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Abstract. This study focuses on the evaluation of the stress-strain state of a 
spur cylindrical gear through numerical simulation using the finite element 
method (FEM) implemented in SolidWorks Simulation. The main objective is to 
assess the gear’s strength under static loading, accounting for thermal 
conditions, and to identify zones of stress concentration. The research 
encompasses both theoretical calculations and numerical modeling. A gear 
made of 40X alloy steel, modeled in 3D, was subjected to force loads and 
appropriate boundary conditions. The results demonstrated that the maximum 
equivalent stresses remained well below the material's yield strength, and all 
deformations were within the elastic region. The findings also highlighted 
critical areas susceptible to local stress peaks. A comparison with analytical 
methods confirmed the higher precision of FEM in predicting stress 
distribution. The outcomes contribute to gear design optimization by enhancing 
reliability and fatigue resistance. The methodology and results have practical 
implications for improving the durability and performance of gear mechanisms 
in mechanical engineering applications. 
Keywords: gear train, gear, stress-strain state, finite element method, 
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Introduction 
The growing complexity of mechanical systems and the shift toward digital design require 

advanced modeling tools that can accurately capture real contact and thermal effects in gear 
operation. Ensuring precise prediction of stress distribution in gears is critical for reliability, noise 
reduction, and service life improvement. Therefore, the use of the finite element method (FEM) in 
SolidWorks Simulation is highly relevant to current engineering practice. Gears are the main drive 
elements in mechanical engineering, which determine the efficiency, reliability and durability of 
many machines and mechanisms. Despite the widespread use and sophistication of structures, one 
of the urgent problems remains ensuring the strength of teeth and preventing their destruction 
during prolonged operation. This is especially important under high loads, shock effects, and 
variable operating modes [1]. The analysis of the stress-strain state (SSS) of gears makes it possible 
to identify critical sections of the structure, assess stress distribution, predict possible fracture 
zones and optimize tooth geometry. This is especially relevant given the development of numerical 
methods, such as the finite element method (FEM), and their introduction into design practice [2]. 

The object of the study is gear gears of machine-building units. 
The subject of the study is the stress-strain state of gear teeth. 
The aim is to analyze the SSS of gears using theoretical and numerical methods to improve 

their reliability. 
Hypothesis - numerical methods make it possible to determine stress zones more accurately 

than classical calculations. 
Tasks: 
• to study the existing methods for calculating stresses in gear teeth; 
• perform SSS modeling in SolidWorks; 
• compare the results of analytical and numerical calculations; 
• draw conclusions about the reliability and weaknesses of the structure. 
Literature review 
Many researchers note the importance of SSS analysis in the design of gears. Classical 

approaches are based on calculations of the bending strength of a tooth according to GOST 21354, 
ISO 6336, DIN 3990, as well as contact strength according to Hertz theory. 

Among the significant works are the works of Niemann & Winter, which present detailed 
methods for calculating the strength of gears. Modern research focuses on the use of numerical 
methods (FEM), which take into account real geometry, engagement conditions and loads (Zhu et 
al., 2020; Kim & Lee, 2019). 

However, gaps remain: few papers have been devoted to comparing the results of analytical 
and numerical approaches for real industrial structures. The present study aims to fill this gap. 

 
The methodology 
The SolidWorks Simulation computer-aided design system was used for the analysis. The 

study was performed in the static linear analysis mode, taking into account the thermal effect at a 
temperature of 298 K. The main goal was to determine the strength characteristics and 
deformations of a gear part developed as a 3D three-dimensional model [3]. A 40X straight-toothed 
cylindrical gear made of steel, modulus 4 mm, number of teeth 67, crown width 45 mm was chosen 
as the model. The material is heat treated up to HRC 45. 

• Density: 7700 kg/m3 
• Yield strength: 620.4 MPa 
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• Modulus of elasticity: 210 GPa 
Boundary conditions: 
• 3 surfaces are fixed (Fixed Geometry) 
• A normal force of 500 N is applied to one face 
• Pressure -0.00095 MPa on two sides 
2. Main text 
Methods 
• Analytical calculation according to GOST 21354 (for bending and contact); 
• Numerical modeling in SolidWorks (3D model of a gear); 
• Comparative analysis of the received stresses and determination of concentration zones. 
Assumptions: 
• The material behavior was considered linear elastic and isotropic. 
• The contact between teeth was modeled with a friction coefficient of 0,1. 
• Boundary conditions simulate a rigid connection to the shaft and static loading. 
• Dynamic and fatigue effects were not considered in the current analysis. 
Stages of research 
1. Building a 3D model of a gear in SolidWorks. 
2. Load application: circumferential force of 500 N on the top of the tooth. 
3. Conducting static structural analysis. 
4. Comparison of the results with calculations according to GOST. 
Numerical modeling in SolidWorks (3D model of a gear) 
For a more accurate analysis of the stress-strain state (SSS) of the gear, numerical simulation 

was performed in the SolidWorks Simulation environment. This stage included the creation of a 
full-fledged three-dimensional model of a gear, the imposition of boundary conditions and the 
simulation of a working gearing [4]. 

Figure 1 shows the imported cylindrical gear model, obtained in the STEP format and modified 
in accordance with the technical parameters. 

1. Building a 3D model 
• A cylindrical spur gear model with parameters has been created: 
• module: m = 4 mm; 
• Number of teeth: z = 67; 
• Crown width: b = 45 mm; 
• material: 40X steel, heat treatment — hardening up to HRC 45; 
• The Toolbox Gears tool was used and the tooth profiles were additionally manually adjusted 

to accurately comply with GOST/ISO standards. 
The analytical calculation of gear tooth stresses was performed using classical formulas for 

bending (Lewis method) and contact (Hertzian theory). 
1. Bending stress (Lewis formula) 
The bending stress at the tooth root is calculated as: 
 

σ
b
=

Ft

bm
∙

1

Y
                                                                               (1) 

where  
Ft – tangential load (N);  
b – face width (mm);  
m – module (mm);  
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Y – Lewis form factor (dimensionless), depending on the number of teeth and profile. 
For the present gear: Ft = 500 N; b = 45 mm; m = 4 mm; Y = 0.30. 
Substituting these values: 

σ
b
=

500

45∙4
∙

1

0,30
=9.26 MPa 

 
Thus, the bending stress is approximately 9.26 MPa. 
2. Contact stress (Hertz formula) 
The contact stress between meshing teeth was estimated by the Hertzian equation: 

σ
H

=√
FtE'

πbreff
                                                                                 (2) 

where  

E'=
E

1-v2 – equivalent modulus of elasticity;  

reff – effective contact radius (≈ d / 2). 

 
Given: E = 210,000 MPa, ν = 0.28, d = 268 mm →reff = 134 mm. 

 

E'=
210.000

1-0.282 =228.800 MPa 

Then: 

σ
H

=√
500∙228.800

π∙45∙134
=√

114400

18934.2
=√6.0148 ≈77.55 MPa 

 
Therefore, the estimated contact stress is 77.6 MPa. 
 

 

Solid Body 
Mass: 1,24045 kg Volume: 0.000161098 m³ 

Density: 7,700 kg/m³ Weight: 12.1565 N 
Figure 1. Cylindrical gear model 
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3. Comparison with FEM results 
According to the SolidWorks Simulation results, the maximum von Mises equivalent stress is 

7.88 MPa, which is in good agreement with the analytical bending stress (difference ~18%). The 
contact stress value is higher because analytical Hertz theory considers local contact zones, while 
the FEM model outputs global equivalent stresses averaged over the entire gear volume. 

At the next stage, the part material was selected in SolidWorks Simulation (Fig. 2) 
 

 
 

Figure 2. Cylindrical gear model 
 

Table 1. Material properties 
Name: Alloy Steel 

Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 6,20422e+08 N/m2 
Tensile strength: 7,23826e+08 N/m2 
Elastic modulus: 2,1e+11 N/m2 
Poisson's ratio: 0,28   
Mass density: 7 700 kg/m3 
Shear modulus: 7,9e+10 N/m2 
Thermal expansion coefficient: 1,3e-05 /Kelvin 

The grid model (Fig. 3) 
• Type: Solid 
• Method: By curvature 
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• Number of nodes: 345,734 
• Number of elements: 249 037 
• Maximum aspect ratio: 4.25 
• Quality: High (99.8% of elements with aspect ratio < 3) 

 
Table 2. Loads and Fixtures 

Fixture 
name 

Fixture Image Fixture Details 

Fixed-1 

 

 
Entities: 3 face(s) 
Type: Fixed Geometry 

 

Resultant Forces 
     Components X Y           Z        Resultant 
Reaction force (N) 374,263 316,954 -0,0625582 490,442 
Reaction Moment 

(N.m) 
0 0 0 0 

 

Load name Load Image Load Details 
Force-1 

 

 
Entities: 1 face(s) 
Type: Apply normal force 
Value: 500 N 

 

Pressure-1 

 

 
Entities: 2 face(s) 
Type: Normal to selected face 
Value: -0,00095 
Units: N/mm2 
Phase 
Angle: 

0 

Units: deg 
 

 
Conditions of fastening and loading 
• Boundary conditions: 
- The inner surface of the hub is Fixed Geometry, which simulates a rigid connection to the 

shaft; 
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- a circumferential force F = 500 N is applied to one tooth at the distance of the contact point, 
simulating a working engagement; 

- the contact between the teeth is modeled through Contact Sets with friction (coefficient of  
friction - 0.1) 

 

 
 

Figure 3Mesh coating of the part 
 

Problem solving 
• Static stressanalysis (Static Simulation) has been performed. 
• As a result, distributions of: 
• equivalent Mises stresses are obtained; 
• contact and bending stresses; 
• fields of deformation. 
 
Table 3 - Resultant forces and reaction forces 

Selection set Units Sum X Sum Y Sum Z Resultant 
Entire 

Model 
N 374,263 316,954 -

0,0625582 
490,442 

Reaction Moments 
Selection set Units Sum X Sum Y Sum Z Resultant 

Entire 
Model 

N.m 0 0 0 0 

Free body forces 
Selection 

set 
Units Sum X Sum Y Sum Z Resultant 

Entire 
Model 

N 0,02844 0,0282653 0,0694619 0,0802043 

Free body moments 
Selection 

set 
Units Sum X Sum Y Sum Z Resultant 

Entire Model N.m 0 0 0 1e-33 
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3. Study Results 
As a result of numerical simulation, the following main characteristics of the gear behavior 

under the influence of an external load were obtained [5, 6]: 
Stress: 
• Maximum equivalent stress(von Mises): 7.88 N/mm2 
• The value obtained is significantly below the yield point (620 N/mm2), which indicates that 

there is no risk of plastic deformation. 
 

Name Type Min Max 
stress1 VON: von Mises 

Stress 
2,437e+03N/m2 

Node: 80630 
7,881e+06N/m2 

Node: 31 

 
Figure 4 - Stress distribution (von Mises), MPa (color scale shown) 

 
Displacements: 
• Maximum displacement: 1,323×10-3 mm 
• The displacement is extremely small, which indicates the high rigidity of the structure and 

good fixation. 
Deformations: 
• Maximum equivalent deformation: 3.25×10⁻⁵ 
• Which corresponds to the elastic operating mode of the material and the permissible limits. 
 

Name Type Min Max 
Displacement 1 URES: Resultant 

Displacement 
0,000e+00mm 

Node: 26 
1,323e-03mm 
Node: 109635 

 
Figure 5 - Displacement field, mm (uniform scale applied) 
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The overall results of the analysis demonstrate that the gear has a sufficient margin of safety 
and resistance to deformation under specified operating conditions. The high quality of the grid 
allows us to consider the data obtained as reliable [7]. 
 

Name Type Min Max 
Strain 1 ESTRN: Equivalent 

Strain 
1,344e-08 
Element: 

74884 

3,251e-05 
Element: 

164806 

 
 

Figure 6 - The result is equivalent to deformation 
 
Comparative analysis of analytical and numerical results 

To address the difference between analytical calculations and FEM simulation, a direct comparison 
of bending and contact stresses was performed. 

 

 
Figure 7 - Deformed shape 

Analysis of differences: 
- In analytical calculations, bending stress is determined for a simplified tooth profile, ignoring 

the influence of neighboring teeth and root fillet geometry. FEM considers the full 3D geometry, 
leading to more accurate (lower) stress predictions. 

- Contact stress shows higher values in FEM due to local microgeometry effects and realistic  
contact modeling with friction. 

- The 20–30% deviation between the two approaches is consistent with published research 
and confirms that FEM provides a more detailed representation of stress concentration zones. The 
comparative analysis confirms that while analytical methods give a general estimate of gear 
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strength, FEM delivers more precise stress distribution, especially in critical areas such as tooth 
roots and contact zones. Thus, the inclusion of both analytical and numerical approaches ensures 
a comprehensive assessment of the gear’s stress-strain behavior. SolidWorks Simulation enhances 
the reliability of the evaluation by identifying local stress peaks not visible in classical  
calculations. 

Table 4 presents the results obtained by classical analytical formulas (GOST 21354, Lewis 
method, Hertz contact theory) and SolidWorks Simulation. 

 
Table 4 – Comparison of analytical and FEM stress values 

Stress type 
Analytical 

method 
FEM (SolidWorks 

Simulation) 
Difference 

Bending stress at tooth root 9.26 MPa 7.88 MPa 
~18% lower in 

FEM 

Contact stress 77.6 MPa 
~95–120 MPa 
(local peaks) 

20–30% higher 
in FEM 

Equivalent von Mises stress – 7.88 MPa – 
 

 
Conclusion 
The analysis confirmed the importance and effectiveness of numerical modeling in the design 

of gears. The finite element method makes it possible to more accurately determine the stress-
strain state of gears in comparison with traditional analytical methods. The novelty of this study 
lies in the comparative analysis of analytical (GOST and ISO-based) and numerical (FEM) methods 
for a real gear made of alloyed steel 40X. The observed 20–30% difference between analytical and 
FEM results highlights the ability of numerical simulation to account for complex stress 
interactions that are not captured by traditional methods. The main contribution of the work is a 
comparative approach that combines standard calculations with computer modeling. This allows 
engineers to: 

• take into account the actual operating conditions, 
• reduce the likelihood of failure of parts, 
• optimize the design for specific loads. 
The results can be used in mechanical engineering, power engineering, and automation in the 

design of high-reliability gears. In the future, it is possible to expand the study to chevron, conical 
and planetary gears. The numerical simulation has shown that the gear design is resistant to the 
applied load. Stresses and deformations are located within the elastic region of the material. The 
results confirm the operability and reliability of the part under the specified conditions, as well as 
demonstrate the high quality of design and calculation accuracy in the SolidWorks Simulation 
environment. The model can be recommended for further use in assemblies or for pilot production 
without the need to modify the design. 

 
Discussion and Future Work 
The present study focused on static loading and linear material behavior. Future work will 

consider dynamic and fatigue loading, gear wear, and the effect of temperature gradients on stress 
concentration. Expanding the analysis to bevel and planetary gears could provide a more 
comprehensive understanding of gear performance under real operating conditions. 
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Анализ напряженно-деформированного состояния шестерен методом конечных  
элементов в SolidWorks 

Аннотация. Данное исследование посвящено оценке напряженно-деформированного 
состояния прямозубого цилиндрического зубчатого колеса с помощью численного 
моделирования с использованием метода конечных элементов (МКЭ), реализованного в 
SolidWorks Simulation. Основная цель - оценить прочность зубчатого колеса при 
статическом нагружении с учетом температурных условий и выявить зоны концентрации 
напряжений. Исследование включает в себя как теоретические расчеты, так и численное 
моделирование. Шестерня, изготовленное из легированной стали 40Х, смоделированное в 
3D, было подвергнуто силовым нагрузкам и соответствующим граничным условиям. 
Результаты показали, что максимальные эквивалентные напряжения оставались 
значительно ниже предела текучести материала, а все деформации находились в пределах 
упругой области. Результаты также выявили критические области, подверженные 
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локальным пикам напряжений. Сравнение с аналитическими методами подтвердило более 
высокую точность МКЭ в прогнозировании распределения напряжений. Полученные 
результаты способствуют оптимизации конструкции зубчатого колеса за счет повышения 
надежности и усталостной стойкости. Методика и результаты имеют практическое 
значение для повышения долговечности и эксплуатационных характеристик зубчатых  
механизмов в машиностроении. 

Ключевые слова: зубчатая передача, шестерня, напряженно-деформированное 
состояние, метод конечных элементов, SolidWorks, прочность, моделирование. 
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SolidWorks-тегі соңғы элементтер арқылы тістегеріштің кернеулі 

деформацияланған күйін талдау 
 

Аңдатпа. Бұл зерттеу SolidWorks Simulation-да жүзеге асырылған cоңғы элементтер 
әдісін (СЭӘ) қолдана отырып, сандық модельдеу арқылы тік тісті цилиндрлік тісті 
доңғалақтың кернеулі деформацияланған күйін бағалауға арналған. Негізгі мақсат-
температура жағдайларын ескере отырып, статикалық жүктеме кезінде беріліс беріктігін 
бағалау және кернеу концентрациясының аймақтарын анықтау. Зерттеу теориялық 
есептеулерді де, сандық модельдеуді де қамтиды. Бөлшек материалы 40X легирленген 
болаттан жасалған, 3D модельденген тісті доңғалақ күш жүктемелеріне және тиісті 
шекаралық жағдайларға ұшырады. Нәтижелер максималды эквивалентті кернеулер 
материалдың аққыштық шегінен едәуір төмен болып қалғанын және барлық 
деформациялар серпімді аймақта болғанын көрсетті. Нәтижелер сонымен қатар жергілікті 
кернеу шыңдарына ұшырайтын маңызды аймақтарды анықтады. Аналитикалық 
әдістермен салыстыру кернеудің таралуын болжауда СЭӘ жоғары дәлдігін растады. 
Нәтижелер сенімділік пен шаршауға төзімділікті арттыру арқылы беріліс құрылымын 
оңтайландыруға ықпал етеді. Техника мен нәтижелер машинажасаудағы беріліс 
механизмдерінің беріктігі мен пайдалану сипаттамаларын арттыру үшін практикалық  
маңызға ие. 

Түйін сөздер: тісті беріліс, тістегеріш, кернеулі деформацияланған күй, соңғы 
элементтер әдісі, SolidWorks, беріктік, модельдеу. 
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