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Numerical Study of Rim Thickness Effects on 
Tooth Root Stress in Metal-Composite Gears 
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Abstract – Hybrid metal-composite gears, which 
combine the strengths of traditional metal gears with 
advanced composite materials, have become a 
promising solution for various industrial applications. 
This study presents a comprehensive numerical 
analysis of the influence of rim thickness on tooth root 
stress in metal-composite gears. In the process of 
manufacturing composite gears, the gear body is 
replaced with a composite, excluding the hub and rim, 
which remain metallic. This analysis includes 
proportional scaling of the rim thickness while keeping 
other parameters constant to assess its impact on root 
stress distribution. Six different cases are examined. In 
each case, various gear configurations are considered, 
starting from a fully metal gear and moving to hybrid 
metal-composite gears with varying rim thicknesses. 
Ansys Workbench is used for the analysis, and the 
results are verified with analytical calculations 
according to ISO 6336-3. This study establishes a 
deeper understanding of the compromise between rim 
thickness and stress distribution. The conclusions 
gained from this study can guide gear engineers in 
optimizing the design of hybrid metal-composite gears. 

DOI: 10.18421/TEM141-03 
https://doi.org/10.18421/TEM141-03 

Corresponding author: Blagoja Nestorovski,  
Ss. Cyril and Methodius University in Skopje, Faculty of 
Mechanical Engineering, 18, Rugjer Boshkovikj, Skopje, 
North Macedonia 
Email: blagoja.nestorovski@mf.ukim.edu.mk 

Received: 01 July 2024.  
Revised:   05 November 2024.  
Accepted: 03 December 2024. 
Published: 27 February 2025 

© 2025 Blagoja Nestorovski, Nikola 
Avramov, Elena Angeleska & Sasko Milev; published by 
UIKTEN. This work is licensed under the Creative 
Commons Attribution-NonCommercial-NoDerivs 4.0 
License. 

The article is published with Open Access at 
https://www.temjournal.com/ 

Keywords – Gears, hybrid gears, FEA, composite 
materials. 

1. Introduction

Gears are crucial mechanical components for 
power transmission because of their consistent 
transmission ratios and high load-bearing 
capabilities. Various types of gears exist but, 
cylindrical gears with either straight or oblique teeth 
are among the most common. The main difference 
between these gears is that the teeth of the spur gears 
are aligned parallel to the axis of rotation, whereas in 
helical gears, the teeth are angled at β. Helical gears, 
compared to spur gears, can bear higher loads and 
operate more quietly. In spur gears, contact between 
the teeth occurs all at once across the entire width of 
the gear. In contrast, in helical gears, contact begins 
at one point on the tooth edge and gradually extends 
across the whole tooth, aiding in a quieter gear 
operation [1], [2], [3], [4]. 

The increasing need to reduce the weight of load-
bearing parts, especially in the automotive and 
aviation industries, has increased the need for the 
development of innovative technological solutions 
for components composed of multiple materials. 
With this, different characteristics can be obtained in 
different segments of the part using a material for a 
specific application. For example, metal parts can be 
added to a composite part to improve assembly 
operations. In addition, combining multiple materials 
in one part can lead to a significant reduction in 
weight without impairing the functional 
characteristics of the part. The use of composite 
materials, together with metals, in a hybrid structure 
is currently being developed for application in high-
tech industries [14]. In the aviation industry, a 
combination of composites and aluminum is used in 
the latest aircraft models. The same thing happens in 
the military industry, for example, in the ships of the 
US Navy, certain structures can be found that are 
composed of metal and composite.  

2 Faculty of Mechanical Engineering, Goce Delcev University, Stip, Krste Misirkov, 
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By combining a composite material with a metal, 
a metal-composite hybrid structure can be obtained, 
which allows the grouping of the mechanical 
properties of both materials. This combination has 
great potential and is especially applicable when 
there is a need for mass reduction [5], [6]. 

The need to reduce mass also appears in gears. 
Several solutions for mass reduction can be found in 
the literature. Traditionally, the mass of gears is 
reduced by reducing the thickness of the ring and 
gear body. These studies were conducted by several 
authors [7], [8]. In addition, with new manufacturing 
technologies, such as 3D printing, mass reduction 
can also be achieved using different structures that 
cannot be obtained with traditional manufacturing 
methods. In previous work, the use of a lattice 
structure in gears, that is, reducing the mass while 
maintaining the characteristics of the gear in terms of 
carrying capacity, was investigated [9]. 

The application of hybrid gears in modern 
engineering represents a significant advance towards 
achieving high performance while reducing mass. 
These gears, which combine different materials, such 
as metals and composites in their construction, allow 
the optimization of mechanical properties for specific 
applications. For example, the gear body can be 
made of a lightweight composite material to reduce 
mass, while the teeth and hub are made of metal to 
improve durability and power transfer capability. 
This innovative use of hybrid materials not only 
contributes to efficiency and cost-effectiveness 
within various industries but also improves the 
operational characteristics of the systems where they 
are used. Recently, research in the field of hybrid 
gears has increased and become more popular. The 
authors in [10] and [13] are working on developing a 
model of hybrid gears, combining metal and 
composite, aiming to reduce the mass. The analyses 
were performed using the Finite Element Method 
(FEM) by performing a static analysis and comparing 
the performance of a hybrid gear with an all-metal 
gear. This study shows that with hybrid gears, a 
significant reduction in mass can be obtained, as well 
as an improvement in performance.  

The influence of the geometrical parameters of 
hybrid gears on the stress, stiffness, and dynamic 
behavior was analyzed in [11]. The authors are 
working to optimize the performance by carefully 
selecting the geometrical parameters. Additionally, 
NASA has conducted research in this area. In [12], 
they developed and tested hybrid gears. Tested for 
more than 300 million cycles at high speeds and 
torques, hybrid gears have demonstrated success. 

2. Methodology

To determine the impact of the gear rim thickness 
on the stress at the tooth root, six different cases were 
examined. In each case, various gear configurations 
were considered, starting from a fully metal gear and 
then moving to hybrid metal-composite gears with 
varying rim thicknesses (Figure 1). In the first case, a 
traditional, fully metal gear was analyzed, which 
serves as a baseline for comparing the results. The 
other analyzed gears are hybrid, meaning that the 
gear rim and hub are made of metal, while the body 
is made of a composite material, carbon fiber and 
resin. In these gears, the rim thickness is the only 
variable changed across different cases, whereas all 
other parameters remain unchanged to observe their 
influence on the stresses. The rim thickness 𝑆𝑆𝑅𝑅 
(Figure 1) is related to the module m, starting from 
2.5m, down to 0.5m, decreasing by 0.5 for each case.  

All gears were modelled using the SolidWorks 
software suite, and the stress analysis at the tooth 
root was conducted using structural analysis in the 
Ansys Workbench software. Table 1 lists the gear 
parameters. The metal gears are made from 16MnCr5 
material, while for the hybrid gears, the metal part 
(the rim and hub) remains the same, and the body is 
made from a composite material named Epoxy 
Carbon Woven (395 GPa) prepreg, with 
characteristics taken from the Ansys database. 
Additionally, to validate the results of the structural 
analysis, an analytical calculation of the stress at the 
tooth root was conducted according to ISO 6336-3. 

Figure 1. Hybrid metal-composite gear 
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3. Analytical Calculation of the Stress at the
Tooth Root

The performance of gears largely depends on the
stress distribution within the gear tooth, and 
particular attention should be paid to the stress at the 
tooth root. This stress can contribute to tooth failure. 
Understanding and accurately predicting this stress is 
a fundamental task in gear dimensioning.  

The maximum stress at the tooth root can be 
determined by various methods, such as Finite 
Element Analysis (FEA), integral equations, or 
experimentally using strain gauge strips. In addition 
to these methods, according to ISO 6336-3 [16], [15] 
the nominal relevant loading at the tooth root is 
determined based on the force that loads the tooth at 
external point D (Figure 2). 

Figure 2. Tooth loading at external point D[17] 

At this point, the entire load is transferred only by 
the current tooth. The formula for calculating the 
nominal stress according to ISO 6336-3 [16] is as 
follows: 

𝜎𝜎𝐹𝐹0 =
𝐹𝐹𝑡𝑡

𝑏𝑏 ∗ 𝑚𝑚𝑛𝑛
𝑌𝑌𝐹𝐹𝑌𝑌𝑆𝑆𝑌𝑌𝛽𝛽𝑌𝑌𝐵𝐵𝑌𝑌𝐷𝐷𝐷𝐷 (1) 

Where, 
𝐹𝐹𝑡𝑡- Contact force, 
𝑏𝑏- Face width. 
𝑚𝑚𝑛𝑛- Normal module, 
𝑌𝑌𝐹𝐹  - Tooth form factor, and can be 
calculated according to equation (2): 

𝑌𝑌𝐹𝐹 =
6 �ℎ𝐹𝐹𝐹𝐹𝑚𝑚𝑛𝑛

� ∗ cos𝛼𝛼𝐹𝐹𝐹𝐹𝑛𝑛

�𝑠𝑠𝐹𝐹𝑛𝑛
2

𝑚𝑚𝑛𝑛
2� ∗ cos𝛼𝛼𝑛𝑛

 (2) 

Where, 
ℎ𝐹𝐹𝐹𝐹 - Bending moment arm for the tooth 
root stress (Figure 2), 
𝑠𝑠𝐹𝐹𝑛𝑛 - Tooth root thickness at the critical 
section (Figure 2), 
𝛼𝛼𝐹𝐹𝐹𝐹𝑛𝑛 - Load direction angle (Figure 2), 
𝛼𝛼𝑛𝑛 – Pressure angle, 

Table 1. Gears parameters 

Parameter Pinion Solid Gear 
Hybrid 

gear 
(2,5m) 

Hybrid 
gear (2m) 

Hybrid 
gear 

(1,5m) 

Hybrid 
gear (1m) 

Hybrid 
gear 

(0,5m) 

Number of teeth 34 34 34 34 34 34 34 

Modul [mm] 5 5 5 5 5 5 5 

Pressure angle [  ͦ ] 20 20 20 20 20 20 20 

Pitch diameter 
[mm] 170 170 170 170 170 170 170 

Face width [mm] 25 25 25 25 25 25 25 

Rim thickness [mm] / / 12,5 10 7,5 5 2,5 

Torque [Nm] 339.15 

Contact Force [N] 3750 
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𝑌𝑌𝑆𝑆 - stress correction factor, and can be calculated 
according to equation (3): 

𝑌𝑌𝑆𝑆 = (1.2 + 0.13 ∗ 𝐿𝐿)𝑞𝑞𝑠𝑠

� 1
�1.21+�2.3

𝐿𝐿 ��
� (3) 

Where, 

𝐿𝐿 =
𝑆𝑆𝐹𝐹𝑛𝑛
ℎ𝐹𝐹𝐹𝐹

 (4) 

𝑞𝑞𝑠𝑠 =
𝑆𝑆𝐹𝐹𝑛𝑛

2 ∗ 𝜌𝜌𝐹𝐹
 (5) 

Where, 
𝜌𝜌𝐹𝐹 - Tooth root radius at the critical section 
𝑌𝑌𝛽𝛽 - Helix angle factor, 
𝑌𝑌𝐵𝐵 - Rim thickness factor, and 
𝑌𝑌𝐷𝐷𝐷𝐷 -  Deep tooth factor. 

Although the main method used in this study to 
determine the maximum stress at the tooth root is 
FEA, for the verification of the simulation, the 
calculated maximum stress for a solid gear will be 
used, with the individual parameters and conditions 
shown in Table 1. A detailed calculation was made 
using formulas (1) to (5), and is presented as follows: 

𝜎𝜎𝐹𝐹0 =
𝐹𝐹𝑡𝑡

𝑏𝑏 ∗ 𝑚𝑚𝑛𝑛
𝑌𝑌𝐹𝐹𝑌𝑌𝑆𝑆𝑌𝑌𝛽𝛽𝑌𝑌𝐵𝐵𝑌𝑌𝐷𝐷𝐷𝐷

=
3750
25 ∗ 5

∗ 1.435 ∗ 2.32 ∗ 1 ∗ 1 ∗ 1
= 99.88 𝑀𝑀𝑀𝑀𝑀𝑀 

𝐹𝐹𝑡𝑡 = 3750 𝑁𝑁 

𝑏𝑏 = 25 𝑚𝑚𝑚𝑚 

𝑚𝑚𝑛𝑛 = 5 𝑚𝑚𝑚𝑚 

𝑌𝑌𝐹𝐹 =
6 �ℎ𝐹𝐹𝐹𝐹𝑚𝑚𝑛𝑛

� ∗ cos𝛼𝛼𝐹𝐹𝐹𝐹𝑛𝑛

�𝑠𝑠𝐹𝐹𝑛𝑛
2

𝑚𝑚𝑛𝑛
2� ∗ cos𝛼𝛼𝑛𝑛

=
6 �4.919

5 � ∗ cos 19.04

�10.1702
52 � ∗ cos 20

= 1.435 

𝑌𝑌𝑆𝑆 = (1.2 + 0.13 ∗ 𝐿𝐿)𝑞𝑞𝑠𝑠

� 1
�1.21+�2.3

𝐿𝐿 ��
�

= (1.2 + 0.13

∗ 2.067)2.891
� 1
�1.21+� 2.3

2.067��
�

= 2.32 

𝐿𝐿 =
𝑆𝑆𝐹𝐹𝑛𝑛
ℎ𝐹𝐹𝐹𝐹

=
10.170
4.919

= 2.067 

𝑞𝑞𝑠𝑠 =
𝑆𝑆𝐹𝐹𝑛𝑛

2 ∗ 𝜌𝜌𝐹𝐹
=

10.170
2 ∗ 1.759

= 2.891 

𝑌𝑌𝛽𝛽 = 1 

𝑌𝑌𝐵𝐵 = 1 

𝑌𝑌𝐷𝐷𝐷𝐷 = 1 

Based on the presented calculation, a maximum 
stress at the tooth root for a full gear of 99.88 MPa 
was obtained. 

4. Finite Element Analysis

As previously mentioned, FEA was used to 
determine the impact of the gear rim thickness on the 
tooth root stress. Six cases were analyzed: a solid 
gear, a hybrid gear, and rim thicknesses of 12.5, 10, 
7.5, 5, and 2.5 mm. Figure 3 shows a gear pair in a 
mesh, where one gear is a test gear and changes for 
each case, whereas the other is solid and remains the 
same for all cases. The 3D models of the gears were 
prepared using the SolidWorks software package and 
then imported into Ansys Workbench.  

Consistent boundary conditions were used for all 
analyses. Specifically, for the hybrid gears, a rigid 
connection was established between the gear body, 
rim, and hub (Figure 3). On surface A, a cylindrical 
support was defined with no degrees of freedom, and 
on surface B, a cylindrical support allowed for 
rotation. Additionally, a moment of 339150 Nmm 
was defined on surface B. The contact between the 
gears in mesh is defined as frictionless contact. Six 
analyses were conducted, and the stress values at the 
tooth root were recorded. The first case, that is, the 
analysis of a solid gear, which serves as a reference 
for the comparison of the results, is also the basis for 
the validation of the model with the analytical 
calculation. 

Figure 3. Meshing gears 

A well-structured and defined mesh is of great 
importance for the model because the results largely 
depend on the mesh quality. Using the tools in Ansys 
Workbench for mesh control, the size of the elements 
is defined as 3 mm, while a finer mesh of 0.4 mm is 
specified for the contact surface and the root part of 
the tooth where the stresses are measured.  
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Prism-shaped elements are used because they 
converge the solution faster than tetrahedral-shaped 

elements. Figure 4 illustrates the meshing of the 
models. 
 

 
 

Figure 4. Meshed model of gear pair 
 

5. Results and Discussion 
 

From the analytical calculation performed for the 
stress at the tooth root, a result of 99.88 MPa was 
obtained and compared with the stress measured 
from Ansys Workbench for the first case, solid gears. 
In this case, a stress of 92.377 MPa was recorded, 
resulting in a difference of -7.5%. This discrepancy 
occurs because of the assumptions made in the 
analytical calculation. The results for all cases are 
shown in figures 5-10 for each case individually. 

A group display of the results is shown in Figure 
11. As expected, reducing the thickness of the gear 
rim increased the stress at the tooth root.  

 

 

 
For the first cases, the difference was smaller. For 

a hybrid gear with a rim thickness of 12.5 mm, a 
stress of 97.53 MPa was recorded, corresponding to 
an increase in stress of 5%. For a rim thickness of 10 
mm, a stress of 99.45 MPa was recorded, representing 
a difference of 7.65% compared to a full gear. For a 
rim thickness of 7.5 mm, the stress was 103.03 MPa, 
or a difference of 11.5%. For cases with a thin rim, 
namely thicknesses of 5 mm and 2.5 mm, a 
significant increase in stress is observed. A stress of 
113.78 MPa was recorded for a rim thickness of 5 
mm, and a stress of 139.24 MPa for a rim thickness of 
2.5 mm, representing differences of 23.17% and 
50.73%, respectively. 
 

 
 

Figure 5. Root stress results for the solid gear 
 

  
 

Figure 6. Root stress results for hybrid metal-composite 
gear with a rim thickness of 12.5 mm 

 
 

Figure 7. Root stress results for hybrid metal-composite 
gear with a rim thickness of 10 mm 

 

 
 

Figure 8. Root stress results for hybrid metal-composite 
gear with a rim thickness of 7.5 mm 
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Figure 9. Root stress results for hybrid metal-composite 
gear with a rim thickness of 5 mm 

 

 
 

Figure 10. Root stress results for hybrid metal-composite 
gear with a rim thickness of 2.5 mm 

 
 

 
 

Figure 11. Comparison between the results 
 

6. Conclusion 
 
The analysis presented in this paper highlights the 

significance of rim thickness on the stress at the tooth 
root in hybrid metal-composite gears. It is clearly 
demonstrated that a thinner rim results in a 
significant increase in stress compared to a fully 
metal gear. This research underscores the importance 
of considering rim thickness when designing hybrid 
metal-composite gears to ensure optimal 
performance and durability. 

This study focused solely on rim thickness; future 
research should be conducted to determine the 
optimal hub thickness and to explore the connection 
between the metal and composite materials. This 
would help to further refine the design and 
performance parameters for these types of gears. 
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