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INTRODUCTION
The biomechanical interaction between the jaw and 
dental implants is a critical area of research in biomed-
ical engineering, particularly given the increasing prev-
alence of dental implant procedures. Understanding 
the stress-strain state of the “jaw-implant” system is 
essential for optimizing implant design and ensuring 
long-term success [1, 2].

The intricate relationship between biomechanical 
systems and their structural integrity is pivotal in the 
field of biomedical engineering, particularly in the de-
sign and assessment of dental implants [3].

One of the most critical interfaces in this realm is that 
of the jaw-implant system, where the mechanical per-
formance and biological compatibility determine the 
success of implant therapies. Understanding the stress-
strain state of this system is essential, as it directly affects 
the stability of the implant and the surrounding bone. 
Research has shown that the mechanical interactions 
between the jawbone and the implant can significantly 
impact clinical outcomes, making it imperative to inves-
tigate these dynamics comprehensively [4, 5]. 

The implications of this research extend beyond the-
oretical modeling; they hold significant potential for 
improving the design of dental implants, optimizing 
surgical procedures, and ultimately enhancing patient 
care [6]. By systematically exploring the stress-strain 
distribution within the jaw-implant system, we aim to 
identify critical failure mechanisms and suggest design 
modifications that could lead to more resilient and 
effective implant solutions. Studies [7] highlight the im-
portance of load distribution in the jaw-implant system, 
noting that uneven stress can lead to complications 
such as bone resorption and implant failure. Moreover, 
the work [8] emphasizes the role of mechanical load-
ing in osseointegration, suggesting that a thorough 
understanding of stress patterns is vital for improving 
implant design and surgical techniques. 

Furthermore, the work [8] underscores the neces-
sity of integrating biological factors into mechanical 
assessments. Our methodology not only evaluates 
mechanical stress but also considers the biological 
responses that occur at the implant interface, thereby 
providing a more holistic understanding of the system’s 
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performance. Recent advancements in computational 
modeling, particularly finite element analysis (FEA), 
offer powerful tools for simulating the mechanical be-
havior of the jaw-implant interface. As demonstrated 
by [9], FEA enables researchers to assess how varying 
loads affect the stress distribution and strain responses 
within the system, providing insights that are crucial for 
optimizing implant performance [2, 10]. 

This article aims to delve into the stress-strain state 
of the jaw-implant biomechanical system, building 
on existing literature while presenting new findings 
from our analyses. By examining the mechanical in-
teractions and their implications for clinical practice, 
we seek to contribute to the ongoing development of 
more effective and resilient dental implants, ultimately 
enhancing patient care in implant dentistry. By system-
atically exploring the stress-strain distribution within 
the jaw-implant system, we aim to identify critical 
failure mechanisms and suggest design modifications 
that could lead to more resilient and effective implant 
solutions. 

AIM
To investigate the stress-strain state of the “jaw-implant” 
system under static loading using the finite element 
analysis and experimental method of photoelastic 
analysis as a validation. 

MATERIALS AND METHODS
Experimental study [11]. Using a metal matrix with di-
mensions of 90x35x9 mm, a silicone mold was made, 
which allows for easy removal of samples without dam-
age. The samples were made of a transparent material in 
which the implant was placed. The jewelry epoxy resin 
MagicCrystal 3D was used as the specimen material. 
To determine the mechanical properties of the epoxy 
resin, a specimen was made in the form of a straight 
cylinder with a height of 30 mm and a diameter of 20 
mm. For this purpose, a plastic matrix was printed on 
a 3D printer. After that, the matrix was processed to 
reduce its roughness and a silicone mold was made. 
Since the properties of epoxy resin vary each time and 
also change over time, it is necessary to simultaneously 
produce both specimens for the photoelasticity test and 
specimens for determining the mechanical properties 
of the epoxy resin. It is also necessary to test the speci-
mens on the same day for better accuracy of the results.

The compression tests were carried out using an UTM 
TIRATEST-2151. 

The deformation rate was 5 mm/min. The specimen 
was placed on the test bench and subjected to an axial 

compressive load. At the same time, the diagram was 
recorded.

To place the specimen and conduct experiments 
using the photoelasticity method, a specially designed 
device, a polariscope, is used. A polariscope consists of 
a light source, a polarizer, and an analyzer.

The specimen is placed between the polarizer and 
the analyzer. The analyzer, for its part, transmits only 
horizontal projections of the light vectors. Thus, the 
light passing through the analyzer will be horizontally 
polarized.

As light passes through the sample, its polarization 
changes due to the distribution of stresses and strains. 
With a polarizer changes in light polarization can be 
observed and analyzed, which allows you to determine 
the stress and strain distribution fields in the specimen.

The load on the implant was transmitted through 
a steel ball with a diameter of 5 mm using a universal 
testing machine TIRATEST-2151. 

Before starting the tests, a photo of an unloaded spec-
imen was taken to ensure that there were no stresses on 
the models. After that, the axial load was consistently 
increased. During the test, extraneous light sources 
should be turned off in the room.

When certain load values are reached, the specimen 
is photographed to record the stress distribution in it.

At the end of the experiment, all the photos were 
analyzed to check the direction and intensity of the 
stresses. In this case, the higher the order of the stripes 
and the number of stripes, the greater the stress inten-
sity. In addition, the closer the stripes are to each other, 
the higher the stress concentration. 

Numerical modeling. The SolidWorks 2021 software 
package was used to build the simulation model. We 
considered 4 options for implant placement: at angles 
of 0°, 7°, 15°, and 22° (Fig. 1). The simulation model was 
made without a thread, the diameter of the model cor-
responds to the outer diameter of the thread. 

Ansys 2019 R2 software package was used to analyze 
the simulation model. The model is considered in a 
plane stress-strain state. 

Boundary conditions: a force of 20 N was applied 
vertically (parallel to the side faces of the resin model) 
to the implant model and lower edge of epoxy resin. 
The mechanical properties of the materials of the com-
putational model are shown in Table 1.

RESULTS
The results of this study are presented in three succes-
sive parts to ensure a comprehensive understanding of 
the stress–strain state of the jaw–implant system. First, 
the mechanical properties of the epoxy resin used as 
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a model material were determined, since these values 
were required for both experimental interpretation and 
numerical simulations. Second, photoelastic analysis 
was employed to visualize stress distribution fields 
under different loading and inclination conditions. 
Finally, the findings from finite element modeling were 
obtained and compared with the experimental obser-
vations to validate the numerical approach and quantify 
the influence of implant inclination on peri-implant 
stress concentrations.

Compression tests revealed distinct time-dependent 
variations in the mechanical behavior of the epoxy resin. 
The stress–strain curves (Fig. 2) obtained from cylin-
drical specimens demonstrated that samples tested 7 
days after curing exhibited significantly higher stiffness 
compared to those tested 6 months post-curing. The 
calculated elastic modulus averaged E = 7.327 MPa with 
Poisson’s ratio ν = 0.30, values which were subsequently 
used for finite element simulations.

Photoelastic experiments provided a detailed vi-
sualization of stress distribution around the implant 
under axial loading. In the unloaded state (Fig. 3a), the 
specimens exhibited no stress-induced birefringence. 

Under a 20 N vertical load at 0° inclination (Fig. 3b), 
concentric isochromatic fringes appeared at the im-
plant neck, confirming the presence of localized stress 
concentrations. Increasing the load to 200 N at 0° (Fig. 
3c) led to a marked increase in fringe density, reflecting 
nonlinear growth of stress intensity.

When the implant was inclined at 15° under 20 N load 
(Fig. 3d), asymmetric fringe patterns were observed. 
The isochromes became denser on the side opposite 
to the direction of inclination, indicating higher ten-
sile stresses and less favorable load distribution. This 
confirmed that implant tilting introduces significant 
biomechanical asymmetry in stress transfer.

Numerical modeling was performed for the presented 
systems and stress distribution fields were obtained (Fig. 
4). Finite element analysis was performed for implant 
inclinations of 0°, 7°, 15°, and 22°. The obtained stress 
distribution fields (Fig. 4) demonstrated a progressive 
increase in both the magnitude and localization of 
stress concentrations as the inclination angle increased.

For the 0° inclination model, the stress distribution 
exhibited axial symmetry with the highest von Mises 
stresses localized in the cervical peri-implant region. 

  
a b 

  

c d 

Fig 1. Installed implant model with inclination angles: (а) 0°, (b) 7°, (c) 15° та (d) 22° 

Picture taken by the authors 
 Table 1. Mechanical properties of materials of the computational model

Object Material E, MPa μ

Implant Titanium alloy 
Ti-6Al-4V 111,2∙103 0,3387

Epoxy resin 7,327 0,3

Source: compiled by the authors of this study

Fig. 1. Installed implant model with inclination angles: (а) 0°, (b) 7°, (c) 15°, (d) 22°
Picture taken by the authors
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DISCUSSION
Our review of the literature has shown the relevance 
of studies devoted to the determination of the stress-
strain state of jaw-implant systems, which is discussed 
in [12-14]. In the cited works, the authors use the 
finite element method as a tool for determining the 
stress-strain state of the jaw and the implant installed 
in it. However, the above-mentioned works did not 
validate the numerical model by means of analytical 
calculations or experimental studies. We have devel-
oped a methodology for validating a numerical model 
of the jaw-implant system based on the method of 
photoelasticity at different implant angles.

In contrast to this research, we carried out a study 
on axial loads applied through a ball that simulated 
a food lump during the chewing cycle. This scientific 
work aimed to determine how the distribution of these 
loads depends on the diameter of the implant [15]. 

This scientific research studied the distribution 
of loads in short implants with different types of 
abutment fixation to the implant. In contrast to this 
research, we studied an implant that had a connec-
tion with an abutment featuring an internal cone of 
11 degrees [16].

The use of photoelastic analysis as a methodology 
for verifying numerical modeling of experimental 
work provides a powerful impetus for studying the 
stress-strain states that occur in the jawbone during 
chewing loads. However, there is a challenge related 
to the differing densities of the cortical and spongy 
layers of bone tissue. In numerical modeling, we 
account for these differences, but in full-scale exper-
iments, this issue remains unresolved because the 
resin we use is homogeneous. Therefore, the devel-
opment and search for a filler that can closely mimic 
the cortical and spongy layers is an urgent task for 
scientific research.

Peak values were concentrated at the implant neck, 
gradually diminishing along the apical direction. This 
configuration corresponded to favorable load transfer 
and minimal shear components.

At an inclination of 7°, the stress field showed distinct 
asymmetry relative to the implant axis. Maximum 
stresses shifted toward the cortical region on the side 
opposite to the loading vector, accompanied by an 
approximately 12% increase in peak von Mises stress 
compared to the vertical model. The stress gradients 
indicated an onset of unfavorable load redistribution.

In the 15° model, stress redistribution became more 
pronounced. High-intensity zones extended from the 
cervical margin into the apical third of the implant–resin 
interface. Peak stresses increased by approximately 25–
27% relative to the 0° configuration, and the stress field 
revealed broader areas of critical concentration, which 
is biomechanically unfavorable for osseointegration.

The 22° inclination model exhibited the most unfa-
vorable conditions, with stress maxima simultaneously 
localized at the cervical and apical implant regions. 
The von Mises stresses at this angle exceeded the 
threshold values considered biomechanically tolerable 
for peri-implant bone (σ_max > 30 MPa in the simu-
lated resin analogue, extrapolated to cortical bone 
properties). Such conditions are likely to accelerate 
peri-implant bone resorption and compromise implant 
stability.

The simulated stress distribution patterns corre-
sponded well with the photoelastic fringe orders ob-
tained experimentally. In particular, the densification 
of isochromatic fringes at increasing tilt angles was 
consistent with the numerical prediction of elevated 
von Mises stresses. The highest degree of correlation 
was observed for the 0° and 15° models, confirming the 
adequacy of the finite element model as a predictive 
tool for clinical implant biomechanics.

Fig. 2. Mechanical properties of epoxy resin: (1) 
6 months after curing; (2) 7 days after curing
Picture taken by the authors
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Fig 3. (а) Unloaded specimen in the polarizer; (b) Stress distribution in a specimen under a 

force of 20N with an inclination of 0⁰; (c) Stress distribution in a specimen under a force of 200N 

with an inclination of 0⁰; (d) Stress distribution in a specimen under a force of 20N with an 

inclination of 15⁰ 

Picture taken by the authors 
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Fig 4. Stress-strain state of the computational model at a load of 20N with implant tilt angles 

(а) 0°, (b) 7°, (c)15° та (d) 22° 

Picture taken by the authors 
 

Fig. 3. (а) Unloaded specimen in the polarizer; (b) Stress distribution in a specimen under a force of 20N with an inclination of 0⁰; (c) Stress distribution 
in a specimen under a force of 200N with an inclination of 0⁰; (d) Stress distribution in a specimen under a force of 20N with an inclination of 15⁰
Picture taken by the authors

Fig. 4. Stress-strain state of the computational model at a load of 20N with implant tilt angles (а) 0°, (b) 7°, (c)15°, (d) 22°
Picture taken by the authors
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the allowable ones. Thus, the use of these data will help 
in choosing the optimal implant placement angle.

This experimental study is important because hav-
ing an understanding of the load distribution in the 
superstructure-implant-bone system, which occurs 
when they are installed at different angles, allows us to 
plan dental implantation in such a way as to minimize 
the risk of potential biomechanical complications. The 
application of digital technologies and navigational 
methods in implantology enables predictable implant 
placement at angles that will reduce the risk of biome-
chanical complications during the functioning of the 
orthopedic structure supported by dental implants.

CONCLUSIONS
The created numerical model showed satisfactory re-
sults. As a result, it can be used to analyze the behavior 
of the implant in the human jaw and to predict the al-
lowable angles of implant placement if it is impossible 
to place it at a right angle. The photoelasticity method 
has also proven to be one of the methods for validating 
numerical solutions. 

Based on the results of the study, the stress distribution 
fields were obtained and the maximum stresses in the 
system were determined. The dependence of the stresses 
on the angle of implant placement was revealed. It was 
also proved that the maximum stresses do not exceed 
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