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Abstract 

This thesis describes a correlation study of gear tooth bending stresses between physical 

testing and Finite Element modelling. It was conducted after a discovery at GKN that 

there were inconsistencies between the measured and calculated tooth root stresses for a 

hypoid gear set. The aim of the thesis was to investigate to what extent the stresses are 

correlated and if the program used is reliable for bending stress calculation. This would 

then be used to create S/N-curves for the gear set.  

The correlation was studied for several different aspects of the gear set. The contact 

pattern for the gear set was compared visually for a range of torque levels to see how 

well they matched and if this would contribute to the discrepancy. The root bending 

stress had been measured using a number of strain gauges in the root of the teeth. The 

location of these strain gauges was measured using a digital microscope and coordinate-

measuring machine and the strain in the corresponding location in the Finite Element 

model was evaluated.  

The calculated contact pattern showed a slight under-approximation for lower torque 

levels but the agreement increased with increasing torque levels. The stress showed 

good correlation in the highly stressed middle area of the tooth for both the pinion and 

the ring gear while the lowly stressed heel and toe were worse. As the maximum stress 

is the deciding factor for bending fatigue the program was deemed reliable and the 

results used to evaluate fatigue life for the gear set.   
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Sammanfattning 

Detta examensarbete beskriver en korrelationsstudie för böjspänningen i kuggrötter där 

finita element-simuleringar jämförs med fysiska testresultat. Korrelationsstudien 

utfördes då GKN upptäckte att det var inkonsekvent överensstämmelse mellan uppmätta 

och beräknade böjspänningar i kuggroten i en hypoidkuggväxel. Syftet var således att 

säkerställa till vilken grad spänningarna var korrelerade och om det program som 

använts är pålitligt vad gäller böjspänningsberäkningar. 

Ett flertal aspekter undersöktes i korrelationsstudien. En okulär jämförelse mellan det 

den beräknade och den uppmätta kontaktarean gjordes för ett intervall av momentnivåer 

för att fastställa hur väl de stämde och för att se om det kunde bidra till diskrepansen i 

spänningsjämförelsen. Böjspänningen mättes i testet med ett antal trådtöjningsgivare 

monterade i kuggroten. Dessa givares position mättes upp med hjälp av ett digitalt 

mikroskop och en koordinatmätningsmaskin. Samma spänning mättes sedan upp i 

motsvarande område i den finita element-modellen. 

Den uppmätta kontaktarean var något underskattad för låga momentnivåer men vid 

högre nivåer var korrelationen god. I områden med hög böjspänning i kuggroten var 

korrelationen mellan test och simulering god. I kuggtändernas tå och häl var 

korrelationen sämre. Då det intressanta området är det med hög spänning ansågs 

programmet var tillräckligt exakt för att användas för att skapa utmattningsdiagram från 

testdata. 
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1 Introduction 

The work was conducted at and for GKN Driveline in Köping. GKN has branches in a 

variety of businesses including Aerospace, Powder Metallurgy, Driveline and Land 

Systems. GKN Driveline is a world leading supplier of automotive driveline systems 

and solutions. As a global business serving the leading vehicle manufacturers, GKN 

Driveline develops, builds and supplies an extensive range of automotive driveline 

products and systems for use in the smallest ultra-low-cost car to the most sophisticated 

premium vehicle demanding the most complex driving dynamics. It provides solutions 

to many Original Equipment Manufacturers such as Tata, GM, VW, Toyota, Ford, 

Fiat/Chrysler and Geely. Among those systems are All Wheel Drive (AWD) drivelines. 

 

 

Figure 1 - AWD system main components. 

An AWD system is similar to a four wheel drive system in that it can provide power to 

all four wheels but on a more selective basis than full four wheel drive. The power is 

taken from the gearbox via the Power Take off Unit (PTU). This unit distributes the 

power between the wheels and the propeller shaft which connects the PTU with the 

coupling in Figure 1. Whether or not the rear wheels utilize the power provided by the 

PTU is determined by the coupling which connects the propeller shaft to the Rear Drive 

Unit (RDU), see Figure 1. A more detailed example of a RDU can be seen in Figure 2. 
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Figure 2 - Example of a rear drive unit with a differential [1]. 

The rear differential in the RDU distributes the input power between the back wheels. 

The rear differential contains a hypoid gear set with the ring gear connected to the rear 

differential carrier and a pinion connected to the prop shaft via the coupling. 

When evaluating the stresses in the gear a number of different softwares are used at 

GKN. During an earlier thesis internship at GKN it was discovered that the stresses 

measured on the flank of the RDU gear set were much lower than the stresses predicted 

by the softwares used for evaluation. It was therefore decided that a correlation study 

was to be performed for the gear set with the goal to understand if and why there was 

such a large discrepancy between the calculated and measured stresses. 

The goal of this work is to investigate the reason of the inconsistencies between the test 

results and the calculation results. This will be done by investigating the strains at the 

strain gauge location used in the test. It will be done using HypoidFaceMilled since it 

uses Finite Element (FE) models which can be studied more in-depth. The purpose of 

this is to see how well the calculation matches the test and if the simulation can be 

trusted. The final goal is to use these stress results in conjunction with bending fatigue 

tests in order to create S/N-curves based on experimental data. 
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2 Theory 

2.1 Gears 

 

Figure 3 - Straight teeth bevel gear set [2]. 

The most common type of gear is the spur gear. They have straight teeth and are only 

capable of transferring power between two parallel axes [3]. In the automotive industry 

it is more common to use bevel gears. These gear sets have the advantage that they can 

transfer torque under an angle between the input and the output shaft [4]. The smaller 

gear in the bevel gear set is called the pinion and the larger one is called the ring gear, 

see Figure 3. The point of intersection between the two axes is called the crossing point. 

 

 

Figure 4 - Left: Definitions of the areas of a gear tooth [5]. Right: Definition of the 

main directions of a gear tooth. 

The basic geometry and main directions of a gear tooth is shown in Figure 4. The heel 

in a hypoid gear set is located furthest away from the crossing point of the pinion and 

the ring gear. The toe is located closest the crossing point. The convex flank of the ring 

gear tooth is denoted as the drive flank while the concave side of the ring gear is called 

the coast flank. For the pinion the definitions of drive and coast are the opposite. The 

process of a pair of gear teeth moving in and out of contact with each other is called the 

meshing process. 
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Bevel gears can be manufactured in two configurations with either curved or straight 

teeth. The curvature of the teeth is defined by the spiral angle which is shown in Figure 

5. The gear can also be defined as left or right handed depending on the direction of 

curvature. The spiral shown below is a left handed spiral bevel gear. 

 

Figure 5 - Definition of the spiral angle in a helical bevel gear [6]. 

A hypoid gear is a special type of bevel gear in which there is an offset between the 

pinion and ring gear axis which is larger than zero, see Figure 6. For a standard bevel 

gear set this offset is zero. Hypoid gears have curved teeth and are designed to transmit 

torque in drivelines where the axial direction of power needs to be changed. The offset 

allows the pinion to be mounted closer to the ring gear, which lowers the overall centre 

of gravity. The overall dimensions of the gear housing can be made smaller which 

reduces the weight of the car.  

 

Figure 6 - Left: Bevel gear with zero offset. Right: Hypoid gear with offset. 

Another advantage is that the pinion can be made larger and more robust thus reducing 

the bending stress in the teeth. An increase in spiral angle is also possible which 

improves the load sharing capacity between the teeth in the gear. The noise generated is 

also reduced due to the increased sliding between the teeth but this comes at the expense 

of an increased demand on the type of oil used in the gear set [4]. 
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2.2 Design 

The shape and orientation of the gear teeth is defined by the cutter head used to 

manufacture the gear. At its core the gear flanks of a spiral bevel gear have to conform 

to a number of kinematic coupling requirements. The kinematic rules can be summed 

by defining the term conjugate gear pair, which is defined by Gleason as: 

- The flanks contact along a line which is limited by the boundaries of the teeth. 

- The line of contact between the flanks exists within the entire area of 

engagement in every mesh position. 

- Line contact is maintained in the entire area of engagement even if the pinion 

and ring gear are rotated by angular increments as long as these increments 

exactly fulfil the transmission ratio. 

The transmission ratio is the ratio between ingoing and outgoing revolutions per minute 

(RPM) and the line of contact is the line at which the two gear flanks are in contact at 

every given point during the meshing process, see Figure 7.  

 

 

Figure 7 - Line of contact in a spiral gear tooth. 

This conjugate gear set is designed for when the two gears are perfectly aligned and the 

teeth have full contact over the face width. The gears are however mounted on shafts 

which will bend when the gears are in operation. This will cause the perfect fit of the 

gears go out of alignment and cause only a small area of the face to be in contact. This 

will cause local stress concentrations and increased noise. It may also cause edge 

contact in the teeth which is when the edge of one tooth makes contact with the face of 

another tooth. 

In order to fix this crowning, which can be seen in Figure 8, is introduced. The 

crowning of a gear set can be either length crowning (longitudinal crowning), profile 

crowning or flank twist, which is a combination of the two. The amount and shape of 

the crowning defines the ease-off, which describes how the optimized gear tooth face 

differs from the conjugate gear tooth face.  It is also known as gear micro optimization. 

The crowning is determined by modification of the cutter blade and the orientation of 

the cutter head [4]. Crowning can be applied to the pinion, the ring gear or both. This 

depends on both how easy it is to modify the respective parts and on the gear set 

requirements. 
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Figure 8 - Longitudinal and profile crowning of a gear tooth [7]. 

The dotted lines in Figure 8 show how the tooth has been modified compared to the 

conjugate gear tooth. The ease-off affects the load carrying capacity of the gear with a 

larger amount of crowning increasing the root bending stress due to a smaller load 

carrying area [8]. 

2.3 Manufacture 

 

Figure 9 - Face milling cutting head [9]. 

There are two methods to manufacture bevel gears: face milling (single indexing) or 

face hobbing (continuous indexing). The gear before machining is called the gear blank. 

The gear set in the Project RDU is produced using the face milling process. This means 

that the cutter tooling is stationary while the gear blank rotates after each tooth has been 

generated [10]. A typical milling tool can be seen in Figure 9.  

This part of the process is called soft machining. After the gear has been cut with either 

the face milling or hobbing process it is sent for heat treatment. The purpose of the heat 

treatment is to increase wear and fatigue resistance of the ring gear and the pinion. 

There are a lot of different heat treatment methods including case carburizing, nitrating 

and flame hardening. Case carburizing is the method used for this particular gear set. 

The gear is kept at a high temperature in a carbon rich environment which allows 

carbon atoms to penetrate the outer layer of the gear, making it harder but at the same 

time more brittle from the subsequent rapid cooling process. 
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The last stage of manufacture is composed of so called hard machining techniques. This 

is the stage where the gear is formed into its final shape. The two most common 

techniques are grinding or lapping. Grinding of a gear surface is done by a separate tool 

while lapping is done by letting a pair of gears rotate against each other with an abrasive 

in between [4]. For the Project RDU the hard machining is done via grinding.  

If the gear requires an additional increase in strength and durability which cannot be 

achieved by design due to requirements on the gear dimensions, shot peening can be 

introduced. It consists of shooting small spherical particles at the surface which causes 

plastic deformation. This surface yielding causes the surface material to expand which 

introduces compressive stresses which are beneficial for fatigue life [11]. It can also 

remove directional grooves caused by the machining process. This is beneficial since 

these grooves can act as stress concentrations where fatigue cracks can initiate [12]. 

2.4 Fatigue 

Since gears are loaded in cycles they are susceptible to various types of fatigue, 

including pitting, bending, scuffing and wear. The bending fatigue is due to the cyclic 

bending stress. The bending fatigue failure is usually initiated at the root of the tooth 

due to the root fillet stress concentration [13]. 

2.5 Gear misalignment  

When the gear is in operation it transfers torques between the gears which causes the 

shafts upon which the gears are mounted to bend. It also causes deflections in the 

bearings which in conjunction with the aforementioned bending of axes causes the 

alignment of the gears to change.  

 

Figure 10 - Definitions of the deflections obtained when performing an EPG 𝛼 test [14]. 

The displacements are unique to the setup of the housing and the bearings as well as the 

shafts and therefore one has to either test or simulate them for each housing and bearing 

setup. This is called an EPG 𝛼 test, where the letters denote the different deflection 

directions in Figure 10. The 𝛼 value is the angle between the pinion and the ring gear in 

the GP-plane. The EPG 𝛼 values are dependent on the applied load and are therefore 

tested for a number of torques. 
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When performing the experiment the unit is mounted in a rigid fixture in order to 

disregard deformation of the housing. A series of dials are then mounted at prescribed 

positions and the deflection values are read for each applied torque. These deflections 

are then used to calculate the EPG 𝛼 values [14]. The effects of these deflections on the 

stress in the teeth can be quite large with deflections of less than a millimetre resulting 

in up to a 15% increase in bending stresses. The effect of the deflection is strongly tied 

to the crowning in the gear [15]. 

2.6 S/N-curve 

An S/N-curve is a way of representing the level of stress which a structure can 

withstand for a certain number of cycles before failing. The curves are based on 

experimental data where a specimen is run at a constant stress level until failure or run 

out.  

A run out is defined as a stress level where fatigue failure does not occur within a 

specified number of cycles, usually 107 cycles, and results obtained at this level are 

usually taken as the endurance limit or fatigue limit. The results are presented in a log-

log diagram [16]. A fatigue test can be run in a number of different configurations in 

order to take into account various effects, such as the influence of mean stress, which 

can have an effect on the fatigue life.  

A fatigue test is characterized by the so called R-value which is defined as  

 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 (1) 

 

where 𝜎𝑚𝑖𝑛 is the minimum stress in the load cycle and 𝜎𝑚𝑎𝑥 is the maximum stress in 

the cycle [17] [18]. At GKN the gear box is run in drive mode, which means that the 

torque is applied by the pinion, until run out or failure. Coast means that the torque is 

applied by the ring gear. With (1) this gives an R value of zero since the teeth roots are 

only subjected to tensile stress.  

The fatigue life at different load levels is usually evaluated using statistical methods to 

account for the scatter in the data. The probability of failure and level of confidence is 

defined either by use of standards or customer specifications. 
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2.7 HypoidFaceMilled 

HypoidFaceMilled (HFM) is a FE-software by Ansol used by GKN to evaluate stresses 

and fatigue life for face milled hypoid gear sets. If the gear has been manufactured using 

a machine by Gleason a .spa-file can be generated which can be imported into the 

program. The .spa-file can either include only the conjugate gear set or it can include 

the ease-off, depending on the designer. HFM also has options to include the EPG 𝛼 

values as well as the differential carrier, pinion shaft and gear rims in the calculation 

[19]. The ease-off can be imported via a secondary file containing deviations for a series 

of measurement points. These deviations are either defined in Cartesian coordinates or 

in the direction of the normal vector to the gear surface at the measurement point 

When calculating the gear meshing process HFM divides it into a number of time steps 

defined by the user. Each time step represents a point in the meshing process and 

corresponding line of contact at that moment. In order to get the whole meshing process 

of one tooth pair the time step needs to be defined from the angular velocity of the gear 

set.  

The load frequency was defined as  

 
𝑅𝑃𝑀 =

60

𝑧𝑝
 (2) 

 

where 𝑧𝑝 is the number of teeth in the pinion. This is a standardized model used to 

facilitate ease of calculation. With the RPM from (2), a time step number of eleven and 

a time step of 0,1 seconds gives a good trade-off between computational time and 

coverage of the entire meshing process. The contact in HFM is calculated using linear 

elasticity which means that edge contact will lead to numerical singularities since the 

load carrying area is close to zero. 
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3 Contact pattern 

3.1 Method for contact pattern correlation 

In order to verify that the contact pattern generated by HFM is correct it had to be 

compared to a contact pattern test. The .spa-file for this gear set contains the conjugate 

gear pair. The ease-off was imported into HFM via a secondary coordinate file 

containing measurement points and deviations in Cartesian coordinates and the gear 

pattern was calculated for all the measured torque levels in the lab test.  

The Project RDU has a naming convention for different phases of development which 

are termed P1, P2, P3 and so forth with the production phase being denoted as 

Production. This naming convention is used to define which ease-off topography was 

used during the calculations. The contact pattern comparison was done by visual 

inspection as there was no way to calculate the contact area achieved in the tests. 

3.1.1 Ease-off 

The ease-off was measured using a Klingenberg P40 which utilizes a probe for 

measuring surface properties [20]. It is used to measure how the actual gear surface 

differs from the conjugate theoretical gear surface. It works by measuring a number of 

teeth on the gear and then taking the average of the deviations from the conjugate gear 

surface for a number of points on the surface. HFM then uses a polynomial of a desired 

degree to fit the surface to these value.The measurements are made for all program 

phases and are used to the define the nominal microgeometry for the gear.  

3.1.2 EPG 𝜶 

The EPG 𝛼 deflections were included in the contact pattern simulation in order to get it 

as close to the test as possible. Each torque level is associated with its own combination 

of EPG 𝛼 values. Rather than testing these values for every possible torque level they 

are tested for a few torques and these points are used to interpolate the EPG 𝛼 values for 

other torque levels. 

For the Project RDU no physical EPG 𝛼 tests have been made. These values have been 

approximated using RomaxDESIGNER, which is a system tool for driveline design 

[21]. The nominal values were calculated for 1150 Nm of torque [22] and a linear 

function was fitted to these values. The deflections for no applied torque were assumed 

to be zero and the slope of the linear curve fitted to the nominal values for 1150 Nm of 

torque was calculated as   

 𝑘𝑛 =
𝑛1150

1150
 (3) 

 

where n corresponds to the variables 𝐸, P, G or 𝛼 and 𝑛1150 is the corresponding value 

at 1150 Nm of torque.  

 



11 
 

The slopes for the lines fitted to the data are presented in Table 1. The EPG 𝛼 values for 

different torque levels were calculated as  

 𝑛𝑇 = 𝑘𝑛 ∙ 𝑇 (4) 

 

where 𝑇 is the torque. The results are presented in Table 2 and plotted in Appendix A. 

Table 1 - Slopes for the linear fit of the EPG 𝛼. 

Parameter 𝑘𝐸 [mm/Nm] 𝑘𝑃 [mm/Nm] 𝑘𝐺  [mm/Nm] 𝑘𝛼 [◦/Nm] 

Value -0,425 0,212 -0,124 0,129 

 

Table 2 - Linearly interpolated EPG 𝜶 values. 

Torque [Nm] E [mm] P [mm] G [mm] 𝛼 [◦] 

450 -0,191 0,096 -0,056 0,058 

495 -0.210 0,105 -0,062 0,064 

500 -0.213 0,106 -0,062 0,065 

750 -0.319 0,159 -0,093 0,097 

1000 -0.425 0,213 -0,124 0,129 

1350 -0.574 0,287 -0,168 0,174 

1400 -0.595 0,298 -0,174 0,181 

3.1.3 Material data 

The analysis is linear elastic with no plasticity, the material data is presented in Table 3. 

Table 3 - Material properties for the steel used in HFM, HyperMesh and MSC Marc. 

Material Young′s modulus [GPa] Poisson’s ratio [-] 

Steel 207 0,3 

3.2 Experimental measurements of contact pattern 

In order to ensure that proper contact between the pinon and the ring gear is achieved 

and that it acts correctly under load and temperature conditions a contact pattern test can 

be performed. It is done by mounting the ring gear and the pinion in a fixture and then 

spraying the surface with a layer of paint. The gear is then rotated in drive, coast or both 

for several different torque levels in order to see if the contact pattern fulfils the 

requirements. The paint is reapplied between each torque level [23]. 

For the Project RDU Production phase no such contact pattern test had been made. In 

order to see that the contact pattern generated by HFM corresponds with the real pattern 

to a satisfactory degree the contact pattern was checked for a gear geometry for which 

pattern tests are available, namely phase P3.  

The gear pattern results for 50, 750 & 1250 Nm are presented in Figure 11. For low 

torque, the contact pattern is centred on the tooth flank while for higher torques, 

complete contact is achieved. 
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Figure 11 - Starting from the left: Contact patterns for 50, 750 & 1250 Nm torque [23]. 

3.3 Contact pattern simulation 

The mesh for the pinion and the ring gear can be seen in Figure 12 and Figure 13 

respectively. When calculating the contact and bending stresses HFM first identifies the 

teeth that are likely to have contact and then constrains these teeth at the lower end. 

 The mesh options in HFM are somewhat limited with the number of elements along the 

tooth being definable between 1 and 16 elements. The body mesh can be chosen from 

three different templates called medium, fineroot or finest. Four elements along the face 

direction and the fineroot fidelity mesh template were chosen in order to have a good 

trade-off between calculation time and accuracy in HFM. This body mesh template 

increases the amount of elements in the root and fillet area. 

 

 

Figure 12 - Left: Entire pinion mesh. Right: The pinion teeth identified by HFM to be in 

contact during a load step. 
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Figure 13 - Left: Entire ring gear mesh.  Right: The ring gear teeth identified by HFM 

to be in contact during a load step. 

3.4 Results of contact pattern comparison 

 

Figure 14 - Upper: Contact pattern for 100 Nm of torque. Middle: Contact pattern for 

500 Nm of torque. Lower: Contact pattern for 1250 Nm of torque. 

In Figure 14 the calculated vs. the tested contact patterns are illustrated with the heel of 

the gear located to the left. As can be seen the calculated contact pattern for low torques 

is under-approximated. For 100 Nm it deviates by 15-20% in the heel of the gear.  

As the torque increases the agreement with the test improves and for 1250 Nm of torque 

there is almost complete agreement. For the toe the contact pattern remains largely 

unchanged with a slight under-approximation for all torque levels.  
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3.5 Discussion for contact pattern comparison 

The contact pattern calculated by HFM does not cover the face of the tooth to the same 

extent as the contact pattern in the test. This can be attributed partially to the fact that 

when calculating the microgeometry of the gear tooth HFM uses measurements from a 

series of discrete points and then fits the surface to these points with a polynomial of a 

selectable degree. This error is dependent on the noisiness of the data and the order of 

the polynomial used to fit the surface. This was not investigated and instead the 

standard settings were used and the effects taken into consideration. 

What the under-approximation of the contact pattern means for the stresses is that for 

the edges of the teeth the FE model will show lower stresses than what is measured in 

the test. It is not possible to determine the contact pressure from the contact pattern test 

which is must also be taken into consideration. The pattern itself may be in agreement 

between the FE model and the tests but there might still me a difference in the actual 

pressure in the area. This will affect the error in lowly stressed areas more than in highly 

stressed areas since a small difference in stress will show up as a much larger error if 

the stress is low. 
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4 Tooth root stresses 

4.1 Method for tooth root stress correlation 

The main purpose of the correlation study is to ensure that the FE model represents the 

measured strain at the measurement location. This means that the location of the strain 

gauge in the face and profile direction has to be known in order to measure at the same 

location in the FE mesh. The location of the strain gauge was measured in two ways. 

First the location in face direction was measured. This was done using a Tagarno 

Magnus HD digital microscope. The pinion and the gear were set up so that the 

coordinate system in the digital microscope corresponded to the coordinate system used 

in the FE model. This was done in different ways for the pinion and the ring gear.  

 

Figure 15 - Common coordinate system for the ring gear. 

The corresponding origin chosen in the FE model and the measured detail for the ring 

gear is shown in Figure 15. The measurements in the z-direction for the four strain 

gauges are denoted 𝑧𝑟1, 𝑧𝑟2, 𝑧𝑟3 and 𝑧𝑟4. 
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Figure 16 - Common coordinate system for the pinion. 

The coordinate system for the pinion is shown in Figure 16 with the measurements 

denoted 𝑧𝑝1, 𝑧𝑝3 and 𝑧𝑝4. The second strain gauge was left out in the pinion 

measurements since it was not functional [24]. 

Secondly the strain gauge position in the profile direction had to be measured. This was 

done using a ConturoMatic T1 which is a probe measurement machine used for 

measuring flank radii and surface deviations in gears. It has a resolution of 0,033 µm 

[25] and was used to detect the edges of the strain gauge on the gear surface in the 

profile direction. 

  

Figure 17 - Measurement of the strain gauge location in the profile direction. 

A coordinate system was then set up in the measurement software and the distance to 

the edges of the strain gauge were measured, see Figure 17. The distance from the 

coordinate system to the ends of the gauge is denoted as 𝑥1 and 𝑥2. The same coordinate 

system was then set up in the FE model and the measurements were used to 

approximate the strain gauge location on the gear profile. This was done for all gauges 

except the second one. 
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After the strain gauge locations had been found the strain had to be measured in the 

same way as the strain gauge measures it. The strain gauge is oriented in the profile 

direction of the gear tooth. Therefore the tangential elastic strain in the profile direction 

was measured at the strain gauge location, see Figure 18. The strain gauge measures the 

average strain over the area in which it is located. To measure the same way in the FE 

model all the strains in the nodes which are located in the approximated strain gauge 

area were summed and divided by the number of evaluated nodes.  

 

Figure 18 - Tangential elastic strain 𝜖 measured in the tooth root. 
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4.2 Strain gauge measurements 

 

 

Figure 19 - Strain gauge placement on the pinion [24]. 

 

Figure 20 - Strain gauge placement on the ring gear [26]. 

The strain gauge location along the pinion can be seen in Figure 19 with the toe being 

located to the right. In Figure 20 the ring gear is shown with the toe located to the left. 

The tests were conducted for two gear sets separately, with one gear set used to measure 

the pinion strains and the another to measure the ring gear strains.  
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The strain was measured over an entire revolution of either the ring gear or the pinion 

for a number of different torque levels. For the pinion test strain gauge number 2 did not 

work which leaves part of the pinion teeth unverifiable [24] [26]. 

Since there is no feasible way to equate each load step in the FE model with the test 

measurements it was assumed that the highest strain measured in the test occurs at the 

same time as the highest stress in the FE model. The maximum strain in any one of the 

strain gauges was found for both the ring gear and the pinion test. The strain in the other 

strain gauges was also recorded for the same time step. The results can be seen in Table 

4 and Table 5. The strains along the face direction are visualized in Figure 21 and 

Figure 22. 

Table 4 – Strains corresponding to the highest bending stress in the ring gear at 

different torque levels.  

 Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Torque Strain [10−6] Strain [10−6] Strain [10−6] Strain [10−6] 

500 835 1523 1936 942 

750 1058 1913 2728 1694 

1400 1675 2873 4771 3777 

 

Table 5 - Strains corresponding to the highest bending stress in the pinion at different 

torque levels. 

 Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Torque Strain [10−6] Strain [10−6] Strain [10−6] Strain [10−6] 

495 4 - 2011 303 

750 -20 - 3103 791 

1150 -14,9 - 4913 1422 
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Figure 21 - Strains in the profile direction along the ring gear root. 

 

 

Figure 22 - Strains in the profile direction along the pinion root. 
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4.3 Simulation of tooth root bending 

4.3.1 Tooth FE model 

In order to get the FE model as close to the test as possible the ease-off topography was 

measured for both the gear sets used in the strain measurement tests. These were then 

used when evaluating the tooth root stresses.   

The same mesh as in the contact pattern test was used in HFM to evaluate the root 

stress. From HFM the loaded teeth were exported to HyperMesh in order to have more 

options and better measurement possibilities.  The contact pressure is automatically 

interpolated into nodal forces during the mesh export process. This leads to extremely 

large nodal forces in areas of calculated edge contact. These edge contacts are not 

present in the real gear set and their influence on the root strains was studied by both 

including and excluding them in the FE analysis.  

 

 

Figure 23 - Element coordinate system. 

The element coordinate system can be seen in Figure 23. The coordinate in the z-

direction is oriented along the face direction and the 𝜉-coordinate is oriented along the 

profile direction. 

The mesh was further refined using the built in options in HFM. This was done by 

specifying the number of divisions that the original elements were to be divided into 

during export. The number of divisions of the original element is presented in Table 6. 

This mesh size was chosen for two reasons. For the external FE model it was at a mesh 

level for which the stresses were converged. Secondly it ensured that there was a 

satisfactory amount of nodes in the representative strain gauge area. 

Table 6 - Divisions of the original element size 

Parameter 𝜉 𝜂 𝑧 

No. divisions 4 4 8 

 

The mesh was made up of second order 20 node brick elements with an average element 

size of 1,277 mm in the face direction and 0,1556 mm in the profile direction for the 

ring gear and 1,142 mm in the face direction and 0,1536 mm in the profile direction for 

the pinion.  
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4.3.2 Load step 

 

Figure 24 - Left: Maximum principal stress in the ring gear over time. Right: Maximum 

principal stress in the pinion over time. 

Figure 24 shows how the maximum principal stress in the teeth of the gear set vary over 

the meshing process. This was used to find the load step with the highest maximum 

principal stress. As can be seen the maximum principal stress over the load cycle is at 

different time steps than for the ring gear and the pinion. The highest load step was 

exported separately for the pinion and the ring gear for each torque level. 

4.3.3 Edge contact 

 

 

Figure 25 - Loads on three individual adjacent teeth in the ring gear during a single 

load step. 

The contact in each individual load step looks like Figure 25. The coloured lines in the 

picture show how large the area of contact with another tooth is in every load step. Each 

of the three tooth faces in the picture are individual teeth. These lines move over the 

tooth faces during the load cycle.  
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Projecting all the time steps of the load cycle at the same time on one tooth face gives 

the pattern in Figure 26. While the rest of the tooth has an average contact pressure of 

1800 MPa the edge contact the contact pressure at the edge contact is unconverged. This 

will lead to very large nodal forces at these locations when they are exported from HFM 

to HyperMesh. The edge contact is always present in the HFM simulation and was thus 

had to be handled in HyperMesh. 

 

Figure 26 - Complete contact pattern during the entire load cycle for 500 Nm of torque 

on a ring gear tooth. 

 

 

Figure 27 - Exported ring gear mesh with contact pressure converted into nodal forces 

for 500 Nm of torque. 
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Figure 28 - Exported ring gear mesh with contact pressure converted into nodal forces 

for 495 Nm of torque. 

In Figure 27 the exported mesh and loads are shown for a segment of the ring gear. The 

mesh for the pinion is show in Figure 28. Each tooth in the mesh had to be exported 

separately and then the meshes were joined in HyperMesh. The mesh was exported into 

MSC Marc 2014 where the model was solved and the strains and stresses were 

evaluated. 

 

Figure 29 - Left: Exported edge contact nodal forces included in the FE model. Right: 

The same tooth with the edge contact forces excluded. 

The edge contact is made up of the nodal forces located at the very top of the teeth, see 

Figure 29. In order to identify which nodal forces represent the edge contact each 

exported load step was compared to the contact pattern for that load step in HFM. The 

area in which the edge contact is located was identified and all the loads in that area 

were excluded from the simulation. 
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4.3.4 Strain correlation 

 

Figure 30 - Approximated strain gauge location vs. real strain gauge location. 

The strain gauge used in the test has a gauge area of 1,57x1, 57 mm [27] which means 

that the strain gauge area can be approximated with 10 elements in the profile direction 

and one element in the face direction. As can be seen in Figure 30 there is a difference 

in the elements used for strain gauge approximation and the actual strain gauge location. 

This will contribute to a limited degree to the discrepancy between the test results and 

the FE results. 

The strain in the strain gauge area is calculated by  

 

𝜖𝑔 =
1

𝑛𝑛𝑜𝑑𝑒𝑠
 ∑ 𝜖𝑖

𝑛𝑛𝑜𝑑𝑒𝑠

𝑖=1

 (5) 

 

where 𝜖𝑔 is the averaged strain in the gauge area, 𝑛𝑛𝑜𝑑𝑒𝑠 is the number of evaluated 

nodes and 𝜖𝑖 is the calculated strain in each of the measured nodes. 33 nodes were used 

for both the pinion and the ring gear. 

The relative error was calculated using  

 𝐸𝑟 =
𝜖𝑡 − 𝜖𝑐

𝜖𝑡
 (6) 

 

where 𝐸𝑟 is the relative error, 𝜖𝑡 is the strain from the test and 𝜖𝑐 is the strain from the 

FE simulation. An under-approximation in strains will show up as a positive error and 

an over-approximation will show up as a negative error. 

The stress error was calculated using Hooke’s law as 

 𝜎𝑒𝑟𝑟 = 𝐸(𝜖𝑡 − 𝜖𝑐) (7) 

 

where 𝜎𝑒𝑟𝑟 is the stress difference and 𝐸 is the Young’s modulus of the material. 
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4.4 Results of strain correlation 

4.4.1 Ring gear 

 

Figure 31 along with Table 7 and Table 8 shows how the edge contact affects the strain 

measurements in the FE model. As can be seen the edge contact has the largest impact 

on the third strain gauge. The maximum principal stress in the tooth remains largely the 

same; the difference can be seen in Table 9.  The reason for this is that the edge contact 

introduces compressive stresses into the concave tooth flank opposite the convex flank 

with the highest loads, see Figure 32. These effects do not reach the point of highest 

stress in any significant way. This combined with the fact that it better represents the 

strain distribution in the root led to the exclusion of the edge contact in all subsequent 

calculation steps of both the pinion and the ring gear.  

 

Figure 31 - Measured vs. calculated strains in the ring gear for 500 Nm of torque with 

and without edge contact included. 

Table 7 – Strains and error measurements for 500 Nm of torque with edge contact. 

Strain gauge no. Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Measured strain [10−6] 835 1523 1936 942 

Calculated strain [10−6] 361 1499 1592 797 

Strain difference [10−6] 474 23,8 344 145 

Relative error [%] 56,8 1,56 17,8 15,4 

Stress difference [MPa] 98 49,3 71,1 30,1 
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Table 8 - Strains and error measurements for 500 Nm of torque without edge contact. 

Strain gauge no. Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Measured strain [10−6]  835 1523 1936 942 

Calculated strain [10−6] 357 1587 1784 801 

Strain difference [10−6] 478 -64,2 152 141 

Relative error [%] 57,3 -4,22 7,84 15 

Stress difference [MPa] 98,9 -13,3 31,4 29,2 

 

Table 9 - Difference in maximum principal stress with edge contact included and 

excluded. 

Edge contact Stress [MPa] 

Included 881 

Excluded 892 

  

 

Figure 32 - Left: Stress distribution in the tooth root with edge contact included. Right: 

Stress distribution with the edge contact excluded. 

The strain distribution for 750 and 1400 Nm of torque is visualized in Figure 33 and 

Figure 34 with Table 10 and Table 11 showing the error measurements. The areas close 

to the peak stress show a higher degree of correlation than areas located further away 

from the peak stress. In Table 12 the maximum principal stress in the gear is shown for 

all torque levels. The stress distribution on the FE model for both the pinion and the ring 

gear can be seen in Appendix B. From these it can be seen that the area of high stress 

moves from the middle of the tooth towards the heel. For the two lower torque levels 

the highly stressed area is located between gauge 2 and 3. For the highest torque the 

area is located between gauge 3 and 4. 
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Table 10 - Strains and error measurements in the ring gear for 750 Nm of torque. 

Strain gauge no. Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Measured strain [10−6]  1058 1913 2728 1694 

Calculated strain [10−6] 427 2041 2514 1449 

Strain difference [10−6] 632 -128 215 246 

Relative error [%] 59,7 -6,69 7,86 14,5 

Stress difference [MPa] 131 -26,5 44,4 50,8 

 

Table 11 - Strains and error measurements in the ring gear for 1400 Nm of torque. 

Strain gauge no. Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Measured strain [10−6] 1675 2873 4771 3777 

Calculated strain [10−6] 146 2411 4411 3722 

Strain difference [10−6] 1529 462 359 54.9 

Relative error [%] 91,3 16,1 7,54 1,45 

Stress difference [MPa] 316 95,6 74,4 11,4 

 

 

Figure 33 - Measured vs. calculated strains in the ring gear for 750 Nm of torque. 
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Figure 34 - Measured vs. calculated strains in the ring gear for 1400 Nm of torque. 

Table 12 - Maximum principal stress in the ring gear. 

Torque [Nm] 500 750 1400 

Stress [MPa] 892 1207 2210 

4.4.2 Pinion 

 

 

Figure 35 - Measured vs. calculated strains in the pinion for 495 Nm of torque. 
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Figure 36 - Measured vs. calculated strains in the pinion for 750 Nm of torque. 

 

 

Figure 37 - Measured vs. calculated strains in the pinion for 1150 Nm of torque. 

The error measurements are shown in Table 13, Table 14 and Table 15. The distribution 

over the face is visualized in Figure 35, Figure 36 and Figure 37. The area of highest 

stress is located at gage 2 and 3 for all torque levels, see Appendix B. The maximum 

stress for all the torque levels is presented in Table 16. 
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Table 13 - Strains and error measurements in the pinion for 495 Nm of torque. 

Strain gauge no. Gauge 1 Gauge 3 Gauge 4 

Measured strain [10−6] 4 1936 303 

Calculated strain [10−6] 570 1814 85,8 

Strain difference [10−6] -566 197 217 

Relative error [%] -14155 9,8 71,7 

Stress difference [MPa] 117 40,8 45 

 

Table 14 - Strains and error measurements in the pinion for 750 Nm of torque. 

Strain gauge no. Gauge 1 Gauge 3 Gauge 4 

Measured strain [10−6] -20 3103 791 

Calculated strain [10−6] 581 2970 359 

Strain difference [10−6] -601 134 432 

Relative error [%] 3005  4,3 54,6 

Stress difference [MPa] -124 27,7 89,3 

 

Table 15 - Strains and error measurements in the pinion for 1150 Nm of torque. 

Strain gauge no. Gauge 1 Gauge 3 Gauge 4 

Measured strain [10−6] -14,9 4912 1422 

Calculated strain [10−6] 520 5051 1156 

Strain difference [10−6] -535 -138 267 

Relative error [%] 3590 -2,8 18,8 

Stress difference [MPa] -111 28,5 55,2 

 

Table 16 – Maximum principal stress in the pinion. 

Torque [Nm] 495 750 1050 

Stress [MPa] 731 1054 1578 
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4.5 Discussion of strain correlation 

The error in the contact pattern size is roughly the same for the lower torques which 

explains that the error in the heel of the ring gear is 15% for both 500 and 750 Nm of 

torque. For 1400 Nm of torque the contact pattern is almost identical between the test 

and the FE model.  

This is reflected in the error estimation since the error is greatly reduced for the heel.  

For the highly stressed area the measurements show good correlation with the 

measurements for all torque levels. While exclusion of the edge contact showed better 

correlation for the strain gauges the maximum principal stress was largely unaffected. 

This shows that HFM is reliable for calculating the highest stress in a gear tooth. 

For the toe in the ring gear a consistent under-approximation of the stresses is noted. 

Looking at the pattern one can see that even though the size of the contact pattern is 

correlated to a high extent the calculated pressure in that area might still be lower than it 

actually is. This would explain the consistent under-approximation of the stresses in this 

area for the ring gear. 

For the pinion the same behaviour is noticeable in the heel, as the stress is constantly 

under-approximated. The highly stressed area is somewhere between the second and the 

third strain gauge for all torque levels. Since strain gauge 2 did not work it is not 

possible to confirm the correlation in the highly stressed area in the same way as for the 

ring gear. The working strain gauge in the highly stressed area however indicates that 

the stresses are correlated to the same extent in the pinion as for the ring gear regarding 

the highest stress. 

Both the FE calculations and the tests show a constant strain in the toe of the pinion. For 

the test this strain gauge shows a strain of around 10−5 strain even for 1150 Nm of 

torque. This is an improbably low number and after consulting with the gear designers it 

was deemed that the strain gauge showed erroneous numbers. This explains the large 

error recorded in that area. 
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5 Rim 

In addition to the basic FE model with just the teeth a model including the rim of the 

gear was investigated. The purpose of this was to see if the basic model was overly stiff 

which could be the reason for the low correlation at the edges of the teeth. It was also 

done to see if it could be used to model the gear stress in conjunction with other effects 

such as the press fit between the gear and the differential carrier. When the rim is 

included HFM constrains the bottom of the rim instead of the bottom of the teeth. 

5.1 Method for inclusion of rim 

There are two options for including the rim in the calculation in HFM, either it could be 

imported from an external file or it could be input manually as segments. Since no 

external file existed it had to be input manually. The model was simplified in that all 

fillets were replaced by straight lines. This will not affect the stiffness of the rim in a 

significant way. The calculation was performed for the lowest torque levels of the 

pinion and the ring gear calculation respectively. The effect on maximum principal 

stress was compared for both the pinion and the ring gear. 

5.2 Rim simulation 

 

Figure 38 - Left: Ring gear tooth FE model without inclusion of the rim. Right: Ring 

gear tooth FE model with the rim included in the simulation.     

In order to include the rim the original teeth model had to be made smaller by shifting 

the lower part of the teeth upwards. This necessitated a change to the finest mesh 

template in order to avoid distorted elements. The difference can be seen in Figure 38.  

The rim was modelled with 128 elements in the circumferential direction and 4 

elements in the radial direction, see Figure 39. The rim segments were modelled with 4 

elements in the axial direction for each segment. When exporting the rim all elements 

were divided two times in every element direction. The difference between including 

and excluding the rim can be seen in Figure 40. When exporting the critical load step 

from HFM it was noted that the edge contact for 500 Nm of torque for the ring gear was 

no longer present when the rim was included. 
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Figure 39 - Ring gear rim mesh for the expanded FE model. 

 

 

Figure 40 - Upper: Ring gear FE model with the rim included. Lower: Ring gear FE 

model without the rim. 

 



35 
 

 

Figure 41 - Left: Pinion tooth FE model without inclusion of the rim. Right: Pinion 

tooth FE model with the rim included in the simulation.     

The same shifting of the bottom of the teeth was carried out for the pinion. The 

elements in the pinion mesh were not distorted in the same way as the ring gear mesh 

hence the fineroot mesh template was kept for the teeth. The difference in teeth model 

can be seen in Figure 41. The pinion was divided into 4 axial elements and 32 

circumferential elements. Each radial segment of the pinion rim mesh was divided into 

4 elements. When exported the pinion rim was divided into 128 elements in the 

circumferential direction. The pinion used in the test differs from the one in production 

since a hole was drilled through it in order to accommodate the cords for the strain 

gauges. This was modelled in HFM, see Figure 42.   

 

Figure 42 - Left: Pinion FE model with rim and teeth. Right: Pinion rim FE model. 
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5.3 Results of inclusion of rim 

 

 

Figure 43 - Measured vs. calculated strains in the ring gear for 500 Nm of torque with 

the rim included as well as without edge contact. 

The strain in the tooth with the rim included is shown in Figure 43 and the errors in 

Table 17. The maximum stress for the ring gear with and without edge contact as well 

as when the rim is included is presented in Table 18. The results for the pinion are 

presented in Table 19. 

Table 17 - Strains and error measurements for 500 Nm of torque with the rim included. 

Strain gauge no. Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Measured strain [10−6] 835 1523 1936 942 

Calculated strain [10−6] 564 1733 1667 688 

Strain difference [10−6] 271 210 269 254 

Relative error [%] 32,4 -13,82 13,9 27 

Stress difference [MPa] 56 -43,5 55,6 52,6 

 

Table 18 - Maximum principal stress in the ring gear with and without edge contact as 

well as inclusion of the rim. 

Load case No edge contact Edge contact Rim 

Stress [MPa] 891 881 881 
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Table 19 - Maximum principal stress in the pinion without edge contact as well as 

inclusion of the rim. 

Load case No edge contact Rim 

Stress [MPa] 731 728 

5.4 Discussion of rim effects 

As stated the edge contact in the critical load step is no longer present. This explains 

why the results for exclusion of edge contact and inclusion of rim respectively are 

similar for the highly stressed areas. Overall the strains in the inner three fourths of the 

tooth increase whereas the strain measured in the heel decreases. Since the maximum 

stress remains the same this indicates that the effect of including the rim is that the 

difference is that the area with the highest stress is estimated to be closer to the toe than 

when the rim is excluded.  

The same observation of a largely unchanged maximum stress in the pinion was made 

and due to this the stress distribution along the root was not investigated. For the 

inclusion of the rim the stress distribution in the ring gear is of more interest since it 

could be used in conjunction with the press fit of the differential carrier. In using these 

results with a press fit simulation the underestimation at the toe should be kept in mind, 

especially for higher torques.  
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6 Sensitivity analysis for EPG 𝜶 

6.1 Method for EPG 𝜶 study 

Since no EPG 𝛼 measurements had been performed for the Project RDU the values 

from a similar gear setup were used. A sensitivity study was performed to see how the 

peak stress differs if the EPG 𝛼 values are increased respectively decreased by 10%. 

The study was performed at a torque of 500 Nm and the maximum principal stress was 

recorded for each variable. This analysis was done entirely in HFM. It was made to 

account for variations in production as well as potential errors between calculated and 

measured EPG 𝛼 values and to see if they have any significant impact on the peak 

stress. 

6.2 Simulation of EPG 𝜶 variation 

The EPG 𝛼 values were given an upper and lower limit corresponding to a 10% increase 

respectively decrease of the nominal values used during calculations. The errors were 

calculated only for uncoupled variations. The EPG 𝛼 values are presented in Table 20. 

The stresses were evaluated using the built in stress evaluation tool in HFM. 

Table 20 - Upper and lower limit for EPG 𝛼 sensitivity analysis. 

Variable E [mm] P [mm] G [mm] 𝛼 [◦] 

Upper -0,234 0,117 -0,068 0,071 

Nominal -0,213 0,106 -0,062 0,065 

Lower -0,191 0,096 -0,056 0,058 

6.3 Results of sensitivity study 

 

 

Figure 44 - Maximum principal stresses in the ring gear for variations in EPG 𝛼. 
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Figure 45- Maximum principal stresses in the pinion for variations in EPG 𝛼. 

 

The variation of peak stress in the ring gear can be seen in Figure 44 and for the pinion 

in Figure 45. The maximum deviation in peak stress is 12 MPa for the pinion and 6 

MPa for the ring gear. The ring gear is most sensitive to errors in the P direction and the 

pinion is most sensitive to errors in the E direction. 

6.4 Discussion of sensitivity study 

As can be seen from the figures the maximum principal stress does not deviate by any 

significant amount for any variation of the 𝐸𝑃𝐺 𝛼 values. No significant difference for a 

10% variation in the EPG 𝛼 values was observed. A possible difference between the 

calculated and the measured EPG 𝛼 values will therefore not significantly affect the 

calculated maximum stress in the gear tooth unless the errors in the calculations are far 

outside reasonable error limits. 
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7 S/N-curves 

7.1 Method for evaluating fatigue levels 

The fatigue life based on torque had been evaluated using a statistical tool called 

Minitab. These statistical evaluations were based on fatigue tests run at GKN. HFM was 

used to evaluate the bending stress corresponding to these fatigue test torques in order 

to translate the T/N results into S/N-curves. 

The fatigue stress for 104, 105, 106, 2 ∙ 106 and 107 pinion and ring gear rotations was 

to be evaluated based on the results from the fatigue tests. The stress corresponding to 

these cycle counts was evaluated by extrapolation from the fatigue tests results. 

In order to evaluate the fatigue levels they were plotted in a log-log diagram. The 

advantage of a log-log diagram is that any power law function will show up as a straight 

line with a slope 𝑘 that can be calculated by   

 
𝑘 =

ln(
𝜎1
𝜎2

)

ln (
𝑁1
𝑁2

)
   (8) 

 

where 𝜎1 is the highest stress on the line corresponding to cycle count 𝑁1 and 𝜎2 is the 

lowest stress on the line corresponding to cycle count 𝑁2. The bending stresses for the 

new cycle counts were calculated using  

 
𝜎𝑓 = (

𝑁𝑓

𝑁2
)

𝑘

∙ 𝜎2 (9) 

 

where 𝜎𝑓 is the stress fitted to the cycle count specified by cycle count 𝑁𝑓 and 𝑘 is the 

slope from the fitted curves. 

Sufficiently accurate data was available from a material supplier denoted Supplier 1. 

This supplier has two different materials denoted Material 1 and Material 2. There are 

fatigue tests available for both shot peened and non-shot peened ring gears as well as 

pinions. 
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7.2 Calculation of fatigue levels 

Since the test was performed with an R-ratio of zero the fatigue is measured against the 

peak stress in the load cycle. The ease-off used in the HFM calculation was the nominal 

ease-off denoted Production. The translation from torque to stress was made using 

HFM. The stresses are presented in Table 21. They are plotted in Figure 46. 

Table 21 - Maximum principal stresses in the gear set for fatigue test torques. 

Part Ring gear Pinion 

Torque Peak stress [MPa] Peak stress [MPa] 

400 826 670 

500 884 728 

750 1206 1034 

1000 1564 1367 

1350 2104 1861 

 

 

Figure 46 - Maximum principles stress for the torque levels in the fatigue tests. 

The torque level and corresponding number of cycles with shot peening is shown in 

Table 22. These values are plotted in a log-log diagram in Figure 47.  As can be seen 

there is an inflexion point in the fatigue test curve, called a “knee” point. Hence two 

curves had to be fitted to the data, one for cycle counts higher than the inflexion point 

and one for cycle counts lower than the inflexion point. The non-shot peened ring gear 

fatigue data are shown in Table 23. All the curves used to fit the data to the specified 

cycle counts is shown in Appendix C. 

Table 22 - Fatigue data for Supplier 1 with a shot peened ring gear. 

Torque [Nm] 500 750 1350 

Stress [MPa] 884 1206 2104 

Cycle count 30 000 000 271 520 5 607 
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Figure 47 - Fatigue test results for shot peened ring gears from Supplier 1. 

Table 23 - Fatigue data for the ring gear without shot peening. 

Torque [Nm] 500 750 1000 1350 

Stress [MPa] 884 1206 1564 2104 

Number of  cycles 

Material 1 4 670 722 42 657 12 583 - 

Material 2 3 764 411 59 127 12 629 2 524 

 

For the pinion there are fatigue tests for Supplier 1, Material 1 with and without shot 

peening. The torque level and corresponding number of cycles is presented in Table 24. 

The results from the fatigue test are plotted in Figure 48.  

Table 24 - Cycle count for the three material suppliers for ring gear with shot peening. 

Torque [Nm] 500 750 1000 1350 

 Stress [MPa] 728 1038 1367 1861 

Number of cycles 

Shot peened 103 912 859 515 80 708 6 843 

Non-shot peened 10 334 895 122 150 40 082 - 
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Figure 48 - Fatigue test results for shot peened vs. non-shot peened pinion from 

Supplier 1. 

7.3 Generated S/N-curves 

7.3.1 Ring gear 

The S/N-curve fitted to the desired cycle counts can be seen in Figure 49. A comparison 

between the shot peened material as well as the two non-shot peened materials is shown 

in Figure 50. 

 

 

Figure 49 - Extrapolated S/N-curve for the shot peened ring gear with Material 1 from 

Supplier 1. 
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Figure 50 - Comparison of extrapolated S/N-curves of shot peened and non-shot peened 

ring gears from Supplier 1. 

7.3.2 Pinion 

A comparison of the shot peened and the non-shot peened pinion is shown in Figure 51. 

For the lower torques the shot peening increases the fatigue resistance while for higher 

torques it seems to have an adverse effect on the fatigue life. 

 

Figure 51 - Comparison extrapolated S/N-curves of shot peened and non-shot peened 

pinion from Supplier 1. 
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8 Concluding remarks 

The main reason for the previously detected low correlation between the tests and the 

FE results is that the strain gauges were not placed in the point where the highest stress 

occurred. Without prior knowledge it is impossible to exactly place the strain gauge in 

the area of highest stress. As the strain gauge averages the strain over the area it 

measures it will not be able to find the same point stress that the FE model can. 

HFM also underestimates the contact area to varying degrees for different torque levels. 

This was found to mostly affect the correlation at the ends of the teeth since the stresses 

there are the lowest and a quite small stress deviation shows up as a larger error. In 

terms of actual stress the error was at a level between 20-130 MPa for all torque levels 

except the highest one where it reached a 300 MPa error for the toe in the ring gear. The 

relative error was within 2-18% for the highly stressed areas which is an acceptable 

error range.   

As the maximum stress is not affected in any significant way when excluding the edge 

contact the bending stress can be evaluated directly in HFM. Exporting the FE mesh to 

another program, refining it and manually removing the edge contact significantly 

increases the calculation time at no added accuracy. HFM achieves the same accuracy 

for a coarser mesh by use of a built in stress evaluation function that interpolates 

maximum stresses from the FE model.  

The residual stress was not modelled in the simulation due to time constraints. Since 

residual stress measurements have been made the results from these could be included 

in the simulation for further study of the bending stress and to better understand how the 

shot peened and the non-shot peened differ in terms of stresses.  These could be 

modelled by dividing the surface elements of the gear tooth into a number of layers 

corresponding to the measurement depths of the residual stress analysis and using the 

pre-stress option in MSC Marc to set the residual stress in each of the element layers. 

Alternatively the same division of the surface could be made but the residual stress 

could be modelled using Hooke’s law and a thermal expansion corresponding to the 

residual stress.  

Overall HFM is an accurate and effective tool that can be used to evaluate bending 

stresses and contact patterns in hypoid gear sets.  
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Appendix A – Linear fits of the EPG 𝜶 values 

 

 

Figure A-1 - Linear interpolations of the EPG values. 

 

 

Figure A-2 - Linear interpolation of the 𝛼 value. 
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Appendix B – Stress distribution in the tooth root 

The strain gauge numbers are marked in all stress plots. 

 

Figure B-1 - Stress distribution in the ring gear for 500 Nm of torque. 

 

Figure B-2 - Stress distribution in the ring gear for 750 Nm of torque. 
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Figure B-3 - Stress distribution in the ring gear for 1400 Nm of torque. 

 

 

Figure B-4 - Stress distribution in the pinion for 500 Nm of torque. 
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Figure B-5 - Stress distribution in the pinion for 750 Nm of torque. 

 

Figure B-6 - Stress distribution in the pinion for 1150 Nm of torque. 
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Appendix C – Curves fitted to fatigue data 

 

 

Figure C-1 - Curves fitted to ring gear test results for shot peened Material 1. 

 

 

Figure C-2 - Curves fitted to ring gear test results for non-shot peened Material 1. 
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Figure C-3 - Curves fitted to ring gear test results for non-shot peened Material 2. 

 

Figure C-4 - Curves fitted to pinion test results for shot peened Material 1. 
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Figure C-5 - Curves fitted to pinion test results for non-shot peened Material 1. 
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