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ABSTRACT

BACKGROUND: The finite element method is a computational tool widely used in engineering and biomechanics, which is
becoming increasingly relevant in the field of orthodontics. The ability to model a complex biological structures has made it
a valuable tool for understanding the interactions that occur during tooth movement. Orthodontic treatment is based on the
application of mechanical forces to move the teeth to a more desirable position, but these forces also affect the surrounding
tissues, including the periodontal ligament and alveolar bone. The finite element method allows you to predict how these
tissues will respond to various exposures, which helps to develop more effective and safe treatment methods

AIM: To assess the effect of a Herbst appliance on bone structures of the mandible using the finite element method.
MATERIALS AND METHODS: A 3D model of the mandible in a 25-year-old adult patient was built, and the effect of a modi-
fied Herbst appliance on the mandible was assessed by the finite element method.

RESULTS: The physical properties of a viscoelastic material were determined for the 3D model, using a Kelvin model as
the most appropriate best-case scenario for the cortical bone. The model of a static position of the mandible showed that
the maximum mandibular displacement was 1.97 mm, the maximum elastic strain was 1.2% of the allowable limit, and the
stress was less than 0.1% of the allowable limit. The model of mandibular movements during chewing revealed that the
maximum displacement was 0.7 mm in the mandibular angle and coronoid process area. The elastic strain reached 2% of
the allowable limit, concentrating on the distal surface of the mandibular second molar, and the stress was less than 0.2%
of the allowable limit.

CONCLUSIONS: A viscoelastic Kelvin model enabled creating a 3D model of the mandible with properties similar to those
of bone tissue. The use of the finite element method to assess the effect of a modified Herbst appliance on the mandible
allowed for imaging of the displacement, strain, and stress observed while the appliance was utilized.
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Usyuenue peiicTeua moauduLMpoBaHHOro annapara
Fep6cTa Ha HMXKHIOKW Y4eNoCTb METOAO0M KOHEUHbIX
JJIeMEHTOB
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AHHOTALNA

AxTtyanbHocTb. MeTOA KOHEYHBIX 371EMEHTOB — 3TO BbIMUC/IUTENbHbINA CMOCOD, LUMPOKO UCMOb3YeMbIA B UHXEHepUn 1 buo-
MeXxaHWKe, KOTopbI NpruobpeTaeT Bce BoMbLUYH aKTyanbHOCTb B 061acT opToaoHTMM. CnocobHoCcTb MofenMpoBaTh CIOX-
Hble BuoMOrMYecKue CTPYKTYpbl CLenana ero LEeHHbIM MHCTPYMEHTOM [J1S MOHMMaHWUS B3aUMOZENCTBUIA, MPOMUCXOLALLMX
B MpoLiecce nepemelLeHus 3yboB. OpTOLOHTMYECKOE JIEYEHUE OCHOBAHO Ha MPUMEHEHUM MEXaHUYECKUX YCUIUA [N1S nepe-
MeLLeHnsa 3y6oB B bonee xenaTenbHoe NOSIOKEHME, HO 3T YCUIUS TaKKe BO3AENCTBYIOT Ha OKPYKAlOLLMe TKaHW, BKIKYas
MEepPUOLOHTANIbHYI0 CBA3KY W abBEOJIAPHYI0 KOCTb. METOA KOHEYHbIX 3/1EMEHTOB MO3BOMISET NpeLCKasaTb, KaK 3TU TKaHM
BynyT pearvpoBaThb Ha pa3NyHbIe BO3LEMCTBUSA, UTO NOMoraeT pa3pabatbiBath 6oniee adeKTUBHbIE M Be3onacHble MeToab!
neyeHms.

Lienb. M3yyeHne MeTo0M KOHEYHBIX 31eMEHTOB BO3/EHCTBMA annapata [epbcTa Ha KOCTHbIE CTPYKTYPbI HUMHEN YeHoCTH.
Matepuanbl u MeToabl. PaspaboTaHa 3-MepHas MoAenb HUKHEN YeNoCTW B3POCOro nauueHTa 25 et 1 Npou3BefieH aHa-
n13 aeiicTeua MoauduUMpoBaHHOro annapara epbcra Ha Hee MeTOLIOM KOHEUHbIX 3/1EMEHTOB.

Pesynbtathl. [Ing TpexmepHoii Mogenu onpefeneHbl GU3nUecKme CBOWCTBA BA3KOYMPYroro MaTepuasna Ha 0CHOBaHMM Mo-
penm Kelvin kak Hanbonee yaayHon uaeanusaumn noBeLeHUs KOPTUKANbHOW KOCTH. [pn CUMYNALMM CTaTUHECKOro NoNoxe-
HWS HUXKHEN YTV OMPeAENieHo, YTO MaKCMManbHas BENIMYMHA CMELLLEHNS HUMHEN YentocTu cocTaBnseT 1,97 MM; MaKcu-
MarbHoe 3HaueHWe ynpyroi fedopMaumm coctasnset 1,2 % oT npefenbHO A0MYCTUMOrO 3HAYEHWS;; 3HAUEHWUE HaNpSXKEeHUN
pocturaet coctasnsioT MeHee 0,1 % oT npefenbHo JONYCTUMBIX 3HaYeHMIA. Tpy cUMynaLMM IBUXKEHUS HIKHENR YencTy
B MPOLLECCE KEeBaHUs 0NpejeneHo, YTo MakcuManbHoe cMelleHue cocTaenseT 0,7 MM B 06/1aCTW yrna HUXKHEl YenocTy 1 Be-
HEYHOro 0TPOCTKa; ynpyrue aedopmaumm gocturatoT 2 % oT NpefeNibHOr0 3HaYEeHMs, KOHLEHTPUPYACH B 061aCTV AUCTasbHOIA
MOBEPXHOCTW HUKHEro BTOPOr0 MOJSPa; 3HauYeHMe HanpsikeHui coctasnseT MeHee 0,2 % oT npefenibHO JOMYyCTUMOrO.
BoiBogpl. Vicnonb3oBanue Baskoynpyroi Mogenu Kelvin no3BonsieT cospath 3-MepHyl0 MoAeNb HUKHEN YetocTy Co CBOA-
CTBaMu, NpUBNIMIKEHHBIMU K KOCTHOM TKaHW. M3ydeHune peiicTBus MoamduumpoBaHHoro annapata lepbeTa Ha HUKHIOKW Ye-
NIOCTb METOJ,0M KOHEYHbIX 3/1EMEHTOB M03BOJIUIO BU3YaNM3MpoBaTh ABNEHUS CMeLLeHUs, AeopMaLmv U HanpsKeHUs, BO3-
HWKaloLLMe B Nepuoj, LencTBUS annapara.

Kniwouesble cnoBa: annapart FepGCTa; MeT0[ KOHEYHbIX 3JIEMEHTOB; OPTOA0HTUA.
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INTRODUCTION

Modern orthodontic treatment planning must be based
on reliable research findings and clinical data. Before ini-
tiating treatment, it is critical to understand how maxil-
lofacial structures will respond to a specific treatment
modality.

Computer technology has made it possible to use the
finite element method for the assessment of orthodontic
forces and their effect on bone tissues [1]. This method is
currently regarded as an important tool for biomechanics
studies in orthodontics.

The finite element method (FEM) is a method for nu-
merically solving differential equations and problems
in mathematical modeling. It is used for approximating
geometric regions and calculating physical field distribu-
tions within them. The initial region is reduced into more
simple subregions known as finite elements, and bound-
ary-condition equations are then solved for each element.
As a result, the regions are visualized with numerical
representations of physical values. FEM computational
packages typically feature visualization, which aids in the
monitoring of internal stress, deformation, and displace-
ment during interactions over time. It is critical to analyze
stress patterns in the maxillofacial area observed dur-
ing orthodontic treatment, because tooth movement oc-
curs when the orthodontic force applied to the teeth and
compact bone influences the entire periodontal ligament,
which triggers cell-mediated response. Bone remodeling
is determined by the nature of applied stress through the
respective stress in the soft tissue matrix or the external
force [1-4].

Advantages of FEM:

1) It is applicable to any structure with any geometry;

2) The method is non-invasive and allows the visu-
alization of pre-, intra-, and postoperative treatment
stages;

3) The reproducibility does not affect material proper-
ties;

4) The method is cost-effective;

5) The method takes less time compared to clinical
studies.

The disadvantages of FEM include confusing results
if incorrect data is entered into the software. Due to the
complex geometry of biological structures, FEM becomes
more reliable when the correct physical properties of bio-
logical tissues are used. The method does not take into
account biological tissue growth; it only represents stress
and displacement distributions. The examined structure is
loaded without adding or removing any materials [5].

STUDY AIM. To assess the effect of the Herbst ap-
pliance on mandibular bone structures using the finite
element method.

Study objectives: 1) To develop a mandible model
compatible with FEM and assess whether it can produce
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clinically comparable results; 2) To analyze the model
by calculating the maximum stress, maximum displace-
ment, deformation, equivalent stresses, and principal
stress observed in the mandible when using a modified
Herbst appliance.

MATERIALS AND METHODS

For the purposes of the study, a viscoelastic mandible
model was developed, and forces applied to the mandible
by the modified Herbst appliance were tested.

According to biomechanics, compact bone is a visco-
elastic material, hence this modeling approach was justi-
fied [5, 6]. Viscoelasticity is a property of materials that
exhibits both viscous and elastic characteristics when de-
formed. Materials thus behave as both liquids and solids.

The Maxwell and Voigt models (Fig. 1, a, b) used to
describe mandibular bone tissue.

The Maxwell model is a sequential damper-spring
system. This model shows a similar force applied to the
spring and damper; however, when the force is removed,
the spring returns to its initial state, whereas the damper
does not. With an initial displacement (deformation), this
model allows for a gradual decrease in stress, while with
a constant load, a gradual displacement (the so-called
creeping) is observed [7].

The Voigt model, which is used for the analysis of bio-
logical tissues such as cortical bone, allows for a parallel
action of the damper and spring. In this model, the force
is concentrated in the damper from the moment when
the force is applied to the moment of reaching the maxi-
mum force. The maximum force is the spring is achieved
simultaneously.

In this study, we used a modified Maxwell model with
a parallel elastic element (the Kelvin model). It is also
known as a standard linear model (Fig. 1, c). The Kelvin
model, which combines the features of the Maxwell and
Voigt models, best describes the behavior of the major-
ity of actual viscoelastic materials. Thus, this model is
optimal for assessing cortical bone behavior.

To assess the bone tissue state taking into account
the presence of collagen, we used Prony parameters,
which serve to model the material’s response to loads
over time, particularly in cases of deformation or res-
toration. This allowed representing the mandibular bone
tissue as a material containing elastic and viscous ele-
ments, making it possible to identify simple components
of a complex rheological characteristic, simplifying the
analysis and interpretation of study findings. Determining
the maximum principal stress, as well as the von Mises
stress, is the gold standard for assessing stress distri-
bution in the cortical bone. This helps to assess the de-
formation capacity (or destruction) of a plastic material.
The assessment of both stresses is based on the fact that
the von Mises stress indicates the total stress distributed
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a b

Tom 2, N2 3, 2024

yHMBepCMTeTCHaﬂ CToMaronorya
M HeI0CTHO-NTMUeBan xmpyprma

Fig. 1. a, Maxwell model; b, Voigt model; ¢, Kelvin model. Explanations are provided in the text
Puc. 1. a — Mogenb Maxwell; b — mogenb Voigt; c — mogenb Kelvin. MosicHeHus B TekcTe

Fig. 2. 3D model of the mandible
Puc. 2. TpexMepHas MofeSb HIXHEN YenCTU

in the mandible in all axial planes. On the contrary, the
maximum principal stress is limited by the stress in
a specific area under single-axis loading.

The mandible model was created by transforming
cone beam computed tomography (CBCT) images of the
mandible into 3D models (Fig. 2). CBCT images of an adult
male patient (25 years old) with a distal occlusion were
selected. The 3D model was analyzed using the ANSYS
software. The model geometry was imported, and a grid
was built using various modules of the ANSYS software
(Fig. 3). The model had the following dimensions: width
140 mm, length 180 mm, and height 100 mm. Material
parameters included the Young's modulus (modulus of
elasticity) and the Poisson’s ratio (a mechanical property
of the material that indicates its deformation perpendicu-
lar to the loading direction) (Table 1) [8-13].

In the first molar area, forces of 200 N (vertical) and
300 N (horizontal) were applied to model the force ap-
plied by masseter muscles to the mandible and dental
arches in a static position using the Herbst appliance.
When modeling the maximum stress in mandibular el-
evator muscles, the total applied force was 582 N, with
a loading time of 3 s: loading — exposure — unloading
(1 s per stage). These forces were based on the mean
masticatory force and the forces generated by masseter
muscles described in the literature [8]. The finite element
analysis included three stages: 1) preprocessing; 2) pro-
cessing, and 3) post-processing.

DOl https://doi.org/10.17816/uds633465

Fig. 3. Finite element method grid
Puc. 3. CeTka MeTofla KOHEYHbIX 3/IEMEHTOB

Preprocessing stage. After developing the model and
determining the grid density, the grid was generated as
shown in Fig. 3. Table 2 represents Prony distributions.
These properties will determine the behavior of materi-
als after applying a specific load. Relative modules are
ratios of the modules of elasticity (or rigidity) of vari-
ous Prony distribution components to the general model;
they are used to calculate the effect of each compo-
nent on the total rigidity of the material. The relaxation
time is the rate at which a material responds to applied
forces and changes its form or structure in response
to these forces.

After determining the properties of the material, it
is critical to establish boundary conditions (limitation of
node movement in one or several directions along the X, Y,
and Z axes). This ensures the stability of a mandible
model and enables the visualization of deformation and
stress. Boundary conditions were applied to mandibular
articular processes (Fig. 4).

Moreover, a mandible model with physiologically at-
tached masseter muscles was created to simulate the
maximum stress observed when using a fixed modified
Herbst appliance (Fig. 5).

Processing stage. The purpose of this stage was to
assess the development and changes in stress and de-
formation of the mandibular bone tissue during 6 months
of treatment. This study focused on the displacement rate
and changes in stress due to creeping.
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Table 1. Modulus of elasticity, Poisson’s ratio and other characteristics of materials
Tabnauua 1. Moaynb ynpyroct, KoagduumeHT MyaccoHa U Apyrue XapakTepucTUKU MaTeprasnos

Material properties

Measuring area Modulus Poisson’s Density a/cm?’ Creep limit, Ultimate strength,
of elasticity, hPa ratio ¥.9 MPa MPa
Enamel 20 0.3 1.45 250 360
Cortical bone 17 0.3 2 250 460

Table 2. Prony distributions
Tabauua 2. Pacnpepenenus Prony

Relative modules, i

Relaxation time, s

0.45
0.07
0.04

5
35
400

Fig. 4. The force corresponds to the use of a modified Herbst
appliance. Viscoelastic properties of the cortical bone we added.
Boundary conditions were applied to articular processes of the
mandible

Puc. 4. Ycunusa cooTBETCTBYHOT HaoXeHWU0 MOaU(UUMPOBAHHO-
ro annapara epbcra. [lobaBneHbl BA3KOyNpyrue xapaKTepuUCTUKH
KOPTUKasbHOM KOCTW. [paHWyHbIe YCOBUS HaOMKEHbl Ha CyCTaB-
Hble OTPOCTKM HUMHEN YemiocTy

The behavior of a viscoelastic mandible model du-
ring 1 s at the start, middle, and end of treatment was
simulated.

Post-processing stage. This stage demonstrates how
applied forces affect bone tissue in terms of displace-
ment and stress distribution. The results are presented
as graphic colored contours with values. This helps to
identify various output data patterns. The colors vary
from red to blue.

RESULTS AND DISCUSSION

First simulation case. The forces correspond to a fixed
modified Herbst appliance; viscoelastic properties of the
cortical bone were added.

DOl https://doi.org/10.17816/uds633465

Fig. 5. Model of the mandible with physiologically attached
masseter muscles and a fixed modified Herbst appliance

Puc. 5. Mogenb HXKHel Y4entocTh ¢ GU3MONIOr1YeCcKUM KpeneHu-
€M JeBaTesIbHbIX MbILLL, U GUKCMPOBAHHBIM MOAUGULIMPOBAHHBIM
annaparom epbcTa

The maximum displacement was 0.89 mm and
1.97 mm at the start of treatment and after 6 months,
respectively. The displacement was observed in the an-
terior and inferior directions (clockwise rotation). The
displacement rate decreased from incisors to the last
molars. Thus, the mandibular teeth and mandibular
body are displaced in the anterior and inferior directions
(Fig. 6).

Maximum return elastic deformations are observed
in the retromolar area, mandibular notch, and mandibu-
lar ramus, as well as at molar-premolar contact points.
The articular process, incisor contact surfaces, mandibu-
lar body, and chin show the greatest compression stress.
The maximum elastic deformation was 0.6% and 1.2% of
the threshold value at the start of treatment and after
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6 months, respectively. We can conclude that the expec-
ted elastic deformation will increase over time. However,
these values are not associated with a risk of cortical
bone fracture or enamel defects, because the bone tis-
sue and enamel have a high elastic limit (250 MPa). The
strength of biomaterials varies significantly; however, the
enamel typically has a greater strength.

The von Mises stress is observed in the retromolar
area, mandibular notch, and mandibular ramus, as well
as at molar-premolar contact points. Equivalent stress
values reach 0.28 MPa and 0.37 MPa at the start of
treatment and after 6 months, respectively. The creep
limit for the cortical bone and enamel is 250 MPa.
The resulting stress values amount to <0.1% of this val-
ue; thus, the requirements for the margin of safety are
met (Fig. 8). In some cases, we use orthodontic implants
in the retromolar area in combination with a modified
Herbst appliance. The resulting stress is not associated
with a risk of impaired stability of orthodontic implants
in this area.

Principal stress areas at the start of treatment and af-
ter 6 months are localized along the mandible and dental
arch (Fig. 9). The maximum value was observed in the
retromolar area and the center of the mandibular ramus,
amounting to 0.317 MPa and 0.32 MPa at the start of

Fig. 6. Maximum displacement at the start of treatment (a) and
in 6 months (b)

Puc. 6. MakcuManbHoe cMelLieH e B Hadane NeyeHus (a) U Yepes
6 mec. (b)

Tom 2, N2 3, 2024

yHMBepCMTeTCHaﬂ CToMaronorya
M HeI0CTHO-NTMUeBan xmpyprma

treatment and after 6 months, respectively. The risk of
cortical bone defects and impaired stability of orthodontic
implants in this area is minimal, because the ultimate
strength of the bone tissue is high.

Table 3 presents the values of studied parameters and
their characteristics.

The von Mises stress in the viscoelastic material
model increases by approximately 37% from the start of
treatment to 6 months, while the principal stress remains
the same. This is due to the continuous application of a
multi-axis load during a specific period of time. However,
these forces generally have little impact on bone tissue,
enamel, and additional fixed orthodontic appliances.

Second simulation case. The forces correspond to the
fixation of a modified Herbst appliance and mandibular
elevator muscles; viscoelastic properties of the cortical
bone were added.

The maximum displacement is observed in the man-
dibular angle and coronoid process areas, amounting to
0.7 mm (Fig. 10). Notably, these areas are where the
masseter and temporal muscles are attached; these
muscles are directly involved in the action of the appli-
ance during mastication. The displacement in viscoelastic
materials is non-linear, as shown in Fig. 11. The defor-
mation increases under a constant load.

a b

Fig. 7. Return elastic strain at the start of treatment (a) and in
6 months (b)

Puc. 7. BosBpatHble ynpyrue gedopMaumuy B Havane nedyenus (a)
1 yepes 6 Mec. (b)

a b

Fig. 8. Von Mises strain at the start of treatment (¢) and in
6 months (b)

Puc. 8. HanpsikeHus von Mises B Hayane nedenus (a) u yepes
6 mec. (b)

DOl https://doi.org/10.17816/uds633465

a b

Fig. 9. Key areas of strain at the start of treatment (a) and in
6 months (b)

Puc. 9. 0bnactvt rnaBHOro HanpsiKeHus B Hauane neyeHus (a)
1 yepes 6 Mec. (b)
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Table 3. Comparison of von Mises voltage and main voltage before treatment and after 6 months
Tabnuua 3. CpaBHeHWe HanpsxeHus von Mises 1 rNaBHOro HaNpsXKeHWs o NleYeHns U cnycTs 6 Mec.

Changes Von Mises stress Principal stress
At the start of treatment, MPa 0.28 0.317
After 6 months, MPa 0.37 0.32
Difference, % 37 0.94

Maximum return elastic deformations are observed on
the distal surface of the mandibular second molar (2%).
They amount to 0.7% in the articular and coronoid pro-
cess areas, as well as the mandibular angle area, and
to 1% in the lingual area of the cortical bone, near the
mandibular second molar (Fig. 12). These values are not
associated with a risk of cortical bone fracture or enamel
defects, because the bone tissue and enamel have a high
elastic limit (250 MPa).

The von Mises stress peaks in the lingual area of the
cortical bone (0.9 MPa; 0.2% of the threshold value); in
the articular and coronoid process areas, as well as the
mandibular angle area, it amounts to 0.45 MPa (0.01% of
the threshold value) (Fig. 13).

Principal stress areas are localized along the man-
dible and dental arch (from 3.4 to 4.4). The maximum
value is observed in the mandibular ramus area, amount-
ing to 0.48 MPa (Fig. 14). The risk of cortical bone defects
is minimal.

CONCLUSIONS

1. A 3D mandible model has been developed using the
finite element method, with properties similar to those of
the bone tissue. The resulting displacement was similar
to the effects observed in clinical practice.

2. The 3D mandible model was employed to as-
sess the bone tissue when using the Herbst appliance.
The maximum displacement 6 months after the start of
treatment was 1.964 mm; the maximum elastic deforma-
tion was 1.2% of the threshold value; and the stress was
less than 0.1% of the threshold value. During masticatory

Fig. 12. Return elastic strain during the maximum strain of
mandibular elevator muscles with a fixed appliance

Puc. 12. BosspatHble ynpyrue fedopmauum npy MakcMManbHOM
HaNpSXKEHUW MbILLLL, NOAHUMAIOLLMX HUXKHIOK YemocTb, € BUKCK-
pOBaHHbLIM annapaToM

DOl https://doi.org/10.17816/uds633465

Fig. 10. Maximum displacement during the maximum strain
of mandibular elevator muscles with a fixed appliance

Puc. 10. MakcumanbHoe cMeLLeH e Npy MaKCUMabHOM Hanpsxe-
HWM MBILLLL, NOJHMMAIOLLMX HUXKHIOK YeNtoCTb, C GUKCUPOBaHHBIM
annaparom

Fig. 11. Strain curve (X-axis: time, seconds; Y-axis: strain)
Puc. 11. Ipaduk pedopMaumm (ocb abcumcc — BpeMs B CeKyH-
[ax, no ocu opauHaT — AedopMaums)

force modeling, the maximum displacement was ob-
served in the mandibular angle and coronoid process
areas, amounting to 0.7 mm. Maximum elastic deforma-
tions were observed on the distal surface of the man-
dibular second molar, amounting to 2% of the threshold
value.

Fig. 13. Von Mises strain during the maximum strain of man-
dibular elevator muscles with a fixed appliance

Puc. 13. HanpsikeHus von Mises npu MaKcMManbHOM Hampsixe-
HWM MBILLLL, NOLHUMAIOLLUMX HUXKHIOK YeNoCTb, C GUKCUPOBAHHBIM
annaparom
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Fig. 14. Key areas of strain during the maximum strain of mandibular elevator muscles with a fixed appliance
Puc. 14. 06nacTvt rnaBHOrO HaMpsXKEeHUs NPYU MaKCUMabHOM HaNpSXKEHUW MbILLLL, MOLHUMAIOLLIMX HUMKHIOK YeNtCTb, C GUKCMPOBAHHBIM

annapaTtoM

CONCLUSION

Further research into the behavior of orthodontic ma-
terials and appliances using the finite element method has
a huge potential [14, 15]. Viscoelastic mandible models
allow simulating the effects most similar to those ob-
served in real-world clinical practice. Given the limitations
of this method, it is critical to specify the widest range of
parameters of studied objects, from model dimensions to
physical properties of biological media, in order to pro-
duce the most reliable results. We hope that our study will
be followed by further research on the subject.

AOMO/JIHUTE/IbHAA UHOOPMALIUA

Bknap, aBTopoB. Bce aBTOpbl BHEC/W CYLLECTBEHHbIA BKIaz
B MOArOTOBKY CTaTbu, MPOYnM U ofobpunu uHanbHylo Bep-
cuio nepef, nybnaukaumen. Bknap kaxporo asTopa: H.[. Mup-
CKkuit — cbop u obpaboTKa MaTepuanoB, HanucaHWe TEKCTa;
P.A. ®afeeB — KoHLeNUWs 1 An3aiiH UCCRe0BaHuA.
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