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Abstract— Gear teeth failure due to fatigue is a general 

incident observed. Yet a minor drop in the root bending stress 

results in enormous enhancement in the bending fatigue life of a 

spur gear. If gear fails in tensile fatigue condition the results are 

cataclysmic and arise with modest or no notification. So in spite 

of the reasons stated above, this paper is of more practical 

significance. Up till now the gear design has been enhanced by 

using better material, surface hardening and carburization, and 

shot penning for surface finish etc. Some extra efforts have been 

completed to enhance the durability and strength by changing 

the various parameters i.e. pressure angle, by asymmetric teeth, 

by root fillet curve alteration and so on. The majority of these 

techniques do not provide assurance for the interchangeability of 

the existing gear design. This work shows the potential by means 

of the stress concentration methods by inserting the stress 

relieving features at the most stressed area for the reduction of 

root fillet or bending stress in spur gear. In this work, circular 

and elliptical stress relieving holes are employed and better 

results are obtained than using circular stress relieving holes, 

which were employed in previous researches. A finite element 

model of spur gear is considered for analysis and compared with 

the analytical method and stress relieving features of various 

sizes are inserted on gear teeth at root area. In this work the 

optimum size and location of the stress relief features for Spur 

gear are proposed, which help in reducing the fatigue failure in 

gears. 

Keywords— Spur Gear, Bending stress, Static analysis, Stress 

Optimization, FEA 

I.  INTRODUCTION  

Gearing is one of the most essential parts in a mechanical 
power transmission structure, and in mainly industrial rotating 
machinery [1]. It is probable that gears will outweigh as the 
most successful means of transmitting power in upcoming 
machines due to their high degree of consistency and 
compactness. Besides, the rapid changes in the business from 
heavy industries such as ship construction to industries such as 
automobile developers and office automation tools will impose 
a distinguished application of gear technology. 

The escalating requirement for better power transmission in 
machines, generators, elevators and vehicles, has formed an 
increasing demand for an additional accurate examination of 
the characteristics of gear structures. In the automobile 
manufacturing, the biggest producer of gears, higher 
consistency and lighter weight gears are essential as lighter 
automobiles carry on to be in demand. Additionally, the 
achievement in engine stress reduction supports the production 
of better gear pairs for additional stress reduction. However, a 
lack of these experts exists in the newer, lightweight industries 

in Japan [14] mainly because smaller amount young people are 
specializing in gear technology today and conventionally the 
specialists engaged in heavy industries tend to stay where they 
are. 

A competent system is one in which every elements are 
consistent. Therefore suitable care must be given to every 
element in the structure to authenticate the overall reliability. In 
light of this, a profound examination needs to be performed to 
recognize the techniques to overcome the failures of the gear 
and to enhance the reliability of the structure including gear as 
one of its key element. Designing extremely laden spur gears 
for power transmission arrangements that are equally strong 
and silent wants investigation techniques that can simply be 
employed and moreover give information on bending stresses. 
The finite element Analysis (FEA) is competent of giving this 
information, but the time required to make such a model is big 
[2,3]. 

Spur gears analyses in the earlier period were performed 
using analytical techniques [4-7], which requisite several 
assumptions and generalizations. Normally, gear analyses are 
multidisciplinary, together with estimations associated to the 
tooth stress and to tribological failures for example like scoring 
or wear. In this thesis, static bending stress analyses are carried 
out, whereas trying to design spur gears to resist bending 
failure of the teeth. As computers have grown to be more and 
more potent, people have leaned to use arithmetical approaches 
to create theoretical models to calculate the effect of anything 
can be studied [4-9]. This has enhanced gear analyses and 
computer imitations. Arithmetical techniques can potentially 
give more precise solutions since they usually need much less 
uncertain assumptions. The model and the solution techniques, 
nevertheless, must be selected watchfully to make certain that 
the outcomes are precise and that the computational time is 
practical. 

There are two principal forms of failure for spur gears in 
contact with each other: failure by means of bending and 
failure through contact stress at the gear tooth surface, the 
contact stress, or pitting stress, between two contacting gears 
may be calculated by means of the Hertzian contact equation, 
and is relative to the square root of the applied tooth load 
(AGMA 2001-D04). The bending stress is estimated by 
assuming the gear tooth as a cantilevered beam, by a cross 
section of face width by tooth thickness.  The spur gear tooth 
load is directly proportional to bending stress.  Usually, 
bending failure will happen when the stress on the tooth is 
superior than or equal to the yield strength of the gear tooth 
material.  
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In this work, first, the FE model and solution techniques 
required for the precise computation of 2D spur gear bending 
stresses are determined. Afterwards, the bending stresses 
calculated using FEA was evaluated to the outcomes acquired 
from existing techniques of AGMA (American Gear 
Manufacturing Association) [24,25,26].  

The objective of this study focuses on the reduction of 
stresses occurs on Spur gear by means of different stress relief 
features. The Bending stress has to be analysed by means of 
analytical and FEA method then further we will try to reduce 
them by some material removal from the gear. After that some 
advance optimization techniques are also employed in order to 
get the refine data’s on the basis of previously generated stress 
relief features 

II. ASSUMPTIONS 

For developing our gear simulation approach, we make the 
following assumptions: 

 The full load is applied to the tip of a single tooth in static 
condition. 

 The gears are perfectly parallel and transmit equal torque. 

 For the static analysis the driven gear is fixed in order to 
calculate gear strength.  

 There is no friction in between the mating gears and forces 
due to tooth sliding friction and radial component are 
negligible. 

 The load is distributed uniformly across the full face width. 

 There is no interference between the tips and root fillets of 
mating teeth. 

 There is nonzero backlash and the root fillets are standard, 
assumed smooth, and produced by a generating process. 

III. PROBLEM FORMULATION 

Here the two spur gears are mating; they are required to 
transmit the power to the parallel shaft. Now the two spur gears 
are having similar number of teeth and material (steel). The 
upper gear has subjected to a torque of 15000 lbf-inches at 
shaft, due to which I am going to analyse the bending stress at 
lower gear. As per [30] the data’s which are given are as 
follows: 

1. pitch radius rp = 2.5 in 
2. pressure angle α = 20°   
3. number of teeth N = 20 
4. radius of addendum rm = 2.75 in 
5. radius of dedendum rd = 2.2 in 
6. shaft radius = 1.25 in 
7. root fillet has a radius = 0.1 in 
8. Face width = 1.0 
9. Torque applied at shaft = 15000 lbf-in 
10. Material as Steel 
11. Young’s Modulus = 200Gpa 
12. Poison ratio = 0.3 

Now let’s take AGMA bending stress modified formula 
[21], 

𝜎𝑏 =  
𝐹𝑡

𝑏 × 𝑚 × 𝐽
× 𝐾𝑣 × 𝐾𝑜 × 𝐾𝑚  

Where, 

Face width    b =1 in 

Pitch diameter   Pd = 5 in 

Module   m = 
𝑃𝑖𝑡𝑐ℎ  𝑑𝑖𝑎

𝑁𝑜 .𝑜𝑓  𝑡𝑒𝑒𝑡 ℎ
 = 

5

20
 = 0.25 in 

Tangential force  𝐹𝑡  = 
2×𝑀𝑡

𝑃𝑑
 =

2 ×15000

5
 = 6000 lbf 

𝑂𝑣𝑒𝑟𝑙𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 Ko = 1.25 (for uniform light shock) 

Load distribution factor Km = 1.3 (face width up to 50mm) 

Dynamic factor  Kv = 1.2  

Geometry factor  J =0.32 (For  = 20º and Z = 20) 

𝜎𝑏= 
6000 ×1.2×1.25×1.3

1×0.25×0.32
 = 

11700

0.08
 

Bending stress                 𝝈𝒃= 146250 Psi = 1008.358 Mpa 

IV. METHODOLOGY 

 
Fig. 1. Flowchart of the methodology 

V. ASSESSMENT OF SPUR GEAR 

In this section the steel spur gear will be analysed to see the 
various results from the static analyses. The software used to 
perform the analysis is ANSYS® 15.  

A. Material properties 

In this paper both the gears are made by steel [30] and there 
material properties are given in the table 1. 

TABLE I.   MECHANICAL PROPERTIES OF STEEL SPUR GEAR 

PARAMETER  VALUE  

Young’s Modulus (E)  200GPa  

Poisson’s Ratio  0.3  

Tensile Strength Ultimate  1962 MPa  

Tensile Strength Yield  1500 MPa  

Density  7850 kg/m3  

Thermal Expansion  11x10-6 / oC  
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B. Boundary and loading Conditions 

For checking the stresses in the spur gear we need to 
consider the assumptions made. For strength checking purpose 
the boundary condition of the spur gear is fixed at the shaft 
bore and a tangential force of 6000 lbf is applied on the gear 
tooth. The boundary and loading condition is shown in figure 
2. 

 Fig. 2.

 

loading and boundary condition of spur gear

 
C.

 

FEA analysis result

 With all the pre-processing steps the model is now set for 
the static analysis, where the initial results of the static analysis 
are shown in figure 3. The results of the static analysis for the 
spur gear taken are: The Maximum bending stress and 
minimum fatigue life are 1.4624e5 psi and 232 cycles 
respectively.

 

 

Fig. 3. Maximum Bending stress and fatigue life of spur gear 

Now we are going to check the value of stress generated at 
the root for the bending stress verification. As per the figure 3, 
it has been clear the results are coming similar as per the 
AGMA analytical approach, which is shown in table 2. 

TABLE II.  COMPARISON OF AGMA AND FEA RESULTS 

  Analytical method 

AGMA 

Finite Element 

Method 

% error 

Bending Stress 
146250 psi Or 
1008.358 Mpa 

14624 psi Or 
1008.3 Mpa 

0.01 % 

As per the table2, we can say that the analysis which we are 
doing is considerable for the further analysis and modifications. 
Now as our prior analysis is correct then we can further move 
on to achieve the objective as reduction of stress at spur gear 
tooth. For attaining the goal now we are further taking some 
cases where we are going to insert some stress relief feature in 
order to reduce the stresses. 

D. CASE 1 –Circular hole at root 

The first case we are taking is the, one circular hole at root 
location. For this case we’ve chosen one random hole with 
some specific size and location to observe the result of it; 
whether it reduces the stress and increase the life or not. 

The hole created at the root side is shown in the figure 4. 
The diameter (dia) of the hole is 0.03in and the as per the 
figure shown below the vertical dimension (v) as 2in and 
horizontal distance (horz) from the datum line goes through 
center and pitch point of the tooth is 0.2in. 

 

Fig. 4. Geometric location of the hole at the root 

The result of the static analysis of the case one is shown in 
figure 5. The Bending stress generated due to tangential force 
is 1.4194e5 psi or 978.65 Mpa. Which is less than the initial 
(without any hole as 1008.3 Mpa) one. 

 

Fig. 5. Bending stress and Fatigue life of case 1 (before optimization) 

It has been clearly observed that there is a fair amount of 
stress reduction with the help of hole created but as we don’t 
know what should be the exact location and the size of the hole 
created. We can only check it by means of lots of iterations. To 
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reduce the modeling time and enhance the efficiency of the 
gear, now we are going for the optimization. 

For the optimization of the stress and fatigue life we are 
going to take the size and the location parameters as input and 
the bending stress and the bending fatigue life are the two 
response parameter. For the optimization as there are more than 
one objective, so we’ve taken the Multi Objective Genetic 
Algorithm (MOGA) as the optimization method to enhance the 
performance of the gear. 

With the help of MOGA the optimization has been 
converged after 284 sample point. The candidate points are 
shown in the Figure 6. 

 

Fig. 6. Optimization candidates for case 1 

As per the table we can say that the reduction in the stress 
with respect to the initial (without hole) and with hole of case 1 
the stress has been reduced up to great extend.  

E. Case 1a -Pattern of Holes 

But putting a single hole doesn’t make any sense because 
there are 20 other teeth which are going to be in contact with 
other gears teeth. So checking a single hole is not a good 
concept, for this reason we are going to create the pattern of the 
optimized hole (size and location) for the spur gear. So for this 
20 holes are placed in equidistance (as 18º) in 360º at the spur 
gear. After putting 20 holes in the gear, let us check the 
variation in the stress and the bending fatigue life, which are 
shown in the figure 7. The new stress and fatigue life are 
813.93 Mpa and 406.36 cycles.  

 

Fig. 7. Optimized stress and life of spur gear in case 1a with holes pattern 

F. CASE 2 – Stress Relief Feature – Elliptical hole at root  

The second case we are taking is the, one elliptical hole at 
root location. For this case we’ve chosen one random elliptical 
hole with some random size and location to observe the result 
of it; whether it reduces the stress and increase the life or not. 

The hole created at the root side is shown in the figure 8. 
The input parameters as the maximum diameter (Dmx) and the 
minimum radius (Rmn) of the hole is 0.03in and the as per the 
figure shown below the vertical dimension (V) as 2in, 
horizontal distance (H) from the datum line goes through 
center and pitch point of the tooth is 0.2in and the angle (Ang) 
between the datum line goes through center and pitch point of 
the tooth and the Major axis is 1º. 

 

Fig. 8. Geometric location of the elliptical hole at the root 

The result of the static analysis of the case one is shown in 
figure 9. The Bending stress generated due to tangential force 
is 932.7 Mpa. Which is less than the initial (without any hole as 
1008.3 Mpa) one. 

 

Fig. 9. Bending stress and Fatigue life of case 2 (before optimization) 

The minimum fatigue life for one elliptical hole is 285.15 
cycles, which is better than the initial spur gear analysis 
(without holes) as shown in figure 9. From the above shown 
figures it has been clearly observed that there is a fair amount 
of stress reduction with the help of elliptical hole created but as 
we don’t know what should be the exact location and the size 
of the hole created. We can only check it by means of lots of 
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iterations. To reduce the modeling time and enhance the 
efficiency of the gear, now we are going for the optimization. 

With the help of MOGA the optimization has been 
converged after 240 sample point. The candidate points are 
shown in the figure 10. 

 

Fig. 10. Optimization candidates for case 2 

As per the table we can say that the reduction in the stress 
with respect to the initial (without hole) and with hole of case 1 
the stress has been reduced up to great extend. 

G. Case 2a - Pattern of Holes 

But putting a single elliptical hole doesn’t make any sense 
because there are 20 other teeth which are going to be in 
contact with other gears teeth. So checking a single hole is not 
a good concept, for this reason we are going to create the 
pattern of the optimized hole (size and location) for the spur 
gear. So for this 20 holes are placed in equidistance (as 18º) in 
360º at the spur gear. 

After putting 20 holes in the gear, let us check the variation 
in the stress and the bending fatigue life, which are shown in 
the figure 11. The new maximum stress and minimum fatigue 
life are 796.16 Mpa and 430.36 cycles. 

 

Fig. 11. Optimized stress and fatigue life of spur gear in case 2a with holes 

pattern 

VI. CONCLUSION 

 We discussed the process detailed in this paper expands 
upon an important phenomena of Bending Stress and its fatigue 
life. This paper offers a unique and comprehensive process for 
the design and optimization of Spur gear bending stress and 
related fatigue life. By the means of stress relief features we 
can reduce the bending stress and increase the fatigue life of 
spur gear, but along with this we discussed about the 
optimization of the Bending stress and fatigue life with respect 
to the size and location parameters of the stress relief holes. 
This will lead us to some unique result where the Bending 
stress has been reduced by approx. 21% and life has been 

enhanced approx. just double of initial fatigue life.  The 
summarised results have been shown in the table below. Now 
we can summaries the paper with the help of the table 3. 

TABLE III.  TABLE 3 SUMMARY OF SPUR GEAR ANALYSES AND 

OPTIMIZATION 

 
Maximum 

Bending stress 

(Mpa) 

Minimum 

Fatigue life 

(cycles) 

Initial Analyses of spur gear 1008.35 232.85 

Optimized Single circular hole of case 

1 
806.04 416.78 

Pattern of optimized circular hole of 

case 1a 
813.93 406.36 

%Reduction/enhancement through 

optimized case 1a pattern w.r.f initial 

analyses 

19.2% 174.5% 

Optimized single elliptical hole of case 
2 

846.84 366.55 

Pattern of optimized elliptical hole of 

case 2a 
796.16 430.36 

%Reduction/enhancement through 
optimized case 2a pattern w.r.f initial 

analyses 

21.04% 184.82% 

 

This work presents the results obtained by applying 
analytical method (AGMA) for spur gear to calculate the 
bending stress and the same by FEA analyses, which shows a 
good result in comparison. 

The stress analysis of a tooth shows that the trailing fillet 
which has compressive stresses has higher stress levels than the 
leading fillet which has tensile stresses. It is concluded from 
the optimization study of keeping the hole along the profile of 
the tooth that the effect of any feature like a hole any where 
above the dedendum and in the tooth leads to an increase in the 
stresses in the fillets. The choice of the size and location of the 
elliptical hole is not a simple process, due to the non linear 
variations in a complex geometry, as the studies have shown. 
These studies results show a general tendency to have a stress 
reduction by adding the circular hole but the best results have 
to be chosen only after an optimization is done as 
demonstrated. 

The introduction of a elliptical hole or circular hole on the 
dedendum circle reduces the stress levels by a very high 
percentage with a small loss of rigidity of the tooth. This 
translates into an exponential increase in the life of the gear due 
to a better location on the S-N curve for fatigue loading. 
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