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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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АННОТАЦИЯ
Актуальность. Метод конечных элементов — это вычислительный способ, широко используемый в инженерии и био-
механике, который приобретает все большую актуальность в области ортодонтии.  Способность моделировать слож-
ные биологические структуры сделала его ценным инструментом для понимания взаимодействий, происходящих 
в процессе перемещения зубов. Ортодонтическое лечение основано на применении механических усилий для пере-
мещения зубов в более желательное положение, но эти усилия также воздействуют на окружающие ткани, включая 
периодонтальную связку и альвеолярную кость. Метод конечных элементов позволяет предсказать, как эти ткани 
будут реагировать на различные воздействия, что помогает разрабатывать более эффективные и безопасные методы 
лечения.
Цель. Изучение методом конечных элементов воздействия аппарата Гербста на костные структуры нижней челюсти. 
Материалы и методы. Разработана 3-мерная модель нижней челюсти взрослого пациента 25 лет и произведен ана-
лиз действия модифицированного аппарата Гербста на нее методом конечных элементов.
Результаты. Для трехмерной модели определены физические свойства вязкоупругого материала на основании мо-
дели Kelvin как наиболее удачной идеализации поведения кортикальной кости. При симуляции статического положе-
ния нижней челюсти определено, что максимальная величина смещения нижней челюсти составляет 1,97 мм; макси-
мальное значение упругой деформации составляет 1,2 % от предельно допустимого значения; значение напряжений 
достигает составляют менее 0,1 % от предельно допустимых значений. При симуляции движения нижней челюсти 
в процессе жевания определено, что максимальное смещение составляет 0,7 мм в области угла нижней челюсти и ве-
нечного отростка; упругие деформации достигают 2 % от предельного значения, концентрируясь в области дистальной 
поверхности нижнего второго моляра; значение напряжений составляет менее 0,2 % от предельно допустимого. 
Выводы. Использование вязкоупругой модели Kelvin позволяет создать 3-мерную модель нижней челюсти со свой-
ствами, приближенными к костной ткани. Изучение действия модифицированного аппарата Гербста на нижнюю че-
люсть методом конечных элементов позволило визуализировать явления смещения, деформации и напряжения, воз-
никающие в период действия аппарата.

Ключевые слова: аппарат Гербста; метод конечных элементов; ортодонтия.
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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 

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, а, 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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Fig. 1. a, Maxwell model; b, Voigt model; c, Kelvin model. Explanations are provided in the text
Рис. 1. а — Модель Maxwell; b — модель Voigt; c — модель Kelvin. Пояснения в тексте

Fig. 2. 3D model of the mandible
Рис. 2. Трехмерная модель нижней челюсти

Fig. 3. Finite element method grid
Рис. 3. Сетка метода конечных элементов
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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.

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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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
Рис. 4. Усилия соответствуют наложению модифицированно-
го аппарата Гербста. Добавлены вязкоупругие характеристики 
кортикальной кости. Граничные условия наложены на сустав-
ные отростки нижней челюсти

Fig. 5. Model of the mandible with physiologically attached 
masseter muscles and a fixed modified Herbst appliance
Рис. 5. Модель нижней челюсти с физиологическим креплени-
ем жевательных мышц и фиксированным модифицированным 
аппаратом Гербста

Table 1. Modulus of elasticity, Poisson’s ratio and other characteristics of materials
Таблица 1. Модуль упругости, коэффициент Пуассона и другие характеристики материалов

Measuring area
Material properties

Modulus 
of elasticity, hPa

Poisson’s 
ratio Density, g/cm3 Creep limit, 

MPa
Ultimate strength, 

MPa

Enamel 20 0.3 1.45 250 360

Cortical bone 17 0.3 2 250 460

Table 2. Prony distributions
Таблица 2. Распределения Prony

Relative modules, i Relaxation time, s

0.45 5

0.07 35

0.04 400

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.

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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Fig. 6. Maximum displacement at the start of treatment (a) and 
in 6 months (b)
Рис. 6. Максимальное смещение в начале лечения (a) и через 
6 мес. (b)

Fig. 8. Von Mises strain at the start of treatment (a) and in 
6 months (b)
Рис. 8. Напряжения von Mises в начале лечения (a) и через 
6 мес. (b)

Fig. 7. Return elastic strain at the start of treatment (a) and in 
6 months (b)
Рис. 7. Возвратные упругие деформации в начале лечения (a) 
и через 6 мес. (b)

Fig. 9. Key areas of strain at the start of treatment (a) and in 
6 months (b)
Рис. 9. Области главного напряжения в начале лечения (a) 
и через 6 мес. (b)
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a
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a

b

b

b

b

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 

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.
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Fig. 10. Maximum displacement during the maximum strain 
of mandibular elevator muscles with a fixed appliance
Рис. 10. Максимальное смещение при максимальном напряже-
нии мышц, поднимающих нижнюю челюсть, с фиксированным 
аппаратом

Fig. 11. Strain curve (X-axis: time, seconds; Y-axis: strain)
Рис. 11. График деформации (ось абсцисс — время в секун-
дах, по оси ординат — деформация)

Fig. 12. Return elastic strain during the maximum strain of 
mandibular elevator muscles with a fixed appliance
Рис. 12. Возвратные упругие деформации при максимальном 
напряжении мышц, поднимающих нижнюю челюсть, с фикси-
рованным аппаратом

Fig. 13. Von Mises strain during the maximum strain of man-
dibular elevator muscles with a fixed appliance
Рис. 13. Напряжения von Mises при максимальном напряже-
нии мышц, поднимающих нижнюю челюсть, с фиксированным 
аппаратом

Table 3. Comparison of von Mises voltage and main voltage before treatment and after 6 months
Таблица 3. Сравнение напряжения von Mises и главного напряжения до лечения и спустя 6 мес.

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 

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.
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Fig. 14. Key areas of strain during the maximum strain of mandibular elevator muscles with a fixed appliance
Рис. 14. Области главного напряжения при максимальном напряжении мышц, поднимающих нижнюю челюсть, с фиксированным 
аппаратом

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.
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