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Abstract – This study investigates the mechanical behavior of a differential helical gear subjected to 

operational torque using the Finite Element Method (FEM). The analysis focuses on shear stress and equivalent 
elastic strain to evaluate the structural integrity and deformation behavior of the gear, both with and without 
an initial crack. A torque of 175 Nm, representative of critical automotive loading conditions, is applied to a 
CAD-modeled gear based on real component dimensions and material properties of ASTM A36 low-carbon steel. 
Two gear models were analyzed: an intact gear and one with a strategically introduced crack at the tooth root. 
The results reveal that the maximum shear stress in the crack-free gear slightly exceeds the allowable limit 
(45.82 MPa > 45.45 MPa), while the cracked gear shows a significantly higher stress (66.141 MPa), indicating a 
high risk of failure. The equivalent elastic strain also increases from 0.00023067 mm/mm to 0.00033276 
mm/mm due to the presence of the crack. These findings underscore the importance of crack detection and 
design optimization. Overall, FEM proves effective in identifying high-risk zones, informing material selection, 
geometric refinement, and preventive maintenance strategies. 
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1    Introduction 

Power transmission components in transportation 

systems play a crucial role in ensuring efficiency, 

reliability, and overall operational performance [1]. 

Among the most vital elements in the drivetrain is the 

differential helical gear, which functions to distribute and 

transfer torque from the engine to the drive wheels at 

appropriate speed and direction [2]. 

Differential helical gears must be capable of 

withstanding sustained high-torque loads while also 

enduring various dynamic loading conditions [3]. 

However, over time, factors such as material fatigue, 

stress concentration, and the presence of initial cracks 

can significantly contribute to gear failure [4]. These 

failure mechanisms may lead to severe structural 

damage such as tooth breakage, plastic deformation, or 

even total transmission system collapse. 

Stress analysis of differential helical gears is essential 

to understanding the early stages of failure. By 

evaluating stress distribution, critical zones prone to 

damage can be accurately identified [5]. Finite Element 

Method (FEM)-based simulations have proven to be a 

powerful tool in this context, enabling reliable 

predictions of stress responses under realistic operating 

conditions [6]. 

Although numerous studies have investigated stress 

analysis and gear failure [1,7–10], limited attention has 

been given to the influence of initial cracks under 

specific, realistic torque loads. This study addresses that 

gap by applying a torque of 175 Nm, which represents 

the typical maximum output torque encountered in 

small to mid-sized passenger vehicles. This value was 

selected to reflect real-world operating conditions 
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experienced by differential gears in automotive 

applications. 

The central problem addressed in this research is the 

lack of predictive analysis concerning early crack 

initiation in differential helical gears under 

representative loading conditions. Cracks may originate 

from cyclic loading, material inhomogeneity, or 

manufacturing imperfections, all of which compromise 

the gear's ability to safely transmit torque. 

Accordingly, this study aims to predict the initiation of 

early-stage cracks and determine their critical locations 

in a differential helical gear using FEM simulation under 

a 175 Nm torque scenario. The results are expected to 

support more robust gear designs and inform preventive 

maintenance strategies in power transmission systems. 

2    Research Methodology 

2.1 Research Object 

The object of this study is a differential helical gear 

typically used in passenger vehicles, analyzed under a 

torque load of 175 Nm. This torque value represents 

critical conditions often experienced during vehicle 

acceleration, hill climbing, or gear shifting, where 

mechanical components are subjected to high loading. 

The goal is to investigate the effect of such torque on 

the stress and strain response of the gear, particularly in 

the presence or absence of an initial crack. 

The gear geometry and design parameters were 
obtained from a real component to ensure accuracy in 
numerical analysis. These specifications are summarized 
in Table 1. 

 
Table 1. Specifications of the differential helical gear. 

Parameter Value 

Number of teeth 77 teeth 

Outer diameter 196.90 mm 
Inner diameter 117.90 mm 
Gear width  27.20 mm 
Number of mounting holes 8 pcs 
Helix angle 35° 

 
2.2 Finite Element Analysis 

The finite element method (FEM) is employed to 

simulate the gear under realistic dimensional conditions, 

allowing for an analysis that closely reflects real-world 

performance. Simulations were carried out on two 

models: one with no initial crack and another with an 

initial crack. 

The simulation process begins with designing the gear 
shaft using a CAD application, followed by simulation 
using ANSYS software. The material used for the gear is 
classified as low-carbon steel and corresponds to the 
ASTM A36 standard. The chemical composition of ASTM 
A36 is presented in Table 2. 

 
 

Table 2. Chemical composition of ASTM A36[11]. 

Elemen Konten (%) 

Carbon, C 0,27 

Copper, Cu 0,20 
Sulfur, S 0,05 
Manganese, Mn 1,0 
Phosphorous, P 0,05 
Silicon, Si 0,3 
Iron, Fe Balance 

 
The initial crack is strategically introduced at a high-

stress area, particularly near the tooth root, which is a 
known location for stress concentration and potential 
failure. This is illustrated in Figure 1. 

 
 

 
 

Figure 1. CAD model and initial crack formation on the differential 
helical gear 

 

To ensure accurate mechanical behavior, the gear 
material properties are defined based on ASTM A36 
standards. These are listed in Table 3. 

 
Table 3. Mechanical properties of ASTM A36[11]. 

Characteristic Value 

Tensile Strength, Ultimate 500 MPa 

Tensile Strength, Yield 250 MPa 
Modulus of Elasticity 200 GPa 
Bulk Modulus 140 GPa 
Poissons Ratio 0.26 
Shear Modulus 79.3 GPa 
Allowable Stress 45.45 MPa 

  

After completing the CAD modeling and material 
property definition, the meshing process is performed. 
The mesh type used is tetrahedral with an element size 
of 0.005, resulting in a total of 29,829 tetrahedral 
elements. The location of the initial crack is indicated 
with an arrow. The meshing result is shown in Figure 2. 
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Figure 2. Meshing of the differential helical gear 

 

Simulation results are presented in the form of color 

contours that visually represent the shear stress 

distribution throughout the helical gear component. 

These contours serve as an intuitive method for 

identifying stress concentrations, where red indicates 

zones experiencing the highest levels of shear stress, 

and purple denotes regions subjected to the lowest 

stress. This color-coded visualization helps engineers 

and analysts quickly locate potential failure points, 

especially around geometrically complex areas such as 

fillets, tooth roots, or contact surfaces where stress 

concentration tends to occur. 

The simulation was conducted using ANSYS software, 

which applies the Finite Element Method (FEM) to 

divide the gear geometry into small, interconnected 

elements for precise analysis. Under the application of 

torque loading, the software calculates the response of 

each element, allowing for a detailed understanding of 

how stress propagates throughout the gear structure. 

This method is particularly valuable in capturing 

localized effects that might not be evident through 

analytical calculations alone. 

The primary objective of this simulation is to 

determine the maximum stress distribution induced by 

operational torque, in this case, 175 Nm, and to assess 

whether this stress level approaches or exceeds the 

material’s allowable stress limit. The material used, 

ASTM A36, has a specific shear stress threshold, and 

comparing the simulated maximum stress to this limit 

provides insight into the structural safety margin of the 

gear design. If the calculated stress remains below the 

allowable limit, the component can be deemed safe 

under the given operating conditions. However, if the 

stress exceeds this limit, it suggests that either the 

material selection is inadequate or the gear design 

needs to be revised to better distribute the load. 

This kind of analysis is crucial not only for identifying 

current weaknesses in the design but also for informing 

future improvements in material selection, geometric 

optimization, and load management. Additionally, the 

simulation provides valuable data for preventive 

maintenance strategies by identifying areas that are 

likely to initiate cracks or fatigue failures, thereby 

extending the operational lifespan of the component 

and improving overall reliability. 

3 Results and Discussion 

This section presents and discusses the simulation 
results obtained via the Finite Element Method (FEM) to 
evaluate the mechanical response of a differential 
helical gear under operational torque. The analysis 
primarily focuses on the distribution of shear stress and 
equivalent elastic strain, both of which are critical in 
assessing the structural integrity and deformation 
behavior of the gear components under load. 

Two conditions were analyzed: (1) the gear model 
without an initial crack, and (2) the gear model with an 
initial crack introduced at a predefined critical location. 
These two scenarios enable a comparative assessment 
of the effect of crack initiation on stress and strain 
responses. 

Simulation results are visualized using color contour 
plots to identify critical zones that may pose a risk of 
structural failure. By comparing the two models, the 
impact of an initial crack on the gear’s torque-bearing 
capacity can be better understood. This comparative 
analysis is essential not only for predicting failure but 
also for optimizing gear design, improving material 
selection, and informing preventive maintenance 
strategies. 

 

3.1 Shear Stress Analysis 

The results of the numerical simulation using the 
Finite Element Method (FEM) indicate that the shear 
stress distribution on the surface of the helical gear is 

Initial 
Crack 
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not uniform. The shear stress simulation result without 
an initial crack is shown in Figure 3. 
 

 
 
 
 

 
 
 
 
 

 

 
 

Figure 3. Von Mises shear stress simulation on the helical gear without 
an initial crack 

 
The simulation results show a minimum shear stress 

of 1.0842 × 10⁻⁴ MPa, a maximum of 45.82 MPa, and an 

average of 1.0427 MPa. These values illustrate the stress 

distribution pattern under torque loading. The relatively 

low minimum value indicates that certain regions are 

subjected to minimal loading, likely located away from 

the primary load path. In contrast, the maximum stress 

occurs in critical regions such as the tooth root, where 

geometric discontinuities and stress concentrations are 

prevalent. 

Notably, the maximum shear stress slightly exceeds 

the allowable limit of 45.45 MPa, suggesting that 

localized zones may be approaching or exceeding the 

material’s elastic limit. This is significant, as even a 

marginal exceedance under cyclic or dynamic loading 

can initiate microcracks that propagate over time, 

potentially leading to fatigue failure. Areas near the 

tooth root fillet or the contact surfaces between 

meshing teeth are especially susceptible. 

These findings imply that the component is operating 

near its structural threshold, and additional evaluation 

of gear design, geometry refinement, or material 

selection is warranted to prevent unexpected failures 

during service. 

The shear stress distribution for the gear model with 

an initial crack is shown in Figure 4. 

 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 4. Von Mises shear stress simulation on the helical gear with an 
initial crack 

 

 
The simulation reveals a minimum shear stress of 

6.8847 × 10⁻⁴ MPa, a maximum of 66.141 MPa, and an 

average of 1.4405 MPa. The presence of an initial crack 

significantly elevates the peak shear stress, which now 

exceeds the allowable limit by a considerable margin. 

This increase reflects a heightened risk of structural 

failure in the vicinity of the crack, particularly due to 

stress concentration. 

The dramatic rise in maximum stress underscores the 

critical importance of early crack detection. It also 

highlights the necessity for robust design reinforcement 

and optimized material selection, particularly in 

applications involving high and fluctuating torque loads. 

Overall, the FEM analysis has proven effective in 

evaluating damage sensitivity and structural limits in 

critical mechanical components such as differential 

helical gears. 

 

3.2 Equivalent Elastic Strain 

Equivalent elastic strain is a derived scalar value 

representing the total elastic deformation from all 

multiaxial strain components. It simplifies complex 

deformation patterns into a single value, offering insight 

into how a material behaves under load without 

yielding. 
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This parameter is particularly valuable for analyzing 

mechanical components with complex geometries and 

stress orientations, such as helical gears. It aids in 

identifying critical deformation zones and guiding design 

improvements. 

Figure 5 shows the equivalent elastic strain in the gear 

without an initial crack. 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Equivalent Elastic Strainsimulation on the helical gear without 
an initial crack 

 

The strain ranges from 8.275 × 10⁻¹⁰ mm/mm to 

0.00023067 mm/mm, indicating elastic behavior 

throughout the component. 

When an initial crack is introduced (Figure 6), the 

strain distribution becomes more severe. 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Equivalent Elastic Strainsimulation on the helical gear with an 

initial crack 

The strain ranges from 6.9026 × 10⁻⁹ mm/mm to 

0.00033276 mm/mm. This increase confirms that the 

crack leads to localized strain concentration, which may 

act as a precursor to crack propagation and eventual 

failure under repeated stress cycles. 

4 Conclusion 

Based on the Finite Element Method (FEM) 

simulations conducted in this study, the following 

conclusions can be drawn: 

1. The differential helical gear without an initial 

crack exhibits a maximum shear stress of 45.82 

MPa, which slightly exceeds the allowable 

stress limit of ASTM A36 (45.45 MPa). This 

indicates that certain regions, particularly near 

the tooth root, are at high risk of stress-induced 

failure under torque loads of 175 Nm. 

2. The presence of an initial crack significantly 

raises the maximum shear stress to 66.141 

MPa, highlighting the severe impact of crack 

initiation on structural integrity. This suggests 

that early crack detection and design 

reinforcement are critical to preventing 

catastrophic failures. 

3. In terms of equivalent elastic strain, the gear 

without a crack shows a maximum value of 

0.00023067 mm/mm, while the cracked model 

reaches up to 0.00033276 mm/mm. This 

increase confirms localized strain concentration 

near the crack, which could serve as the 

starting point for further crack propagation 

under cyclic loading. 

4. Overall, the FEM approach proves effective in 

identifying critical stress and strain zones, 

enabling better predictions of gear 

performance and informing improvements in 

material selection, geometry optimization, and 

preventive maintenance strategies. 
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