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Abstract. This paper considers and compares the hysteresis stress and 
strain and the penetration property of spur gear assemblies based on three 
unique designs. Spur gear plays an important part in mechanical structures, 
and any mechanical setup should consider the execution of such a 
mechanical component under distinct designs to improve its mechanical 
productivity and sustainability. To explore the ways in which the mechanical 
behaviour of the designs varies with the design configurations, we integrate 
simulation analysis with an experimental study. The outcomes of this paper 
indicate considerable differences in both hysteresis stress, strain distribution, 
and penetration behavior measurements between three designs. The paper 
explains the stated disparities by the unique geometric layouts and material 
characteristics of each design. Furthermore, it emphasizes that some of the 
examined designs have lower hysteresis losses and favourable stress and 
strain distributions, which positively affects the long-term performance of 
gear systems. Other designs, however, exhibit severe penetration and stress 
concentrations leading to rapid gear wear and likely premature failure. In 
distinguishing these events, the present study offers a valuable approach to 
the parameters that influence the performance of gear systems and aids in 
the improvement of the design methodology. 
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1 Introduction  

Hysteresis is one of the most salient features that influence the gears in a system where stress 
and strain of a material are dependent on its load-bearing capacity [1]. Gear systems work 
cyclically and this makes them prone to wear and tear. This has happened because, in each 
cycle there is a position or condition of the gear that changes and this results in fatigue failure 
[2]. This could be clarified by understanding that teeth penetration is also known as contact 
between meshing gears directly influences productivity as well as durability of a gear 
assembly [3-7]. In this paper, a comparative analysis of hysteresis stress, strain, and 
penetration behaviour in three identified spur gear assemblies’ designs has been presented 
[8]. The analysis was aimed to identify the potential causes of the differences in performance 
among the designs and computation of the recommendations for enhanced efficiency and 
reliability of spur gear systems [9]. Investigation of the mechanical systems and the systems 
including gears in particular has critical importance in multiple engineering field. The 
mechanical systems become more and more fast and get heavier in various applications 
starting from the automotive sector and ending with the aerospace industry. Therefore, there 
is a need for gear drives with maximum potential of load-carrying capacity for machinery 
and equipment [10-13].  
Strategies for advancing the load bear capacity of gear drives include improving gear 
modules and widening gears sizes. Problem is that both these techniques have some 
drawbacks such as size and the compromise of the potential power-to-weight ratio [14-18]. 
While most design adjustments can progress the stress condition of gear teeth to some extent, 
the consequences of design alteration on expanding contact ratio of in-volute gear sets is 
restricted under ordinary conditions, and it is not appropriate to further increase capacity to 
bear load [19-23]. The method that is most effective to extend the capacity to bear load is 
increasing the contact ratio by modifying non-standard gears [24-26]. Overall, the study finds 
that the differences in design manifest in lower hysteresis losses and more favourable stress 
and strain distributions in several designs, increasing the efficiency and lifespan of the gear 
[27-28].  
At the same time, higher penetration and stress concentrations visible in several other designs 
may lead to a significantly higher rate of gear wear and potential premature failure. As such, 
the study may help to guide the selection of appropriate gear types and materials to achieve 
optimal mechanical performance [29-32]. The analysis of gear systems is essential for many 
branches of engineering, as these systems influence how a wide range of other mechanical 
elements behave. As technological development in the automotive and aerospace sector the 
demand of reliable gear systems is increasing [33]. Therefore, the continuous pace of 
innovation in gear design are necessary to meet the exact requirements of the advanced 
technology [34]. 

2 CAD Modelling 

The flowchart outlines in Fig. 1 the procedure for designing a gear the usage of a CAD device, 
specially SolidWorks, facilitated by using a graphical user interface (GUI). The manner starts 
by way of gathering necessary design inputs via the GUI. If enough records isn't to be had, 
the method loops lower back to collect extra information. Once good enough information is 
collected, the module calculates primarily based on the loading situations and wellknown 
empirical family members to determine the most calculated fee of the module. Following 
this, important geometrical dimensions of the spur gear are calculated the usage of the derived 
module and empirical standards. These consequences are then displayed at the GUI. In the 
very last step, the layout gadget mechanically generates the CAD model in Solid Works the 
usage of macro code, completing the design manner. This systematic technique guarantees 
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that the equipment is designed successfully and as it should be in keeping with exact 
necessities. 

 

Fig. 1: Process flowchart for the CAD System 

3. Methodology 

Theoretical analysis:- Neuber's rule equalizes the elastic material behavior strain energy 
with the real total strain energy near notch point. 
Neuber's rule is used to calculate the uniaxial stress state as shown in Fig. 2. 

Initialize the program

Collect design inputs from GUI

Enough Data 
Obtained..??

Evaluate the module relying on loading 
condition and emprical Condition.

Obtain Optimum Values

Evaluate Geometrical Parameters For Spur 
Gear Module

Display The Results

Develop CAD model of the design

End

No Yes 
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𝜎𝜎𝑏𝑏. 𝜀𝜀𝑏𝑏 =
(𝐾𝐾𝑡𝑡.𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)2

𝐸𝐸            
 (1) 
Where 
𝜎𝜎𝑏𝑏 = Actual bending stress 
𝜀𝜀𝑏𝑏 = Actual bending strain 
𝐾𝐾𝑡𝑡 = theoretical stress concentration factor 
𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  = Nominal stress 
𝐸𝐸 = young modulus or modulus of elasticity 
𝐾𝐾𝑡𝑡. 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜎𝜎𝑏𝑏,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒   (2) 
𝜎𝜎𝑏𝑏,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = bending stress for linear elastic material behavior  

𝜎𝜎𝑏𝑏. 𝜀𝜀𝑏𝑏 =
(𝜎𝜎𝑏𝑏,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)

2

𝐸𝐸   (3) 
By considering surface finish factor𝐾𝐾𝑠𝑠𝑠𝑠above equation can be written as 

𝜎𝜎𝑏𝑏. 𝜀𝜀𝑏𝑏 =
(𝜎𝜎𝑏𝑏,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.𝐾𝐾𝑠𝑠𝑠𝑠)

2

𝐸𝐸   (4) 
K sf is affected by ultimate tensile strength and surface roughness. 
Neuber's rule can also be used to find stable cyclic stress-strain curves using elastic-plastic 
correction (Ramberg-Osgood curve) 

𝜀𝜀𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 =
𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸 + (𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾′ )

1
𝑛𝑛′⁄

  (5) 
Where 
𝜀𝜀𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚= maximal actual bending strain 
𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 = maximal actual bending stress 
𝐾𝐾′ = cyclic strength coefficient 
𝑛𝑛′ = cyclic strength exponent 
Maximum linear-elastic and actual bending stress and strains 

𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚. 𝜀𝜀𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 =
(𝜎𝜎𝑏𝑏,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.𝐾𝐾𝑠𝑠𝑠𝑠)

2

𝐸𝐸   (6) 
(𝜎𝜎𝑏𝑏,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.𝐾𝐾𝑠𝑠𝑠𝑠)

2

𝐸𝐸.𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚
= 𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸 + (𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾′ )

1
𝑛𝑛′⁄

  (7) 

Once the 𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 is found the value of 𝜀𝜀𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 can be obtained, in the above equation𝐾𝐾𝑠𝑠𝑠𝑠, 𝐸𝐸, 
𝐾𝐾′ and 𝑛𝑛′ are established material attributes and 𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚  is taken from the FEA analsysi. 

 
Fig. 2: Neuber's Rule Visualization for Constant Amplitude Cyclic Loading [2] 
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Hysteresis loop curve can be expressed as 

∆𝜀𝜀𝑏𝑏 = ∆𝜎𝜎𝑏𝑏
𝐸𝐸 + 2. (∆𝜎𝜎𝑏𝑏

2.𝐾𝐾′)
1

𝑛𝑛′⁄
  (8) 

Where 
∆𝜀𝜀𝑏𝑏 = actual bending strain range 
∆𝜎𝜎𝑏𝑏 = actual bending stress range 
Optimal Actual Cyclic Bending Stress and Strain can be achieved by 
𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 =  𝜎𝜎𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 − ∆𝜎𝜎𝑏𝑏  
𝜀𝜀𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀𝑏𝑏,𝑚𝑚𝑚𝑚𝑚𝑚 − ∆𝜀𝜀𝑏𝑏  
Actual bending stresses and strains are calculated from linearelastic ones using Neuber's 
rule and the elastic-plastic correction. 
 
Driving Gear Design Parameters for Design 1-: Here we discuss the geometrical 
parameters of the driving gear in design 1, the number of teeth are 28 which dictates the 
meshing properties and the size of gear. The gear module is 3.175 mm it influences tooth 
dimensions and load bear capacity. Face width determines transmission capability which is 
6.35 mm with the pressure angle of 20 degrees. The tip relief of 0.013 mm and root fillet 
radius of the basic rack enhance durability by reducing stress. The addendum and dedendum 
of 3.334 mm and 4.286 mm respectively while tip diameter is 95.25 mm which affects size 
and gear meshing. 
 
Calculation of module from outside diameter of gears (design 2)-: Initially, the outside 
diameter of gear is derived using 𝐷𝐷𝑜𝑜 =  (𝑛𝑛 + 2)𝑚𝑚  where, 𝐷𝐷𝑜𝑜 represents the outer diameter 
of the driving gear, 𝑛𝑛 signifies the number of teeth = 28, and 𝑚𝑚 denotes the gear module = 
3.175 mm and similarly, for 𝐷𝐷1 =  (𝑛𝑛 + 2)𝑚𝑚  where 𝐷𝐷1 represents the outer diameter of the 
driven gear, 𝑛𝑛 signifies the number of teeth = 28, and 𝑚𝑚 denotes the gear module = 3.175 
mm. This determines the size of gear teeth and efficient power transmission. After this, pitch 
circle diameter (d) is calculated d = n×m = 88.9 mm. The center distance x = 88.9 mm is 
determined as the average of the pitch circle diameters, it is essential for maintaining proper 
gear engagement. At last, the circular pitch p = 9.975 mm is calculated using the formula 
p=π×m, showing the pitch circle's distance between two adjacent teeth. 

4 Results and Discussion 

In this research work, the prime intentions of changing the face width of the spur gear Nab 
will be to improve and enhance the fatigue-life and reduce “contact-pressure” between the 
teeth of the spur gear assembly through mathematical and finite element analysis. Creo-3 
CATIA modeling software has been used for developing three different models of the driving 
gear. The Catia drawing is then exported to an stp. File. “Design-1” is designed with the 
dimensional parameter values given in the base paper. Mathematically derived parameter 
values are followed for the second design, whereas for the third design, the geometrical 
parameters have been increased by 20% with respect to the base model with the gear module. 
Steady-state structural analysis, fatigue analysis, and contact analysis are carried out for each 
gear design. Results of these analyses in this section, detailed discussions of the results of 
these analyses have been made, and several FEM generated contours and graphs have been 
depicted under Table 1. 
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Table 1: Comparative results of Safety Factors for different design of spur gear assembly in different 
torque 

 

Torque 
[N_m] 

Hysteresis    
Stress  
[MPa] 

Hysteresis 
Strain 

[mm/mm] 

Hysteresis 
Stress  
[MPa] 

Hysteresis 
Strain 

[mm/mm] 

Hysteresis 
Stress  
[MPa] 

Hysteresis 
Strain 

[mm/mm] 
Design 1 Design 2 Design 3 

350 388.81 0.0116 413.17 0.0145 373.91 0.0097 
400 409.04 0.0128 433.91 0.0184 391.69 0.0118 
450 427.13 0.0171 452.90 0.0222 407.74 0.0143 
500 443.52 0.0198 470.18 0.0263 422.67 0.0169 
550 458.74 0.0230 486.45 0.0301 436.53 0.0188 
600 472.92 0.0274 501.65 0.0356 449.54 0.0216 

 

 
Fig. 3: All designs of spur gear assemblies have been compared for hysteresis stress 

As shown in Table 1, the “local elastic-plastic” response at the critical location of the spur 
gear assembly varies due to the applied torques of 388.81 MPa, 409.04 MPa, 427.13 MPa, 
443.52 MPa, 458.74 MPa, 472.92 MPa stress and 0.0116 mm/mm, 0.0128 mm/mm, 0.0171 
mm/mm, 0.0198 mm/mm. For design-2 the values are 413.17 MPa, 433.91 MPa, 452.90 
MPa, 470.18 MPa, 486.45 MPa, 501.65 MPa stress and 0.0145 mm/mm, 0.0184 mm/mm, 
0.0222 mm/mm, 0.0263 mm/mm, 0.0301 mm/mm, 0.0356 mm/mm strain respectively for 
contact analysis ranges from 350 N-m to 600 N-m. For design-3 the values are 373.91 MPa, 
391.69 MPa, 407.74 MPa, 422.67 MPa, 436.53 MPa, 449.54 MPa stress and 0.0097 mm/mm, 
0.0118 mm/mm, 0.0143 mm/mm, 0.0169 mm/mm, 0.0188 mm/mm, 0.0216 mm/mm strain 
respectively for contact analysis ranges from 350 N-m to 600 N-m. 

In this figure horizontal parameter shows the torque in N-m and vertical parameters shows 
Hysteresis stress in MPa of spur gear assembly. The three different bars represent three 
different designs as shown in Fig. 3. As found in the comparative results, the design-3 spur 
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gear assembly has a lessened Hysteresis stress of 3.83 % and a lessened Hysteresis stress of 
4.74% compared to design-1 at 350 N m and 600 N m, respectively, during testing.  

 

Fig. 4: Comparison of hysteresis strains for different spur gear designs 

In this figure horizontal parameter shows the torque in N-m and vertical parameters shows 
Hysteresis strain in mm/mm of spur gear assembly. The three different bars represent three 
different designs as shown in Fig. 4. In comparison to design-1, design-3 has a lower 
Hysteresis strain of 16.37 % at 350 N m and 21.16 % at 600 N m as well as a lower Hysteresis 
stress at 350 N m, based on comparisons of the Hysteresis stress of spur gear assemblies. 

Table 2: Comparative results of Penetration for three different design of spur gear assembly in 
different torque 

Torque [N_m] Penetration [mm] 
Design 1 

Penetration [mm] 
Design 2 

Penetration [mm] 
Design 3 

350 0.0181 0.02104 0.0186 
400 0.0211 0.02381 0.0217 
450 0.0238 0.02660 0.0239 
500 0.0268 0.02933 0.0267 
550 0.0287 0.03209 0.0289 
600 0.0320 0.03488 0.0317 
 

According to the results of a finite element analysis performed on spur gear of design-1, the 
maximum penetration between the contact teeth was 0.0181 mm, 0.0211 mm, 0.0238 mm, 
0.0268 mm, 0.0287 mm, and 0.0320 mm. At 350 to 600 Newton-meter, the values for design-
2 are 0.02104 mm, 0.02381 mm, 0.02661 mm, 0.02933 mm, 0.03209 mm, and 0.03488 mm 
at 350 to 600 Newton-meter, respectively. Based on the 350 to 600 Newton-meter range, the 
values for design-3 are 0.0186 mm, 0.0217 mm, 0.0239 mm, 0.0267 mm, 0.0289 mm, and 
0.0317 mm, respectively. 
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Fig. 5: All designs of spur gear assemblies were compared for penetration results 

In this figure 5 horizontal parameter shows the torque in N-m and vertical parameters shows 
Penetration in mm of spur gear assembly. The three different bars represent three different 
designs as shown in Fig. 5. There is a slight difference between design-3 and design-1 in 
terms of penetration at 350 N m and marginally lower penetration at 600 N m compared with 
design-3 in terms of Hysteresis stress of spur gear assembly. This was confirmed by the 
comparative results of the Hysteresis test of spur gear assembly. 

5 Conclusion 

The study conducted on hysteresis stress, strain and penetration for three designs of spur gear 
assemblies at different torque levels reveals significant information like elastic-plastic 
responses and structural integrity behavior under different conditions. 
Safety Factor: 
• In terms of improvement in the safety factor, Design 3 stands out. Its stress and strain 

values are the lowest compared to those of Designs 1 and 2 throughout the application of 
torque from a minimum value of 350 N-m to a maximum value of 600 N-m. This design 
with 20% increase in its geometrical parameters over the base design demonstrates an 
enhanced capacity to withstand stress with alteration of 4.74% stress reduction at 600 N-
m compared to Design 1. The lower strain figure identifies a 21.16% drop at 600 N-m 
compared to Design 1, further confirming enhancement in its structural integrity and 
resistance to deformation under load. 

Contact Pressure: 
• Design 3 has also performed well on the aspect of reducing the contact pressure between 

the gear teeth. This is still a critical consideration in wear reduction or limitation of wear 
and determinant for gear operation life. It exhibited the least rise in penetration with the 
increase in torque, reaching only 0.0317 mm at 600 N-m, which is slightly less than that 
with Design 1. Such lesser depth of penetration is an indicator of better load distribution 
across the gear teeth and, hence, less intense localized stress leading to a much safer and 
more durable gear assembly. 

In general we can say that, a comparative analysis emphasizes the importance of hysteresis 
stress, strain and penetration while designing spur gears. This implies the importance of 
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design optimization in reducing hysteresis related issues and improves the reliability of spur 
gear assemblies. 
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