticatory
load of 100 N and imposed equivalent rigid constraints on
the surfaces.

Fig. 4. Volumetric stress plot at average values of trabecular bone tissue strength parameters.
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Fig. 4,a. Volumetric stress plot in the surface layer of cortical bone tissue at average strength parameters of
trabecular bone tissue.



B.I. Hrynkiv, L.O. Borushchak, Z.R. Ozhogan, L.V. Miziuk, R.Z. Ozhogan, LV. Viklyuk

URES (mend
1,0000-21
l 9266
BNTe
12000
. G170
H 5148000
| e
3,005¢-80
205002
100082

1,000e-30

a)

URES (mem)
1,030e-01
' 926602
- 8237eq
- 7.207e-02
L 6178e-02
| R
APRITA
L 3,000-02
2,05%-02
I 1,030e-02

1,000¢-30

b)
Fig. 5. Volumetric displacement plot in transverse (a) and longitudinal (b) sections at average strength parameters of
the trabecular bone tissue.
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Fig. 5,a. Volumetric displacement plot in a longitudinal section of the volumes surrounding a dental implant at
average strength parameters of the trabecular bone tissue.

The created 3D model is an assembly, so it is
necessary to define the contact conditions between
individual components of the model, including the
possibility of their relative displacements or constraints.
Based on the dental implant design, the placement method
and the jawbone structure, any relative movement of the
components is excluded in this study. Therefore, a global
contact between the components is defined which
eliminates their mutual mobility.

II. Results and discussion.

The analysis of the stress-strain state was conducted
under conditions of average strength and density of the
jaw trabecular bone tissue.

Average values of trabecular bone strength
parameters
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The obtained results are described in more detail
below. We determine that the equivalent stresses increase
to 15 MPa in the upper girdling volumes of the trabecular
bone tissue (Fig. 4). The stresses decrease to 9 MPa as they
approach the base of the dental implant and at the base the
stresses are in the range of 0.14 — 0.18 MPa. The minimum
equivalent stress values recorded by the software amount
to 0.09 MPa in the thread-adjacent zone.

An evident explanation for this behavior is that the
bone tissue volumes adjacent to the dental implant in its
threaded region are constrained by the thread profile and
therefore cannot undergo significant deformation when
the upper layers of trabecular bone tissue are essentially
open and unlike the lower layers, experience tensile
deformation (see Fig. 6). The trabecular bone tissue,
which is porous and relatively soft, appears to separate
from the upper cortical layer.

At the same time, the equivalent stresses in the
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annular peri-implant region decrease uniformly from a
maximum value of approximately 5—7 MPa to a minimum
0f 0.12-0.13 MPa across almost the entire upper zone.

We determined that the maximum downward
displacement of the upper part of the crown reaches 0.103
mm. The displacement of the elementary volumes of
trabecular bone tissue ranges from 0.075 to 0.09 mm and
attains its highest values in the vicinity of the implant’s
threaded surface which causes a downward pulling effect.
The displacements gradually decrease to 0.032—0.052 mm
with increasing distance from the implant body (Figures 5
and 5a).

Figure 6 demonstrates that the most significant
deformation occurs in the band-like volumes of the
trabecular bone within the gap between the implant top
and the outer cortical layer of the jawbone, ranging from
0.26 to 0.29 ESTRN units. Minor deformations are
observed along the spiral of the implant thread crest
between 0.08 and 0.12 ESTRN units. However,
deformations increase to 0.18-0.22 ESTRN specifically
along the crest of the first (bottom) thread turn. The
minimum value is 0.06 ESTRN units. This distribution of
deformation factors results from the increased pressure
area on the bone tissue along the first thread turn. These
values correlate well with the magnitudes of equivalent
stresses and displacements.

The nature of the relative volumetric deformations of
the system is examined (Fig. 6), as this criterion is
potentially critical for predicting the failure probability of
trabecular bone tissue. This assumption is based on the
fact that this bone tissue is sufficiently porous and less
rigid, allowing it to cushion the impact of masticatory
loads during biting or chewing.

The obtained computer modeling data are compared
with the natural 'tooth—periodontium—bone tissue' system.
It should be noted that bone tissue is softer and more
compliant than the materials of the crown, abutment, and
the dental implant itself; therefore, it also undergoes
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elastic deformation under load. Besides, periodontal tissue
is a natural shock absorber of loads. Consequently, after
the placement of a dental implant, the jawbone tissue is
subjected to sharp dynamic loads from the latter.

Conclusions

Computer simulations with eccentric masticatory load
application to the artificial crown surface allow for
identifying the most probable zones of equivalent stress
concentration, their values and the areas of maximum
deformation in the trabecular bone tissue. We have created
conditions for the maximum asymmetric application of
masticatory load force to the prothetic elements and the
dental implant which allows us to identify unfavorable
conditions for the functioning of the crown-implant-bone
tissue system.

The distribution and configuration of internally
stressed volumes and deformation zones in trabecular
bone tissue demonstrate that the most heavily loaded and
maximally deformed areas are the annular volumes
surrounding the dental implant, specifically near the bone
surface and at the implant base.

The volumes of bone tissue near the surface of the
dental implant thread evenly surround the latter and have
a small thickness (0.12+0.25 mm). We determined that in
the specified zone there are tensile stresses in the spiral
zone above the crest of the implant thread and joint
stresses from the lower edge. During mastication, the
location of masticatory load concentration shifts along the
crown surface. Accordingly, the stress-strain state of the
jawbone changes.

The potentially dangerous zone of trabecular bone
tissue, characterized by low strength and elasticity,
experiences alternating compressive and tensile stresses
and deformations. This leads to loosening of the dental
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Fig. 6. Volumetric strain plot of model elements at average strength parameters of trabecular bone tissue
(a — transverse section, b — longitudinal section).
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Komm’orepHe MoieJIIOBaHHS Ta JOCTIIKEHHSI HANIPYKEeHO-1e(OPMOBAHOTI 0O
CTaHy CUCTEMH «ICHTAJbHUI IMILUIAHTAT — KICTKOBA TKAHUHA»
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Bu3HaueHO XapakTep HampyXeHO-A¢(OPMOBAHOTO CTaHY CHCTEMH ‘“‘ICHTAJbHHI IMIUIAHTaT — KiCTKOBa
TKaHMHA” 32 JOTIOMOTOI0 TPUBUMIPHUX KOMII IOTEPHHX MOJEJICH, siKi OyJIM CTBOPEHi y mporpami TBEpAOTLUILHOTO
napameTpuyHoro moaenroBanHs Solid Works 2024 i3 3acTocyBaHHSIM MeTOIy CKiHYEHHHX eJieMeHTiB. BnacHe
JOCIIi/UKeHHsT OyJiM BHKOHaHI 3acobamm makery Simulation. 3a momomororo mporpamu Solid Works 2024
po3po0IeHO TBEPAOTIILHI MapaMeTPUUHI MOJENi, SKi BKIOYaId (HpParMeHT IENenHOi KiCTKA 3 JCHTAJIbHUM
IMIUIaHTATOM Ta OPTONEIUYHHMH elleMeHTaMu. JIJIs MpOBEACHHs IOCIHiKCHHS 3aCTOCOBAaHO ()i3MKO-MEXaHiuHi
[apaMeTpH OPTONEINYHUX ENEMEHTIB (KOPOHKH Ta abaTMeHTa), NEHTAIBHOIO iMIUIaHTaTa, KOPTHUKAIBHOI Ta
TpabeKyIIPHOI KICTKOBOI TKAHMHY I1eJer. JJociikeHH Hanpy KeHO-1e(OPMOBAHOTO CTaHy IPOBEACHO 32 YMOBH
CepelHiX IOKa3HMKIB MIIJHOCTI Ta HIUIBHOCTI TpaOeKyJsipHOI KicTKOBOI TKaHWHM mienen. Ili 4ac BUKOHAaHHS
JOCITI/DKEHHsT OyJ0 CTBOPEHO YMOBM MAaKCHMalbHO aCHMETPUYHOTO TNPHKIAJAHHA CHJIM OKyBaJbHOTO
HABAaHTAXKCHHS HA OPTOMEIMYHI €JIEMEHTH Ta ICHTaNbHHIl IMIUIAHTAT, IO JO3BOJMIIO BUSBUTH HECTIPUSTIUBI
YMOBH (DYHKI[IOHYBaHHS CHCTEMH KOPOHKA — IMIIJTAHTAT — KiCTKOBA TKaHUHA.

KarouoBi ciaoBa: HampyxeHHS; Oeopmariis; OCTEOIHTErparlis; TPUBHMipHA KOMII IOTepHA
MO/I€JIb; ONOPHI 3y0OH; AEHTAIbHUI IMILIAHTAT; IUIbHICTh KICTKOBOT TKaHWHH; TpaOEeKyIsIpHa KICTKOBa
TKaHWHA; MeTo1 ckiHueHHUX enemenTiB (MCE).
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