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Abstract: A design approach is presented that synthesizes spur gear design theory and practice into a coherent and 
systematic method. Simplification is achieved through reformulation of stress capacity models which is based on the 
transmitted torque instead of the transmitted force because the transmitted torque can be evaluated from the 
transmitted power and the rotational speed of the input or output shaft, often known at the beginning of a design 
problem. The transmitted force depends on gear sizes which are often unknown at the onset of design. Spur gear design 
is separated into design sizing and design verification tasks and for gear design comparisons, metrics called space 
factor and mass factor are formulated.  
Three design examples are considered, one example in three categories of surface hardness. Normalized gears are 
selected for Example 1, quenched-tempered gears for Example 2, and carburized case-hardened gears for Example 3. 
When the quenched-tempered gearset of Example 2 is replaced with carburized gearset in Example 3, a 44% reduction 
in both space factor and mass factor is predicted. Estimates of load factors for design sizing and verification are 
compared for the design examples considered. The highest variance for mesh overload factor is -1.00%, for internal 
overload factor is -6.677% and for the service load factor is -6.632% in the design examples. Due to these very small 
variances, the models used for estimating these parameters in design sizing are deemed acceptable. The estimated 
service load factor in design verification for Example 1 is 2.825, that for Example 2 is 2.322, and that for Example 3 is 
2.207. These values suggest that the gear teeth in Example 1 could experience almost three times the rated load while 
those in Examples 2 and 3 could experience almost 2.5 times the rated load on a recurrent basis in operation 
 
Key words: Gears, Fatigue, Overload factors, Sizing, Verification 
 
1. INTRODUCTION 
 
A gear is a toothed disk used to transmit torque and 
motion when mounted on a rotating shaft. Gear types 
include spur, single helical, double helical, straight bevel, 
spiral bevel, hypoid, and worm gears [1]. Specialized 
gears such as harmonic, non-circular, sector, etc. gears are 
also available. When gear teeth fit together or interlock, 
they are said to be in mesh [2]. A gearset is a pair of gears 
coupled together in a mesh. The smaller gear is generally 
called a pinion while the larger gear is called “gear” or 
“wheel”. The gear transmitting the force or motion is 
called the driver and the gear in mesh with the driver is 
called the driven gear. When important power drive 
criteria are smooth, slip-free uniform motion, light 
weight, high speed, high efficiency, precise timing, and 
compact design; in nearly all cases; an appropriate system 
of gears can be selected to meet the needs [3].   
Spur gears have teeth projecting radially and parallel to 
the axis of the shaft and they have been used since ancient 
times [2]. When the teeth are on the outside of a disk, the 
gear is called external spur gear. If the teeth are on the 
inside face of the disk, the gear is called an internal spur 
gear. Most applications use external spur gears. Internal 
spur gears are used sometimes to achieve a short center 
distance and most often in epicyclic gearing. Spur gears 
are relatively simple to design, manufacture, check for 
precision, and are relatively inexpensive. They exert only 
radial loads on bearings and small variations in center 

distance can be tolerated. To avoid high frequency 
vibrations and acceptable noise levels, they are normally 
used for pitch line speed up to 20 m/s, but may be used at 
higher speeds like other gears [3]. Relative sliding motion 
component varies during engagement, being zero at the 
pitch circle radius and maximum at the beginning and 
ending periods of engagement. The average sliding speed 
is generally small in spur gear meshes [3] being about 9% 
of pitch velocity [4].  
About 18 potential failure modes [5, 6] can be associated 
with gearing depending on gear type, load, speed, 
manufacturing accuracy, assembly details, bearings, 
lubrication, shaft characteristics and environmental 
factors. However the two prominent modes of gear failure 
are surface fatigue or pitting and bending fatigue [3, 7, 8]. 
Fatigue failure is due to crack formation and propagation 
induced by repeated loading. A crack normally initiates at 
a discontinuity where there is a cyclic maximum stress 
[9]. Various conditions such as residual stress, elevated 
temperature, temperature cycling, corrosive environment, 
surface scratches, internal voids, inclusions, high-
frequency cycling can accelerate crack initiation. Cracks 
grow along planes normal to maximum tensile stress [9] 
and when the growth becomes unstable, brittle fracture 
rapidly follow.    
Pitting is the appearance of tiny dents or “pits” on gear 
tooth surface due to repeated high contact stress. Pitting 
occurs in gears when the surface or contact strength of the 
meshing flanks is exceeded by the contact stress 
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developed from imposed load. The contact stress is based 
on the work of the German physicist, Henry Hertz who 
developed expressions for the stresses created when 
curved frictionless surfaces are loaded in contact in 1881. 
The AGMA pitting resistance capacity model modifies 
the Hertz contact stress for line contact in gear design by 
introducing load modification factors based on 
experiments and experience. It is believed that a shear 
stress initiated crack beneath the surface due to excessive 
repeated Hertz contact stresses gradually develops to the 
tooth surface and causes shearing away of some materials 
thus leaving a pit behind [7]. Pitting generally appears 
first at or below the pitch point on the pinion tooth [3, 5, 
10]. In addition to contact stress, pitting is influenced by 
sliding velocity, lubricant viscosity, and friction [4]. At 
increased gear speed, the prospects for pitting and scoring 
failure modes in gears increase. For maximum durability, 
it is desirable to distribute the wear uniformly amongst all 
gear teeth [11]. 
Gear failure in bending fatigue is another common mode 
of failure. This shows up as a crack or a crack initiated 
fracture at the root of a tooth. Gear design for bending 
fatigue resistance is generally based on Lewis’ approach 
who in 1892; gave a presentation on this mode of failure 
to the Philadelphia Engineers club [12]. He modeled a 
gear tooth as a short cantilever beam on a rigid support 
with the transmitted load applied near the tip of the tooth. 
The maximum tensile stress occurs at the root radius on 
the loaded or active side of the gear tooth. Lewis 
introduced a form factor that is evaluated with the load 
acting near the tip of a gear tooth in his bending stress 
capacity model but neglected stress concentration which 
was yet unknown at that time. AGMA bending stress 
capacity model modified the Lewis’ model by introducing 
a form factor evaluated with the load at highest point of 
single tooth contact (HPSTC) [4] and a stress 
concentration factor.   
The objective of this work is to simplify and streamline 
the design of spur gears. American Gear Manufacturers 

Association (AGMA) general approach to gear design 
uses equations, charts and graphs which are many and 
sometimes complicated. This approach is simplified  
through reformulated stress capacity models and 
streamlined through systematic sequence of evaluation 
and calculations. The simplicity of the approach is that 
reference to tables during preliminary sizing of spur gears 
is largely eliminated. The stress capacity models are 
based on the transmitted torque instead of the transmitted 
force. This is informed by the fact that at the beginning of 
a gear design problem, the transmitted power and the 
rotational speed of the input or output shaft may be 
known or can be estimated. Hence the input or output 
torque may be estimated. Sometimes the transmitted 
torque may be specified altogether. Finite element method 
(FEM) may be used for gear design analysis in critical 
applications and, or for optimum gear design [13]. 
Generally gear design is complex and experiments are the 
only means to accurately ascertain the load capability or 
rating of gearsets [5]. 
 
2. DESIGN SIZING AND VERIFICATION 
 
The design analysis of a component generally involves 
two basic tasks: design sizing and design verification as 
depicted in Fig. 1. The task in design sizing is 
determining the form and size of a member for a desired 
reliability level or design factor subject to the imposed 
loads. Design sizing involves use of suitable serviceability 
criteria along with the type of load and its configuration in 
sizing a component or assembly. The relevant 
serviceability criteria in gear design are contact and 
bending fatigue strengths which should be related to the 
transmitted torque and the geometry of a gear component. 
The form of a gear is defined by its module, number of 
teeth, and face width, based on a chosen involute tooth 
standard. Involute tooth profile is the most popular for 
gear technology today. 

 

 
Fig.1. Design Analysis 

 
Design verification is the assessment of the design 
adequacy of a component or assembly. Design 
verification is done to ensure that the selected form and 
dimensions of a component or assembly meet design 
requirements. In design verification, the expected level of 
parameters such as stress, deformation, etc. are 
determined and assessed for acceptability. In reliability-
based design, a desired reliability target is used for 
adequacy assessment and a design factor is used in 
deterministic design approach. In deterministic gear 
design, a design is accepted as adequate if the evaluated 
design factor is at least equal to a desired value and a 

design factor greater than unity is necessary for failure 
avoidance.  
 
3. DESIGN SIZING STEPS 
 
The objective in design sizing is to obtain initial estimate 
of a component size based on specific serviceability 
criteria. In gear design, contact fatigue (pitting) and 
bending fatigue failures are the most commonly used 
serviceability criteria. Pitting failure manifests as wear on 
the flanks and faces of gears while bending failure 
manifests as cracks and fractures. Pitting wear is mostly 
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gradual while bending failures are often sudden so pitting 
wear failure is preferred to tooth breakage. Therefore it is 
common to ensure that the pitting wear capacity is 
slightly less than the bending capacity in gear design 
practice. 
 

3.1. Determine Gear Loads 
 

Most often the input torque is given in a design problem. 
Alternatively, the input power and rotational speed of a 
drive are given or can be evaluated. Then the input torque 
is obtained as:   
 

1

3
1

1
1030

N

P
T




                   12 TT o  

 

(1) 

1P  power at pinion (kW) 

1T  rated torque at pinion (Nm) 

2T rated torque at gear (Nm) 

o desired speed ratio 

It should be noted that the mesh transmission efficiency 
of a spur gearset has been neglected in the reformulated 
equations. The power loss per mesh in cylindrical gear 
drives is of the order of 1% [14] which is considered 
negligible in this study. This loss may be accounted for in 
critical applications by multiplying the torque at the 
driven gear by the mesh efficiency. 
 

3.2. Determine Load Cycles For Pinion and Gear 
 

Typically, a gear tooth experiences one load cycle per 
revolution. However, some gears such as idler gears and 
gears in planetary or epicyclic gear trains make multiple 
contacts per revolution. This translates to more than one 
load cycle per revolution. The total load cycles 
experienced by a gear in its design life is: 

ocn NHZL 60                   (2) 

nL load cycles 

oH design life (hr) 

N  rotational speed (rpm) 

cZ number of contacts per revolution 
 

3.3. Choose Gear Material and Hardness 
 

Steel, cast steel, cast iron, bronze, and plastics are the 
popular gear materials. Low carbon, low alloy steel gear 
materials are used when low cost is of prime importance. 
High carbon, high alloy grades are used when high load 
and small size are major design objectives. Steel gear 
materials come in grades 1, 2, and 3, according to AGMA 
standards [14]. Higher grade numbers represent higher 
material quality and they are used for higher performing 
gears. Generally alloy steels are costlier than plain carbon 
steels but respond better to heat treatment. Heat treated 
steel gears may be categorized into three: normalized, 
quenched-tempered, and case-hardened for application 
purposes. Approximately, normalization provides surface 
hardness up to 300 HVN (Hardness: Vickers’ Number), 
quench-tempering gives surface hardness in the range of 
300 to 450 HVN. Normalized and quenched-tempered 

gears are collectively called thru-hardened gears and 
surface hardness and core hardness are approximately the 
same. Since the outside of the gear is cooled faster than 
the inside during heat treatment, there will be a gradient 
in hardness [15]. Thru-hardened gears usually come in 
grades 1 and 2 material qualities.  
Case-hardened gears have surface hardness generally of at 
least 450 HVN and may be of grade 1, grade 2 and grade 
3 material qualities. They could be made by 
induction/flame hardening, carburizing, or nitriding. 
Induction/flame hardening gives surface hardness of 450 
to 550 HVN and typically achieves 500 HVN at the 
surface and 300 HVN at the core [16]. Carburizing gives 
can yield surface hardness of 550 to 830 HVN and should 
have core hardness in the range of 300 to 450 HVN [5, 6] 
with minimum case thickness for best load capability. 
Carburized gears generally have good ductility and can 
resist impact and shock loads. Nitriding produces surface 
hardness of 600 to 1075 HVN but with very thin case 
depth. Nitrided gears are good for steady or uniform loads 
but are not good for shock loads due to the very thin 
hardened case [14]. They have better scoring and abrasion 
resistance than other types of gears [5, 6].  Normalized 
gears are used generally in light to medium duty 
applications, quenched-tempered gears are used in 
medium to heavy duty applications involving large gears, 
while case-hardened gears are used for medium to heavy 
duty applications where smaller gear sizes are 
advantageous. Commercial tolerance on hardness is about 
40 to 50 HVN [17], consequently hardness selection 
should differ by at least 50 HVN. The Vicker’s hardness 
scale is used here because of its universal application and 
consistency of results regardless of material and size.  
Cast steels are used in light and medium duty applications 
and when large gears are needed. It generally has better 
strength properties and can perform better than cast iron 
gears. Cast steel can be quenched-tempered like steel. 
Compared to cast iron, it has slightly worse castability, 
lower machinability, lower damping properties, and is 
more costly. Ductile cast iron gears are used for medium 
duty loads at low speeds and can be quenched-tempered 
to 500 or 550 HVN; they have better castability than cast 
steel, and have good strength properties. Lower hardness 
grades are used when improved machining is desired [17]. 
Gray cast iron gears are used in low-speed gears carrying 
steady light to medium duty loads and can be quenched-
tempered to 450 to 500 HVN. It has good wear resistance 
and excellent machinability but low bending strength. 
Bronze has good antifriction and anti-seizure properties 
and are commonly used in worm gearings and other 
applications of rather high relative sliding speeds. Plastics 
lack high load capability but operate more quietly and 
have good moldability properties. Nylon and Teflon are 
commonly used plastic gear materials with excellent 
results in service. Greater load capability is achieved for 
non-metallic gears by mating them with steel or cast-iron 
gears of surface hardness of at least 300 HVN.  
Gear material is primarily chosen based on contact and 
bending fatigue resistances. Other factors are appearance, 
ductility, manufacturability, weight, corrosion resistance, 
ease of assembly, noise, and cost. The likelihood of 
occasional overload, shock or impact loading in 
operations, makes ductility a rather important choice 
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factor. A percentage elongation of at least 12% is desired 
for shock loads [14]. Pinion surface hardness is chosen 
generally higher than that of the gear, so in an initial 
selection of steel materials, the pinion surface hardness 
may be set near or at the limit in each hardness category. 
For instance 400 HVN may be chosen for a pinion in the 
quenched-tempered category, or 280 for the normalized 
category. Then the gear surface hardness may be set at: 

2012  ss HH                   (3) 

1sH  surface hardness of pinion 

1sH  surface hardness of gear 
 

3.4. Estimate Design Strengths 
 

Contact fatigue strength is related to surface hardness 
while bending fatigue strength is related to core hardness 
[3, 6, 9, 14]. Many of the AGMA available gear nominal 
strength data have been developed from tests of actual 
gear teeth so they better represent reality than general 
material strength data [4]. AGMA gear material nominal 
strength data are determined at 99% reliability at 107 load 
cycles. Nominal strengths are usually determined 
experimentally in controlled environments. For field 
applications, the nominal strengths need adjustments, so 
AGMA [19] recommends several factors as modifiers. 
 

3.4.1. Determine Contact Fatigue Strength 
 

For grade 1 steel [9, 14], the nominal contact strength 
may be estimated as: 

200115.2/  sc HS   (4) 

/
1

/
1 ccsc SYS    (5a) 

hccsc YSYS /
2

/
2    (5b) 

czcocrcncs YYYYY /   (6) 

/
cS nominal contact fatigue strength 

cS adjusted contact fatigue strength 

/
csY contact strength adjustment factor for sizing 

cnY contact fatigue durability factor 

czY contact fatigue size factor 

coY oil temperature factor 

crY contact reliability factor 

hY gear hardness factor 

The  allowable contact strength is: 

 

H

cc
H n

SS
S

),min( 21   (7) 

HS allowable Hertz contact fatigue stress (MPa) 

Hn design factor for contact strength 

AGMA provides no specific recommendations for Hn . As 

a general guide, it is suggested Hn 1.10 for normalized 

steel, Hn 1.20 for quenched and tempered steel, and 

Hn 1.25 for case-hardened steel and cast iron. 
 

3.4.2. Determine Factored Bending Fatigue Strength 
 

Rack generated spur gears should have at least 17 teeth on 
a pinion to avoid undercutting of tooth profile [5, 9, 14]. 
But some experts say a little undercutting in gears does 
not adversely affect their smooth running and suggest 14 
as minimum pinion teeth [5]. In high-speed drives, it is 
suggested that the minimum pinion teeth should be 26 
[20]. For initial sizing in low-speed drives, it is here 
suggested that:  

oz 5.1261    (8a) 

and in high-speed drives: 

)1(261  oz    (8b) 

12 zz o   (8c) 

1z number of teeth on pinion 

2z number of teeth on gear 

Higher gear teeth numbers give higher contact ratio, 
lower noise, and slightly higher gear mesh efficiency [5, 
13, 20]. Efficiency may be significant in compound or 
multi-stage transmission drives. In power drives, the use 
of a “hunting tooth” is greatly encouraged for even wear 
distribution among gear teeth. The speed or gear ratio is 
often known or can be estimated at the beginning of gear 
design. It is at most 7 in general purpose drives but may 
be up to 10 in special cases. The speed ratio is limited to 4 
in change-gearsets [5] and if it is more than 6, multi-stage 
transmission should be considered [21]. 
A bending stress factor, Y is required for bending 
resistance and may be estimated as [22]: 

tJY /875.0   (9)

Y estimate of AGMA J factor at HPSTC 

/J AGMA J-factor for load at gear tooth tip 

t transverse plane contact ratio 

J AGMA geometric stress factor at HPSTC 
HPSTC = Highest Point of Single Tooth Contact 
It must be pointed out that the parameter Y is used here as 
an approximation of the AGMA J-factor when one pair of 
gear teeth is carrying the transmitted force load at the 

HPSTC [4, 6]. AGMA /J value for standard full-depth 
involute 20o pressure angle gears is evaluated for pinion 
and gear separately. It may be obtained using the 
expressions of Eqs. (10a) and (10b) [22]. 
For 12 ≤ z  < 70   
 

1308.01015.91025.2

1045.2109

342

6394/








zz

zzJ
  (10a)

For 70 ≤ z  < 300   

285.0109103 582/   zzJ   (10b) 

z pinion or gear teeth number 
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The contact ratio of a spur gear mesh may be obtained as 
[22]: 




cos
ra

t

kk 
  (11) 

Where: 
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ak approach path factor 

rk recess path factor 

 pressure angle 

For thru-hardened, Grade 1 steel; the initial estimate of 
the bending fatigue strength is [9, 14]: 

88512.0/  cF HS   (13) 

//
FbfF SYS    (14a) 

bzbrbibnbf YYYYY /   (14b) 

F

F
b n

S
S    (15a) 

2
HF nn    (15b) 

bS allowable bending fatigue stress (MPa) 

FS adjusted bending strength (MPa) 

/
FS nominal bending strength (MPa) 

/
bfY bending strength adjustment factor for sizing 

bnY bending fatigue durability factor 

bzY bending fatigue size factor 

biY directional bending stress factor  

brY gear reliability factor for bending  

Fn design factor for bending fatigue strength 

Minimum design factor for bending fatigue should be the 
square of that for contact fatigue because gear load or 
torque is proportional to the square of contact fatigue 
strength and directly proportional to bending fatigue 
strength [9].  
The form-factored design bending strength is: 

),min( 2211 bbt SYSYS    (16) 

tS Lewis-AGMA factored stress (MPa) 

 
3.5. Determine Composite Elastic Modulus 

 

The composite or contact elastic modulus is obtained as 
the harmonic mean of the elastic moduli of the contacting 
cylinders as [22]: 

)1()1(

2
2
12

2
21

21

 


EE

EE
Ec  (17) 

cE composite contact elastic modulus (GPa) 

1E elastic modulus of pinion (GPa) 

2E elastic modulus of gear (GPa) 

1 Poisson’s ratio of pinion 

2 Poisson’s ratio of gear 

Note that cE , 1E  and 2E are measured in GPa. For 

example, cE has a value of 230 GPa for steel gearset and 

205 GPa for steel and ductile cast iron gearst [22].  
 

3.6. Determine Gear Form Factor 
 

The gear form factor fK  is given by [22]: 

 2sin

2
fK   (18) 

fK gear form factor   

fK depends on the form of tooth profile and contact area, 

so it is named the gear form factor. For a gear with 20o 

standard pressure angle, the value of fK is evaluated as 

0.990. It is assumed to be 1.0 in this study. The 

parameter fK may be used to assess the relative load 

capacities of different gear standards. For instance, its 
value is 0.831 for a 25o pressure angle gear, which gives a 
load capacity of 20% above that of a 20o pressure angle 
gear. Gears of 22.5o and 25o pressure angles are becoming 
popular [14]. 
 

3.7. Estimate Service Load Factor 
 

For design sizing, we may estimate an initial of sK  as: 

/// 1.1 mvos KKKK    (19) 

/
sK  initial service load factor 

oK  external overload factor 

/
vK  initial internal overload factor 

/
mK  initial mesh overload factor   

In Eq. (19) above, oK is generally known or may be 

assumed for the design task. /
vK and /

mK are the initial or 

design sizing values of vK and mK respectively. Now the 

internal overload factor, vK  and mesh overload 

factor, mK are dependent on gear sizes. vK depends on the 

tangential velocity and gear tooth quality while mK  is a 

function of the gear aspect ratio and width. Since the gear 
sizes are not yet known at the initial sizing phase it is 
necessary to have some approximations. Schmid, 
Hamrock and Jacobson [21] suggest an approximate value 

for mK which depends on the gear aspect ratio. If the gear 

aspect ratio is not specified in a design problem, an 
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estimate needs to be made. Highest values are used for 
straddle mounted gears with low asymmetric ratio and 
lowest values for cantilever mounted gears [22]. A 

tentative maximum value of b for low- to medium-hard 

gears may be obtained for low asymmetric ratio and high 
asymmetric ratio mounted gears (please see Fig. 3), 
respectively as:  

1
35.0




o

o
b 

       (20a) 

1

8.0
275.0




o

o
b 

     (20b) 

b  pinion aspect ratio or face width factor 

In the case of hard (case-hardened) gears, values from Eq. 
(20) may be reduced by 20%. In general, the aspect 

ratio, b is usually kept below 2.0 to minimize bending 

and twisting of pinion and a commonly used value is 1.0. 
High aspect ratio leads to bending and twisting of the 
pinion resulting in a higher value of the mesh overload 
factor. No serious effect of bending and twisting of pinion 
occur for aspect ratio less than 1.15 for straddle mounted 
gears [6].  
A slightly modified but more conservative value than that 

of [21] for the initial value of mK  is: 
























3/1

1/ 2
0112.020.01

b

o
bm

TK
K


   (21a) 

Eq. (21a) clearly shows the dependence of /
mK  on the 

rated load and so is /
vK  because it depends on the 

tangential speed and gear tooth quality number. The gear 
tooth quality number is often selected based on the 
tangential velocity which is determined by the gear pitch 
diameter and its rotational speed. It is thus suggested that 

/
vK  may be estimated as: 

125.0//  mv KK   (21b) 

 

3.8. Estimate Gear Module 
 

The gear module may be estimated on the basis of contact 
strength, bending fatigue strength or both. The gear 
module based on contact strength is estimated as [22]:  

3/1

2
1

/

1  

 )1(2100
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cosf
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S

TEKK

z
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  (22) 

tm transverse module 

Based on bending fatigue strength, the gear module is 
estimated as [22]: 

3/1

b
2
1

1
/2

10













t

s
t

Sz

TK
m


  (23) 

From the estimated values of tm from Eqs. (22) and (23); 

a standard module value should be chosen. The chosen 
module value should be at least equal to the larger 

estimated value. For power transmission drives, it is 

recommended that tm 2 mm [20]. Gear module size 

may be changed during design verification. The design 
sizing task ends with a choice of a standard module. 
 
 

4. DESIGN VERIFICATION STEPS 
 
Design verification deals with the assessment of the 
adequacy of a component or assembly design. It is done 
to ensure that the selected form and dimensions of a 
component or assembly meet design requirements and 
specifications. With the gear module established, design 
verification task can be initiated.  
 

4.1. Refine Gear Teeth Selection 
 

The pinion teeth used for gear module estimate may be 
reduced if selected standard module is larger than the 
estimated value. The number of gear teeth is estimated as: 

12 zz o   (24a) 

An integer value for 2z must be chosen. Then refine: 

1

2

z

z
   (24b) 

 design speed ratio 

Choosing a higher module value than estimated allows a 

designer to reduce 1z and 2z while keeping  constant.  

When a hunting tooth is used in power drives, the speed 
ratio error or tolerance should be checked. That is: 

o

o
o 

 )(100 
   (25) 

o  speed ratio deviation  

AGMA recommended tolerance ( o ) on speed ratios are 

±3% for single-stage reduction, ±4% for double- and 
triple-stage reduction and ±5% for quadruple-stage 

reduction. The value of o  for control gears should 

ideally be zero. 
 

4.2. Determine Basic Gearset Dimensions 
 

Once an acceptable o value is established, estimate 

gearset basic dimensions:  

tmzd 11    (26a) 

tmzd 22    (26b) 

1db b   (26c) 

bb 2   (32d) 

mmbb 521   (26e) 

)(5.0 21 ddC    (26f) 

1d pinion pitch diameter (mm) 

2d gear pitch diameter (mm) 
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b effective face width (mm) 

1b pinion face width (mm) 

2b gear face width (mm) 

C  center distance (mm) 

Values of 1d , 2d , b , and C can be selected from 

preferred number series such as R10 or R20 [5, 9, 14].  

When standardized values of 1d , 2d  and C are adopted, it 

may be necessary to use profile correction to ensure 
consistency. 
 

4.3. Select Gear Tooth Quality 
 

AGMA/ISO gear tooth quality numbers range from 0 to 
12, with lower numbers representing higher gear tooth 
quality. Cast, forged, and pressed gears will roughly be of 
gear tooth quality numbers 10 to 12, form cut gears are 
about 9 to 10, shaped or hobbed gears are of 7 to 9, 
shaped or hobbed and fine finished gears are of 6 to 7, 
shaped or hobbed and shaved gears are of 8 to 6 quality 
numbers, shaped or hobbed and ground gears are of 2 to 6 
tooth quality numbers [5]. Gears of tooth quality numbers 
5 and below are for very accurate gearing, often used in 
high-speed drives. The most popular gear quality numbers 
are 6 to 9 [20]. Quality number values should be selected 
based on experience. The gear tooth quality may be 
chosen on the basis of the tangential speed of in the gear 
mesh. This speed is: 

60000

  Nd
Vt


   (27) 

tV tangential velocity at pitch point (m/s) 

d  diameter of pinion or gear (mm) 
N  rotational speed of pinion or gear (rpm) 

Based on tV , select a gear tooth quality grade ( nq ).  
 

4.4. Determine the Service Load Factor 
 

The service load factor is used to account for load 
increases during normal operations of the gearset. It takes 
care of load excitations beyond the rated value that are 
reoccurring in nature and represents a magnification 
factor for the rated load in a gear design problem. AGMA 

[19] provides methods for estimating vK , mK , and rK . In 

[22], there are discussions on the estimation 

of vK , mK , rK  and suggests a value of 1.1 for cK . 

Reference may be made to these works for more 
information. 
 

4.4.1. Determine Internal Overload Factor, vK  

The internal overload factor, vK  accounts for load 

excitations caused by non-conjugate actions of meshing 
gears, backlash, profile, pitch, etc. errors, dynamic 
imbalance, and shaft misalignment. Excitations from 
manufacturing inaccuracies are usually pronounced in 
spur gears without profile modification. According to 
AGMA recommendations: 

1

2

1

a

t
v a

V
K












   (28a) 

3/2
1 )5(25.0  nqa             for   126  nq  (28b) 

)1(45624.3 12 aa      for  126  nq     (28c) 

vK  internal overload factor 

nq  gear tooth quality number 

1a internal overload factor exponent 

2a  internal overload factor coefficient 

Note that estimates of vK are approximate. According to 

Schmid, Hamrock and Jacobson [21], a vK value of 1.43 

is considered conservative, therefore, it is suggested that 

any estimate of vK above 1.5 should be considered as 

probably unacceptable. A lower AGMA/ISO gear quality 
number can be selected to lower its value. 
 

4.4.2. Determine Mesh Overload Factor, mK  

The mesh overload factor mK  takes care of non-uniform 

load distribution along the tooth contact length. The non-
uniform load distribution is due to misalignment resulting 
from the rigidity of and clearances in gear supporting 
members (like bearings, shafts, and housing), 
manufacturing accuracy, tooth width and spacing, and 
geometric characteristics of gear tooth. AGMA has two 
approaches for estimating the mesh overload factor: 
analytical and empirical. Analytical method considers the 
stiffness and masses of individual gears and gear teeth 
and the total mismatch between mating teeth. Analytical 
method is rather complicated but should be considered if 
gear speed is over 20 m/s. The empirical approach is 
recommended for normal, relatively stiff gear assemblies, 
and requires minimum information. It is limited to 

straddle mounted gears, gear aspect ratio of 0.2b , 

gear face width, b ≤ 1000 mm (40”), and assumes full 
mesh contact over face of narrowest gear. Based on 
AGMA recommendations: 

 mamempmgmcm CCCCCK 1   (29) 

mK  mesh overload factor   

mcC  gear crowning factor 
mgC  gear elastic misalignment factor 

mpC  gear layout positional factor  

meC  gear compatibility adjustment factor 
maC  gear non-elastic misalignment factor 

mgC accounts for uneven mesh overload arising from gear 

misalignment due to elastic deformations under load. 

Based on AGMA research, mgC is a function of the gear 

aspect ratio and gear face width (Eq. (30)). 
 

For b ≤ 25 mm 
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L 0.5L

L

1

025.01.0  bmgC    (30a) 

For 25 ≤  b ≤ 432 mm 

0375.0104921.01.0 3  bC bmg    (30b) 

For 432 ≤  b ≤ 1016 mm 

623 103534.010815.01.0   bbC bmg    (30c) 

1d

b
b    (30d) 

maC in Eq. (29), accounts for misalignment of gear pitch 

cylinders due to non-elastic deformations, principally 
influenced by the quality of gear mounting [9, 14, 21]. It 
is a function of the gear face width and per AGMA 
recommendation: 

62
3

3
21 1010   bAbAACma   (31) 

Table 1 gives the values of the coefficients A1,  A2, and A3. 

mpC  in Eq. (29) makes correction for the position of 

gearset relative to shaft mid span where the most 
favorable teeth alignment is possible. It is specified with  

respect to p (see Fig. 2), which is determined as: 

L

L

p 5.0
1   (32) 

p gearset positional parameter on a shaft 

Table 2 provides information for the other coefficients in 
Eq. (29). 
 
Table 1. Mounting Face-Width Factor Coefficients [9, 13] 

Gear Manufacturing 
Categories 

Coefficients for Cma 
A1 A2 A3 

Open drives /Form cut 
gears 

0.247 0.657 0.119 

Commercial quality 
(enclosed) 

0.127 0.622 0.01442 

Precision quality 
(enclosed) 

0.0675 0.504 0.144 

High precision quality 
(enclosed) 

0.0036 0.402 0.127 

 
 
 
 
 
 
 

 
Fig.2. Straddle mounted pinion configuration 

Table 2. Other Mesh Overload Factor Coefficients [9, 13] 

Coefficient Value Application 

mpC  

1.00 For low asymmetric mounting of gearset on shaft (Fig. 3): 35.0p  

1.10 For high asymmetric mounting of gearset on shaft (Fig. 3): 35.0p  

mcC  
0.80 Gears with crowing 
1.00 Gears without crowing   

meC  
0.80 Gears with skimmed support or with compatibility adjustment after trial assembly 
1.00 Gears without skimmed support or compatibility adjustment after trial assembly 

 

4.4.3. Determine Rim Rigidity Factor, rK  

Determine rK that depends on gear tooth base support 

rigidity which is assessed by the rim backup ratio. This 
ratio is defined as the rim thickness divided by the whole 
depth of gear tooth. AGMA [19] experimental data 
suggest that when the rim backup ratio is greater than 1.2, 
the rim rigidity factor is unity, otherwise it is above unity. 
A rim back up ratio of 1.2 suggests a rim thickness of 
about three times the gear module for spur ears. Based on 
AGMA recommendation [19], when the rim backup ratio 
is less than 1.2, the rim rigidity factor is: 











r
rK


242.2

ln6.1   for 2.1r    

 
(33a) 

and 

0.1rK   
for 2.1r       

 
(33a) 

t

r
r h

t
  ,                                 tt mh 25.2  (33c) 

rK rim rigidity factor 
 

4.4.4. Evaluate the Service Load Factor 
 

With oK , vK , mK , rK and cK known, the service load 

factor sK may be estimated by a multiplicative model as 

[21]: 

crmvos KKKKKK    (34) 

sK  service load factor 

cK  contact quality factor 
 

4.5. Determine Hertz Contact and Lewis Root 
Stresses 

 

The Hertz contact stress is obtained as [22]:  
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dbd

TEKK csf
H


   (35)

H maximum Hertz contact stress (MPa) 

The root bending stress may be estimated separately for 
the pinion and gears as [22]: 

11

3
1

1
102

Ybdm

TK

t

s
b


   (35a)

22

3
2

2
102

Ybdm

TK

t

s
b


   (36b)

where 

12 TT    (36c) 

b maximum root bending stress (MPa) 
 

4.6. Refine Design Strength Values 
 

If the selected gear face width is more than 125 mm, gear 
module is more than 5 mm, or both; their influence on 
gear strength should be accounted for. 
 

4.6.1. Gear Size Factors 
 

AGMA does not provide specific size adjustment factor 
values for contact strength but Dudley [6] offers some 
suggestions. If gear face width is more than 125 mm, the 
size factor for contact strength should be evaluated. From 
Fig. 3.38 [6, p. 3.116], for cylindrical gears and 
considering the size factor as multiplier, not a divisor, 
then: 

0.1czY                                     for b ≤ 125 mm

  
(37a)

410x)125(28.51  bYcz   for b > 125 mm (37b)

The design contact strength of a gear material may be 
estimated as: 

/
11 ccsc SYS                 (38a) 

hccsc YSYS /
22                 (38b) 

),min( 21 ccc SSS                 (38c) 

crcoczcncs YYYYY                 (39) 

csY contact strength adjustment factor for verification 

If gear module is more than 5 mm, the size factor for 
bending strength must be evaluated. Based on AGMA 
recommendations and from data in [14], the bending 
fatigue size factor may be estimated as: 

0.1bzY                                   for tm 5 mm  (40a)

0.1469.1 239.0  
tbz mY         for tm 5 mm

  
  (40b)

The design bending fatigue strength of a gear material 
may be estimated as: 

/
FbfF SYS                 (41a)

brbibzbnbf YYYYY                 (41b)

bfY bending strength adjustment factor for verification 
 

4.7. Evaluate Contact Stress Deviation Factor 
 

The deviation of the expected contact stress from the 
contact strength is evaluated as: 
 

c

Hc
H S

S )(100 
   (42)

H Hertz contact stress deviation 

For proper utilization of material; H should be 

minimized but some authors suggest %5%20 H  

[20, 23]. If this condition is not satisfied consider 
changing the gear face width. If this does not resolve the 
problem, consider changing gear module or gear teeth and 

face width.  Over stressing occurs when %5H  and 

should be avoided due to pitting failure possibility. Under 

stressing occurs when %20H  and failure is unlikely 

but a case of over design may happen and material is 

wasted. Values of H more than 20% may be appropriate 

if considerable economic damage or safety is a probable 
consequence of failure. It can be shown that the design 
factor for contact fatigue is: 

H
Hn




01.01

1
  (43) 

The design factor for bending fatigue is evaluated 
separately for pinion and gear as: 

b

F
F

S
n


      (44a)

For acceptable design: 

2
21 ),min( HFF nnn    (44b) 

The condition of Eq. (44b) ensures gears are stronger in 
bending fatigue than contact fatigue. 
 
5. GEARSET COMPARISON METRICS 
 
It is often necessary to compare different gearset designs 
so as to make an intelligent choice. Comparisons need 
some basis and two come to mind readily. These are the 
space occupied by the gearset and the masses of the 
pinion and gear in the gearset. Fig. 3 shows the sketch a 
spur gearset configuration.  
The minimum space required by a gearset which is here 
called the bounding box (B-Box) volume is a good basis 
for comparison. Full-Depth involute tooth form is 
assumed, so the outside diameters are obtained by adding 
two times the module. The B-Box volume is: 

  9
2121 10)(5.0  ooob ddCdbV   (45a)

bV boundary box (B-Box) volume  
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1od pinion outside diameter (mm) 

2od gear outside diameter (mm) 
 

C

0.5d

0.5d

b

dO2

O2

O1

1
 

Fig.3. Gearset space requirement 
 

Please note that bV is measured in m3.  Our interest is not 

really about the volume but a figure of merit. So we may 
simplify the equation above and reduce it to:  

6
21 10)(  too mCdbS  (45b)

oS gearset space factor 

Please note that the multiplier 10-6 is chosen for 
convenience.  
The combined mass of the gearset may be used to 
compare gearsets of different designs. The mass of an 
object is the product of the volume and density. For 
instance, the mass of a simple disk is obtained as:  

62 10
4

 kkkk bdm 
  (46)

kb  disk uniform thickness 

kd simple disk outside diameter (mm)  

km simple disk mass  

k  relative density of disk material 

A gear is often more complex in construction than a 
simple disk but the equation above can be used as a basis 
to develop a measure of merit for the mass of a gearset. 
The volume of a gear may be assumed to be proportional 
to the product of the square of the pitch diameter and the 
face width. Now the pinion and gear could be made of 
different materials, so the densities of the materials need 
to be retained in the formulation. However, our desire is a 
measure of merit; hence we can substitute the relative 
density of an object for the density and call our merit 
measure the “mass factor”. The combined mass factor of a 
gearset is then: 

  62
222

2
111 10 dbdbMo    (47)

oM gearset mass factor 

 relative density of gear material  

 
6. DESIGN EXAMPLES 
 
The new design formulas presented in the previous 
sections are tested in three design examples which involve 
design sizing and design verification tasks. The equations 
presented were coded in Microsoft Excel for 
computational efficiency. The spreadsheet has two pages 
of two sections per page. The first page has a material 
selection and strengths estimation sections. The material 
selection part helps in specifying gearset materials and the 
surface and core hardness or heat treatment. It then 
determines nominal contact and bending fatigue strengths. 
The second part of the first page determines the strength 
modification factors, and estimates both contact and 
bending fatigue strengths. The second page has design 
sizing and design verification sections. The design sizing 
section determines two estimates of gear module based on 
contact and bending fatigue resistances and allows a 
choice of a standard gear module. The design verification 
section uses the chosen standard gear module to 
determine gearset basic dimensions; evaluate service load 
factor and nominal strength modification factors, and 
determines the expected contact and bending stresses. It 
then assesses design adequacy through the contact stress 
deviation and design factors for contact and bending 
stresses. Iteration during design verification can be done 
by changing the value of effective face width, gear 
module, and gear teeth. The gear pitch diameter is 
changed when either the module or gear teeth number is 
changed. 
 

6.1. Example 1 
 

Design a gearset that will transfer 15 kW to a large meat 
grinder in a commercial meat processing plant [14, p. 413 
- 414].  
 

Table 3. Design Sizing for Example 1 
 

Parameter Value 
Transmitted power (kW) 15 
Pinion rotational speed (rpm) 575 
Pinion rotational speed (rpm) 275 
Speed ratio 2.091 
Pinion number of teeth 22 
External overload factor 1.50 
Service load factor 2.971 
Pinion torque (Nm) 249.11 
Contact strength (MPa) 823 
Lewis-AGMA factored bending strength (MPa) 43.54 
Gear module estimate (mm)-Contact resistance 3.93 
Gear module estimate (mm)-Bending resistance 3.46 
Gear module (mm): Chosen 4.0 

The pinion is mounted on the electric motor shaft running 
at 575 rpm and output speed range is 270 to 280 rpm. The 
gear unit will be of commercial enclosed quality with 
minimum gear tooth quality of 11. The gear tooth 
standard is involute 20o full-depth and a maximum center 
distance of 200 mm is desired. Assume reliability factor, 
design factor, and contact durability factor of unity. 
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Since the contact durability factor is unity, the minimum 
load cycles expected for the pinion is assumed as 107 load 
cycles. The electric motor power source is regarded as 
uniform and the meat grinder is considered as a moderate 
shock device. An appropriate external overload factor is 
1.5 [14]. The transmitted power is relatively low, so we 
choose normalized steel gearset of pinion surface 
hardness 300 HVN and gear surface hardness 270 HVN. 
Table 3 gives the summarized results for design sizing 
task of Example 1. Table 4 summarizes the three 
iterations performed during design verification.  Table 9 
gives the summarized results for the accepted last 
iteration. 
 

Table 4. Design Verification Iteration for Example 1 
 

Parameter 
Iteration 

1 2 3 
Gear module (mm) 4 4 4 
Pinion teeth 22 23 24 
Gear teeth 47 49 51 
Pinion face width (mm) 85 95 100 
Gear face width (mm) 80 90 95 
Aspect ratio 0.91 0.98 0.94 
Contact stress dev. (%) -5.40 3.97 9.94 

 

6.2. Example 2 
 

Design a 20o standard pressure angle spur gearset to 
transmit 30 kW from a pinion running at 960 rpm to a 
gear running at 320 rpm. A design life of 108 load cycles 
is desired. Use an external overload factor of 1.25. Design 
the gear unit for commercial enclosed quality assuming 
quenched-tempered steel gears [24] and involute 20o full-
depth gear tooth standard. 
For the transmitted power, we will choose quenched-
tempered steel gearset of pinion surface hardness 400 
HVN and gear surface hardness 370 HVN.  
 

Table 5. Design Sizing for Example 2 
 

Parameter Value 

Transmitted power (kW) 30 
Pinion rotational speed (rpm) 960 
Pinion rotational speed (rpm) 320 
Speed ratio 3.0 
Pinion number of teeth 21 
External overload factor 1.25 
Service load factor 2.476 
Pinion torque (Nm) 298.42 
Contact strength (MPa) 978 
Lewis-AGMA factored bending strength 
(MPa) 

50.2 

Gear module estimate (mm)-Contact 
resistance 

3.61 

Gear module estimate (mm)-Bending 
resistance 

3.41 

Gear module (mm): Chosen 4.0 

Table 6. Design Verification Iteration for Example 2 
 

Parameter 
Iteration 

1 2 3 
Gear module (mm) 4 4 4 
Pinion teeth 21 22 22 
Gear teeth 63 66 66 
Pinion face width (mm) 85 85 90 
Gear face width (mm) 80 80 85 
Aspect ratio 0.95 0.91 0.97 
Contact stress dev. (%) 12.37 16.26 18.41 
 

6.3. Example 3 
 

Design the gearset of Example 2 using carburized steel 
with surface hardness of 700 HVN and core hardness of 
300 HVN. 
 
Table 7. Design Sizing for Example 3 
 

Parameter Value 
Transmitted power (kW) 30 
Pinion rotational speed (rpm) 960 
Pinion rotational speed (rpm) 320 
Speed ratio 3.0 
Pinion number of teeth 21 
External overload factor 1.25 
Service load factor 2.290 
Pinion torque (Nm) 298.42 
Contact strength (MPa) 1314 
Lewis-AGMA factored bending strength 
(MPa) 

67.04 

Gear module estimate (mm)-Contact 
resistance 

3.12 

Gear module estimate (mm)-Bending 
resistance 

3.25 

Gear module (mm): Chosen 3.5 
 

Table 7 gives the summarized results for design sizing 
task of Example 3. Table 8 summarizes the two iterations 
performed during design verification. Table 9 gives the 
summarized results for the accepted last iteration. 

Table 8. Design Verification Iteration for Example 3 

Parameter 
Iteration 

1 2 
Gear module (mm) 3.5 3.5 
Pinion teeth 21 23 
Gear teeth 63 67 
Pinion face width (mm) 65 65 
Gear face width (mm) 60 60 
Aspect ratio 0.82 0.75 
Contact stress dev. (%) 15.15 22.21 

 
7. DISCUSSION OF RESULTS 
 
During iteration, changes may be made to gear face 
width, gear teeth numbers, and module. Changes in gear 
teeth number or module will change the gearset center 
distance and pitch velocity, hence changing face width 
should first be explored. If the aspect ratio in an iteration 
result is close to the value obtained from Eq. (20), then 
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the pinion teeth number can be changed if acceptable 
contact and bending fatigue stresses are not obtained. 

Note that the gear teeth number is also changed if the 
pinion teeth number is changed (Eq. (24a)) 

 
Table 9. Design Verification Results for Examples 1, 2, and 3 
 

Parameter 
Example 1 Example 2 Example 3 

Pinion Gear Pinion Gear Pinion Gear 
Gear module (mm) 4 4 3.5 
Center distance (mm) 150 176 155.5 
Gear tooth quality number (AGMA/ISO) 11 10 10 
Gear teeth number 24 51 22 66 23 68 
Pitch diameter (mm) 96 204 88 264 80.5 238.0 
Outside diameter (mm) 104 212 96 272 87.5 245.0 
Face width(mm) 100 95 90 85 65 60 
Rotational speed (rpm) 575 270.59 960 320 960 315.22 
Surface hardness (HVN) 300 270 400 370 700 700 
Core hardness (HVN) 300 270 400 370 300 300 
Design factor-Bending stress 2.46 2.36 2.33 2.50 1.92 2.08 
Design factor-Contact stress 1.11 1.23 1.28 
Output speed deviation (%) 1.19 0 1.45 

 
The pinion teeth number for low-speed drives should 
preferably be less than 26. So if the pinion teeth number is 
close to 26, e.g. 24 or 25, and the contact and bending 
fatigue stresses are still unacceptable, then the gear 
module can be increased. The iteration is terminated when 
suggested minimum design factor in Table A8 for a 
gearset hardness group is achieved. Table 9 gives the 
summarized results for the accepted last iteration for the 
design examples. 
In Table 9, it can easily be shown that the effective face 
width/module ratio in Example 1 is 23.75, that of 
Example 2 is 21.25 and that of Example 3 is 17.14. 
Conventional designs usually restrict the effective face 
width to the range of 9 to 16 times the module, with a 
value of 10 being popular [4, 9, 14]. Because the gear face 
width and aspect ratio largely determines the mesh 
overload factor, it is very appropriate to iterate design 
solution using the gear aspect ratio. It thus appear though, 
that specifying effective face width with respect to the 
pinion pitch diameter (that is, using the gear aspect ratio) 
rather than the gear module allows for wider effective 
face width. This leads to reduced pitch diameters of the 
gearset and hence the overall design size and space 
requirements are consequently reduced. However, quality 
control during installation needs to be more rigorous for 
wider face width, generally.   
Table 10 compares estimates of mesh overload, internal 
overload and service load factors for design sizing and 
design verification tasks of design examples 1, 2 and 3. 
The values for design sizing are based on Eqs. (21a), 
(21b), and (19), respectively. The design verification 
values are based on AGMA empirical methods. The 
deviation column shows the percentage variance between 
the two values. The highest variance for mK is 1.005%, 

for vK  is -6.677% and for sK is -6.632%. Clearly the 

approximated results compare very favorably with the 
AGMA values and thus acceptable. 
In Table 10, the estimated service load factor in design 
verification for Example 1 is 2.825, that for Example 2 is 
2.322, and that for Example 3 is 2.207. These values 
suggest that the gear teeth in Example 1 could experience 

almost three times the rated load while those in Examples 
2 and 3 could experience almost 2.5 times the rated load 
on a recurrent basis in operation. Very high values of 
service load factor should be investigated for possible 
reduction. Low service load factor values lead to 
reduction in the size of gearsets and the size and cost of 
gear supporting elements like shafts, bearings, housings, 
etc.  
 
Table 10. Load Factor Estimates 
 

Load 
Factors 

Design 
Sizing 

Design 
Verification 

Deviation 
(%) 

Design Example 1 

mK  1.281 1.294 1.005 

vK  1.406 1.323 -6.274 

sK  2.971 2.825 -5.168 

Design Example 2 

mK  1.281 1.281 0 

vK  1.406 1.318 -6.677 

sK  2.476 2.322 -6.632 

Design Example 3 

mK  1.230 1.231 0.081 

vK  1.355 1.304 -3.911 

sK  2.290 2.207 -3.761 

 
Table 11 shows the comparisons of the design solutions 
for Examples 2 and 3. The design problem is the same for 
these examples, but the surface hardness of the gears are 
different. Example 2 has quenched-tempered gears while 
Example 3 has carburized gears. From Table 11, is can be 
seen that the carburized gearset needs just about 56% of 
the space factor and mass factor, respectively as the 
quenched-tempered gearset. This represents a 44% 
reduction in both space and mass factors. Note that the 
gear module for the carburized gearset is only 12.5% 
smaller than that of the quenched-tempered gearset (see 
Table 9). This shows that both space and weight savings 
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result from higher surface hardness. However, higher 
surface hardness requires better quality control during 
manufacturing and installation, which will incur more 
cost. Hence a cost effective solution should be the goal 
when considering changing surface hardness of gears 
during the design stage. 
 
Table 11. Design Examples 2 & 3 Comparisons 
 

Design Example Space 
Factor 

Mass 
Factor 

Example 2 4.41 52.24 
Example 3 2.53 29.36 
Ratio [Ex3/Ex2] (%) 56.22 56.20 

 
8. CONCLUSIONS 
 
A coherent and systematic spur gear design method is 
presented. Design sizing estimates of gear module provide 
values based on contact fatigue and bending fatigue 
resistances. Iteration rules for design verifications are 
provided. Space and mass factors are formulated for 
gearset design comparisons. Three design examples are 
considered in illustrating the application of the design 
method. When the quenched-tempered gearset of 
Example 2 is replaced with carburized gearset in Example 
3 a 44% reduction in both space factor and mass factor is 
predicted. Estimates of load factors for design sizing and 
verification are compared. The highest variance for mesh 
overload factor, mK is 1.005%, for internal overload 

factor, vK  is -6.677% and for the service load 

factor, sK is -6.632% in the design examples. Due to these 

very small variances, the models used for estimating these 
parameters in design sizing are deemed acceptable. 

Based on surface hardness, steel gears have been 
classified into three groups of low-hardness for gears with 
surface hardness less than 300 HVN, medium-hardness 
with surface hardness between 300 and 450 HVN and 
high-hardness with surface hardness of at least 450 HVN. 
Normalized gears fit into the first group, quenched-
tempered gears fit into the second group, and case-
hardened gears fit into the third group. The hardness 
categories help in the initial selection of steel gear 
hardness. When choosing steel gear hardness, the pinion 
hardness should be set close to the limit in the three 
hardness categories suggested depending on 
manufacturing capabilities. Where the designer has much 
freedom, preliminary designs of one gearset for each of 
the hardness categories can be made with a view of 
selecting the best for the job based on space and mass 
factors and the costs of materials, manufacturing, and 
assembly. 
From the experience gained in this study, the following 
guidelines for spur gear design are suggested: 

1. Wider face width leads to smaller gear pitch 
diameter. Specifying gear face width with respect to 
pinion diameter appears to lead to wider face width 
compared to specifying gear face with respect to gear 
module.  

2. Choosing pinion teeth as 17, 18, or 19 may not 
necessarily give minimum gearset size. Pinion teeth 

number of 20 and above reduce gear module which 
could minimize gear pitch diameter in some cases. 

3. Higher gear teeth number leads to smaller module 
size, higher contact ratio, smoother gear teeth 
engagement, and lower noise level. 

4. Pinion contact strength may be chosen slightly lower 
than that of the gear so as to take advantage of its 
smaller size during repair or replacement. 

5. Hardness of thru-hardened and core hardness of case-
hardened steel gears should preferably be below 
about 450 HVN due to brittleness problems and 
inconsistencies in performance. 

6. During iteration in design verification, changes could 
be made to gear face width, gear teeth number, and 
gear module. 

7. Changes in gear face width should be preferred. If 
aspect ratio is more than unity, or maximum for a 
desired application, gear teeth number or gear 
module may be increased.  

8. Increasing the gear teeth number is often more 
beneficial to contact resistance than bending 
resistance. 

9. Increasing the gear module is often more beneficial 
to bending resistance than contact resistance. 

10. Making the pinion face width wider than the gear 
face width reduces the bending stress on the pinion 
and minimizes issues of contact compatibility in gear 
meshes.  

11. Bending fatigue capacity should be higher than 
contact fatigue capacity of gearset to prevent tooth 
breakage before pitting wear failure. 

The power loss per mesh in cylindrical gear drives is of 
the order of 1% which is considered negligible in this 
study. Very high values of service load factor should be 
investigated for possible reduction so as to minimize the 
size and cost of gearset supporting components and the 
gearbox. While more examples are necessary for further 
verification of the design approach presented, but it may 
be concluded from the results of the three design 
examples considered here that the approach used appears 
to be acceptable for preliminary design of spur gears. 
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