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I. Introduction

This document reports the specifications and design
of a limited-slip front differential for the UBC Baja
SAE student design team.

i. Background

A traditional open differential allows both output
shafts to rotate at different speeds while delivering
equal torque to each. This works well in most condi-
tions when the coefficients of friction between each
wheel and the ground are approximately equal. In
offroad situations however, one wheel may have bet-
ter traction than the other. In this case, an open dif-
ferential will allow that wheel to spin freely while
reducing the torque to the other, tractive, wheel.

In contrast, the limited-slip differential (LSD)
adds a set of pressure plates and clutch packs which
engage during acceleration and/or deceleration
to minimize the difference in speed between the
two wheels. This allows torque to be delivered un-
equally in favour of the wheel with better traction.

Name Value Unit

Maximum motor speed 3600 rpm
Maximum vehicle speed 51.1 kph
Total vehicle weight incl. driver 680 lbf
Tire diameter 23 in
Other gear reductions 1.85
Lifespan 200 hours
Driveshaft torque 126.8 lbf ft
Maximum operating temperature 482 F

Table 1: Vehicle parameters.

ii. Design Requirements

The following design requirements were decided in
consultation with UBC Baja SAE.

• Satisfy all Baja SAE competition rules
• Overall maximum diameter of 6 in (including

ring gear)
• Overall maximum width of 4 in
• Fully sealed
• Adjustability in clamping forces ±15 %
• Cost not exceeding $1,500

Vehicle parameters are presented in Table 1.
This report is divided into 7 sections, each de-

scribing the design of one of the differential’s prin-
cipal components:

1. Ring and pinion gears

2. Housing

3. Spider and output gears

4. Spider shaft

5. Pressure plates

6. Clutch packs

7. Output shafts

II. Ring and Pinion Gears

i. General Information

The purpose of the section is to showcase the pro-
cess of designing and analyzing the ring and pinion
gear setup. The generic gear train is shown in Fig-
ure 3, where the ring gear is the larger of the two. In
commercial vehicles the bevel gears are most often
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Figure 1: Main components of a limited-slip differential
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Figure 2: Approximate drawing of the LSD designed
in this report, adapted from a CAD model
at https: // grabcad. com/ library/ limited-
slip-differential-lsd-3

spiral and the gear arrangement is hypoid. How-
ever, given the constraints of UBC Baja, it has been
decided to use straight-cut, centered bevel gears.
Given the special size and packaging constraints,
the gears will have to be custom-made so choosing
straight cut bevel gears is better financially, as well
as from a simplicity standpoint. Nevertheless, the
procedure described in this section can be extended
to spiral hypoid gears with additional parameters
considered.

The selection process for these gears has been
split into the following steps.

1. Gear ratio and dimensions selection

2. Determination of design constants

3. Stresses calculations and material selection

The subsections below describe each step in detail,
including relevant requirements and assumptions.
The step by step calculations are located in the
appendices of this document.

ii. Ring and Pinion Gear Ratio and Size

The first step of the design process was to deter-
mine the optimal gear ratio based on motor speed,

vehicle speed, tire size as well as other existing gear
reduction systems in the powertrain. This has been
done by relating desired top vehicle speed with
maximum angular speed of the motor.

The only assumption in this part of the design
process is that the maximum speed is achieved at
the motor’s limit. However, this is a reasonable esti-
mate and it suits the needs of UBC Baja. The results
of the calculations are presented below and you can
find the detailed derivations in Appendix A.

The resulting gear ratio was calculated to be e =
4.2 , which led to a design choice of having Np = 15
teeth on the pinion and Nr = 63 teeth on the ring
gear. The tooth counts have been chosen based
on personal intuition however, later analysis will
show that these are indeed valid values and suit the
application. Given the tooth counts, we can now
calculate the size of the ring and pinion gears.

Given the size constraints on the ring gear, it
has been decided to choose the pitch diameter of
the ring gear to be Dr = 6 in and a face width of
F = 0.75 in . This allows to have clearance between
the gear face and the housing which will make
the design more robust and less reliant on high
diametrical accuracy. Knowing these basic size pa-
rameters, the design constants for the gears can be
determined.

iii. Design Constants

In order to choose the material for the gears and fi-
nalize the design, one needs to determine the bend-
ing and contact stresses impeded on the ring and
pinion gear. This can be done using the equations
below.

St =
Wt

F
PdKoKv

KsKm

Kx J

Sc = Cp

(
Wt

Fdp I
KoKvKmCsCxc

) 1
2

where St is the gear bending stress and Sc is
the contact stress. To solve these equations, all of
the design parameters present must be obtained
based on the requirements provided by UBC Baja.
At this point the only known parameter is face
width, which was selected to be F = 0.75 in. Table 2
showcases the values for the rest of the needed
constants and Appendix H contains the detailed
calculations and related graphs.
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Figure 3: Spiral and Straight-cut Bevel Gears

Parameter Value

Wt 202.18 lbf
Cp

l 1.34
Cr

l 1.23
Kr

L 1.02
Kp

L 0.997
KR 1
CR 1
KT 1.33
Cxc 1.5
Kx 1
I 0.075
Jp 0.24
Jr 0.18
Ks 0.50
Cs 0.53
Km 1.00
Kv 1.41
Ko 2.25

Table 2: Ring and Pinion Design Factors

iv. Stresses and Material Selection

Upon finding the constants, the bending and con-
tact stresses can be calculated. This is a crucial step
as the stress values will determine the material and
heat treatment needed for this application. Note
that the calculations of Brinell hardness have been
adopted from Mott’s Machine Elements in Mechan-
ical Design (sixth edition). The material selection
has also been based on the Appendix 3 in the same
book.

To reiterate, the formulas for bending and contact
stress are shown below.

St =
Wt

F
PdKoKv

KsKm

Kx J

Sc = Cp

(
Wt

Fdp I
KoKvKmCsCxc

) 1
2

where Cp = 2290 for steel

Using the constants found in the previous
section, the stresses for both pinion and ring gears
were determined as follows.

Sr
t = 35.4 ksi

Sp
t = 19.05 ksi

Sc = 183.04 ksi

To calculate the required allowable stress, a safety
factor needs to be chosen. Here the safety factor
was set to (SF) = 1 and the actual design safety
factors will be calculated after the material selection,
based on Brinell hardness. Thus the allowable stress
calculation yield to the following results.

Sat =
St(SF)KR

KL

Sr
at = 32.95 ksi

Sp
at = 25.35 ksi

Sac =
Sc(SF)CR

CL

= 148.51 ksi
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The values calculated above force the selection of
Grade 2 steel instead of Grade 1. Otherwise, the
hardness values become large enough that none of
the listed materials can satisfy the requirement. The
corresponding hardness values are listed as follows.

• Ring bending stress - HBmin = 561.79
• Pinion bending stress - HBmin = 403.51
• Contact stress - HBmin = 327.13

After consulting the table attached in Appendix C
4140 QQT 400 Carburized and Case Hardened
steel was chosen. The Brinell hardness of this ma-
terial is HB = 578 resulting in the minimum safety
factor SFmin = 1.03. This may seem low, but recall
that the design driveshaft torques already has a
safety factor of 1.3 attached to it. This results in the
total safety factor of SF = 1.34 for the ring-pinion
system.

v. Final Ring Gear and Pinion Parameters

Table 3 summarizes the Ring and Pinion design.
Prior to integration it is recommended to reconsider
the size constraints and run tests on the current
differential to validate the assumptions made in
this section. This may lead to reduction in Brinell
hardness values, thus allowing for larger material
selection.

III. Housing

The differential housing transmits torque through-
out the mechanism and must therefore be able to
withstand constant torsional loading.

The housing is specified to have an outer diam-
eter of 4 inches with a thickness of 0.25 inches.
This results in a maximum torsional shear stress of
3873 psi, as calculated in Appendix D. This is well
below the yield strength of most commonly avail-
able steels. As a result, SAE 1020 carbon steel was
chosen for its low cost and availability, although
many alternatives are possible.

This part will need to be made custom. However,
its complexity is minimal.

IV. Spider and Output Gears

i. General Information

The spider gears are the core of a differential. They
allow one wheel to spin faster than the other, while

still transmitting power to both wheels. When the
clutch packs are not engaged, the power from the
engine will pass directly to the spider pinions, onto
the spider gears, and finally to the output shafts.
These spider gears need to be able to withstand
the full torque of the engine with ease, as they are
engaged whenever the car moves.

ii. Constraints

The first step in determining our spider gear di-
mensions was to consider all the constraints our
gears need to meet. First and foremost was size.
Our gears need to be able to fit within the pressure
plates that hold it in place. This means that the
outer diameter of our spider gears cannot exceed
3 in, and should preferably be less for some margin
of error. We also require that we are able to transmit
all the torque from the engine. Other than that, the
spider gears are very flexible in their dimensions.

In order to simplify and cheapen manufacturing,
we chose to use standard gear sizes available on Mc-
Master Carr. This considerably limited our options,
and thus allowed us to select a gear for analysis.
The gear had the dimensions from Table 4.

Using these dimensions, we can calculate the
coefficients that describe both gears by consulting
the various graphs in Appendix B.

iii. Calculation

Using the constraints we calculated in the previous
section, we can calculate the bending and contact
stress the gears will experience.

Sc = Cp

(
Wt

Fdp I
KoKvKmCsCxc

) 1
2

St =
Wt

F
PdKoKv

KsKm

Kx J

In order to minimize the contact and bending
stresses, we will use 4 pinions for our design, which
will spread out the contact over multiple pinions,
thus lowering the force experienced by any individ-
ual pinion.

This yields a bending stress of 171.86 MPa and
a Brinell contact stress of 107.4 ksi. The standard
gears we selected in the previous section are made
of 1045 carbon steel, which meet the hardness and
bending stress requirements, with a Brinell hard-
ness of 163 ksi, and a yield strength of 310 MPa.
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Ring Gear Pinion Gear
Parameter Unit Value Value

Pitch Diameter in 6 1.43
Pitch Angle deg 76.61 13.39
Number of Teeth 63 15
Gear Ratio 4.2 4.2
Diametrical Pitch teeth/in 10.5 10.5
Face Width in 0.75 0.75
Pressure Angle deg 20 20
Material 4140 OQT 400 4140 OQT 400

Table 3: Ring and pinion design.

Dimension Value

Pressure Angle 20◦

Bevel Angle 17.5◦

Face width 10 mm
Module 1.5 mm
Pitch Diameter 23 mm
Outer Diameter 27 mm
Number of Teeth 15

Table 4: Dimensions for spider pinion

Dimension Value

Pressure Angle 20◦

Bevel Angle 17.5◦

Face width 10 mm
Module 1.5 mm
Pitch Diameter 68 mm
Outer Diameter 68 mm
Number of Teeth 45

Table 5: Dimensions for spider gear

Constant Pinion Value Gear Value

Wt 297.5 lbf 297.5 lbf
J 0.3 0.37
I 0.15 0.37
K0 0.3 0.37
Ks 1 1
Km 1.16 1.16
KB 1 1
Kv 1.19 1.12
Cp 2300 2300

Table 6: Design factors for spider pinions and gears

V. Spider Shaft

i. General Information

The spider shaft (also known as cross axle or spider
axle in the automotive industry) transmits power
from the engine to the wheels when the clutch
packs are not engaged, i.e., with no/low accel-
eration, or deceleration. The force is transferred
through the ring gear, to the housing, to the pres-
sure plates, onto the shaft, then through the spider
gears, side gears, and output shafts. Since we are
using 4 spider gears, the axle has 4 ends, and is sym-
metrical about 2 axis. This simplifies calculations
as we can just look at 1 of 4 ends.

The axle itself is essentially floating freely within
the differential, and is constrained by the pressure
plates and side gears. The spider gears can rotate on
the axle, however they only rotate occasionally and
at low rpm. Therefore we will assume the shaft is
machined smooth enough to act as a sliding surface
for the spider gears (common in OEM LSDs). There
will be a washer between the spider gears and pres-
sure plates to allow the spider gears to be pressed
up against the pressure plates but still able to spin.
The spider gears will be constrained on the inside
by the side gears, so there is no need for a shoulder
which would introduce stress concentrations.

ii. Bending and Shear

To calculate the stresses on the axle, bending mo-
ment and shear diagrams are needed. For one end
of the axle, there are two forces: that from the
pressure plates—which transfers power from the
engine—and a reaction force from the spider gears.
Note that theses forces are applied to the middle
of the gear and the middle of the pressure plate.
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Figure 4: Spider Axle Free Body Diagram

Figure 5: Spider Axle Bending Moment and Shear Graph

While this is not entirely accurate, the change in
distance would be minor enough to cause very little
difference in the final results.

The distances were calculated using dimensions
from the spider and side gears used in the Spider
and Output Gears section, and can be seen in Ta-
bles 4 and 5, above. Forces were calculated in the
Pressure Plates section. Forces and distances are
shown in the Free Body Diagram below. Note the
FBD is for a quarter of the axle.

Using the Free Body diagram, we can find our
bending moment and shear equations, and plot
them on a graph. This graph is shown in Figure 5.

From the graph, we can see that the maximum
internal shear force is 3653 lbf, and the maximum
internal bending moment is 1589 in lbf, when x =
0.56 in. These values will be used to find the max-
imum shear and bending stresses in the shaft, as
well as the fatigue.

iii. Stress

To calculate the shear, bending moment, and total
stresses, we use the following formulas (Shigley
7-2,3,5):

σ =
32kt M

πd3

τ =
8ktV
3πd2

Total Von Mises Stress =
√

σ2 + 3τ2

Note for this initial test we used a shaft diameter
of 8 mm (0.315") and a stress concentration factor

Constant Value

Sn 50 ksi
Cs 0.157
CR 0.3
S′

n 40 ksi
N 1.2
kt 1

Table 7: Spider Axle Design Factors

of 1, since the shaft does not have any features, as
discussed in the General Information section.

This gives a total stress of 131.2 ksi. We will
use Heat Treated 4140 Steel Shaft, sourced from
Metal Supermarkets, which has a Yield Strength of
129.2 ksi. Therefore the safety factor for yielding is
0.98, however we must remember that the expected
torque from the engine already has a safety factor
of 1.3 so our actual safety factor is around 1.3 as
well.

iv. Fatigue

The shaft is also subjected to fatigue loading. The
cycle occurs between braking and accelerating. If
we consider that the braking force is approximately
the same as the accelerating force, we can calculate
the minimum diameter to withstand fatigue using
the formula shown in Mott (12-24):

D =

32 N
π

√[
kt M
s′n

]2
+

3
4

[ T
sy

]2
1/3

The shaft is not transmitting power, so there is
no torque. 4140 Steel has a Tensile Strength of 142
ksi. We can find the modified endurance limit, S’n,
using the following equation:

S′n = SnCsCR

The design factors are listed below:
Mott recommends a design factor (N) of at least

2.5 due to uncertainties in fatigue calculations.
However, the required life of this differential is
not very long - around 50,000 cycles - so a compar-
atively small design factor of 1.2 is acceptable since
we don’t expect the steel to reach its endurance
limit.
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The final specifications for the spider axle are are
as follows: 4140 HT Steel Shaft with a diameter of
0.5 in and a Safety Factor of 1.2.

VI. Pressure Plates

i. General Information

The pressure plates are a component located in
the housing and are integral in the locking of the
clutch packs. When the clutch packs are locked, the
wheels spin at the same speed.

When acceleration or deceleration caused by the
engine occurs, the spider axle will shift and make
contact with the pressure plate’s cam groove. This
contact will cause a separation force and push the
pressure plates apart, in turn locking the clutch
packs. The visual below shows the component.

Figure 6: Basic set of pressure plates from https:
// racingdiffs. com/ products/ bmw-lsd-
multi-variation-ramp-set

The selection of a pressure plate set consists of
the following steps:

1. Selecting the type of cam groove

2. Determining the force the spider axle under-
goes

3. Determining the separation force

4. Selecting a cam groove ramp angle

5. Selecting the material

6. Finalizing the design parameters

ii. Cam Groove Type

The cam groove is the main component which in-
fluences the separation of the pressure plates. De-
pending on the ramp angle and cam groove type
the pressure plates will separate differently. There
are 3 main types of cam grooves:

Figure 7: Cam groove types from https: // dsportmag.
com/ the-tech/ speed-shop/ everything-
you-need-to-know-about-limited-slip-
differentials/ 2/

• 1-way: differential engages only during accel-
eration.

• 1.5-way: differential engages during accelera-
tion and partially under deceleration (this uses
a smaller required force under deceleration to
engage the differential than a 2-way).

• 2-way: differential engages during acceleration
and deceleration.

UBC Baja requires an off-roading vehicle which
means the 1-way cam groove will be best. There will
be differential locking during acceleration and none
during deceleration. If the vehicle ever gets stuck,
then pressing on the gas will force both wheels to
rotate at the same speed increasing traction. Mean-
while, in corners, as the car decelerates, it is impor-
tant to not lock up the wheels to maintain good
cornering. Furthermore, UBC Baja requires adjusta-
bility. This is achieved in several ways. The pres-
sure plates can have a variety of cam grooves with
various ramp angles as seen in Figure 7. As an
alternative, UBC Baja could use a removable wedge
to adjust the ramp angle of the cam groove. A
wedge was favorable to UBC Baja as this reduces
manufacturing cost.

iii. Force on Spider Axle

As the cam groove type is 1-way, the main force to
consider for the spider axle is the maximum engine

9
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Figure 8: Cam groove forces

torque UBC Baja may ever encounter. Through
engine specifications, data was obtained and used
in the calculations to determine this force. The
method to determine the force is as follows with
the calculations in Appendix F:

1. Use the maximum engine RPM to determine
driveshaft torque

2. Find the torque experience by the housing and
spider axle

3. Use the outer diameter of the pressure plates
to determine the spider axle force

The maximum force ever seen on the spider axle
will be 3653 lbf.

iv. Separation Force on Pressure Plates

To determine the separation force the ramp angle
is needed; therefore, common generic ramp angles
were used for analysis (30°, 40°, 45°, 50°). The
method used the following steps and the diagram
below, where the full calculations are found in Ap-
pendix F:

1. Use the spider axle force to determine the nor-
mal force

2. Use the normal force and a ramp angle to de-
termine the separation force

The maximum separation force ever encountered
for each ramp angle is shown below:

Ramp Angle Separation Force

30° 3164 lbf
40° 2177 lbf
45° 1827 lbf
50° 1533 lbf

v. Ramp Angle

As shown above through the calculations the shal-
lower the ramp angle the greater the separation
force and larger locking factor of the differential.
This means a smaller acceleration is required for
the clutch packs to engage and lock. A smaller
ramp angle is beneficial, however different ramp
angles are better for different events in the Baja SAE
competitions. As mentioned previously UBC Baja
prefers a specific ramp angle and then a wedge to
change this angle; therefore, having the largest an-
gle be 50° and then manufacturing various wedges
to allow for 30°, 40°, and 45° ramp angles will allow
for adjustability as required.

vi. Material Selection

The material of the pressure plates must withstand
the wear and stress of the spider axle contacting
it and be able to function at the specified tempera-
ture. Pressure plates under the specified constraints
of UBC Baja are not found off-the-shelf and are re-
quired to be custom made. There are many possible
materials that may be used for the pressure plates,
but 4140 Steel, Heat Treated, is the material of the
spider axle which may work for this component as
well. This material is able to withstand the stresses
caused by the spider axle and the working temper-
ature.

vii. Finalized Design Parameters

The table below includes all the finalized details of
the pressure plates. (The cam groove dimensions
were chosen based off the spider axle dimensions.)

Parameter Value

Outer Diameter 3.5 in
Inner Diameter 3 in
Thickness 0.25 in
Pressure Plate Material 4140 Steel, Heat Treated
Cam Groove 0.65 in x 0.65 in
Design Ramp Angle 50°

VII. Clutch Packs

i. General Information

There are two clutch packs located on each side of
the drive shaft. When the appropriate axial force

10



Limited-Slip Differential · December 2022 · MECH 325

is applied via the pressure plates, the clutch plates
are pressed together and lock the drive shaft. There
are two design assumptions which must be consid-
ered regarding clutch design. The first is uniform
axial wear. This assumption is used when analyz-
ing clutches with wear, as it derives the necessary
formulae for uneven pressure distribution. This
occurs in older clutches with high hours. Uneven
wear can occur causing pressure to become a func-
tion of distance from the inner radius to the outer
radius of the clutch plate. Since the Baja vehicle is
built for competition, the clutch packs will have lim-
ited use and low hours, therefore the second design
assumption of uniform pressure will be considered.
Relatively new clutches operate in this condition.

Figure 9: LSD assembly with clutch packs and washers

ii. Clutch Plates

The clutch plates must have a high heat capacity
in order to be able to withstand high temperatures
caused by slippage and should have a high resis-
tance to damage caused by wear. For this design
we chose a ceramic compound for the clutch plates,
as it is the standard in the racing industry. Research
was conducted into finding average values for the
material properties, as manufacturers do not pub-
lish the material properties of their clutch plates to
ensure competition cannot use their unique com-
pounds. A summary of the properties can be seen
in the table below.

Compound µ Pmax Tmax

Ceramic Compound 0.2 300.23 psi 1000 ◦F

Ceramic compounds are a mixture of copper, iron,
tin bronze, silicon dioxide and graphite. They have
a high temperature tolerance, which greatly bene-
fits Baja’s vehicle as clutch slip during changes in

traction will be common. Ceramic compounds gen-
erally have a shorter life expectancy, however it is
estimated the vehicle will have low hours as it will
only operate in testing and competition. The major-
ity of manufacturers do not have data sheets on the
types and sizes of clutch plates they manufacture,
but they do offer ordering forms. It is intended that
the plates will be purchased through a manufac-
turer and not custom ordered. It should be noted,
the final values for wear resistance, coefficient of
friction, and heat capacities retained from the man-
ufacturer should be reviewed and validated with
the calculations done in this report. Based on the
industry standard, we recommend fourteen clutch
plates lubricated with oil on each side of the differ-
ential. Seven will be connected to the driving shaft
and seven will be connected to the housing in an
alternating fashion via splines. The specifications
for the dimensions and structure of the clutch packs
are illustrated in the table below.

Quantity Outer Radius Inner Radius

14 1.75 in 0.75 in

The analysis of the clutch is done at maximum op-
erating conditions. After the gear reduction, the
clutch is required to transmit a maximum of 532.78
ft lbs. This capcity includes a factor of safety of 1.3.
Torque, under uniform pressure theory, is a func-
tion of the number of friction surfaces, coefficient of
friction, mean radius, and the total outward force
acting on the plates.

T =
2
3

µnWR

Torque derivation under uniform pressure theory
can be found in Appendix H, Uniform Pressure
Theory.

The total axial force is the sum of the preload and
the force from the pressure plates.

W = Fp + Fs

iii. Belleville Washers

Springs are required to provide torsional dampen-
ing from fluctuations in power delivery. Belleville
washers will be placed concentrically on the out-
ermost side of each clutch pack. The Belleville
washers serve to provide the required preload to
the system. Rearranging the formula for torque, we
can find the required preload.

Fp = 242.51lbs

11
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Fs =
3
2

T
nµR

− Fp

Nomenclature is listed in Appendix H, Nomencla-
ture. The calculated preload is 1564.06 lbs. We have
chosen type 300 stainless steel washers from Lee’s
Springs. The required washer will have an inner
diameter of 1 3/4 inches and an outer diameter of
2.750 inches and will fit appropriately on the shaft
with the clutch plates. Individually the washer has
a max load of 893.6 lbs when flat. Based on the
required preload, two washers will be stacked in
parallel. This orientation yields double the load of a
single washer for the same deflection. The washers
max load when flat is 1787.2 lbs. In order to analyze
the effect of increased preload, the bias ratio must
be considered.

Figure 10: Belleville washers stacked in parallel

The performance of a limited-slip differential is
evaluated in terms of a “Bias Ratio” (Development
of a Limited-Slip Differential, SAE). The bias ratio
is defined by the ratio between the static wheel
torque and the slipping wheel torque. The higher
the bias ratio, the better the vehicle is at maintaining
traction. Two factors in the clutch assembly directly
affect the bias ratio, the number of clutch plates and
the amount of preload. Increasing the number of
plates increases the bias ratio over the total torque
range and increasing the spring preload increases
the bias ratio over low end torque. Since the Baja
vehicle is designed for off-road competitions, an
increase in low end torque is favorable for technical
features and conditions. Therefore, increasing the
spring load by 14% is consistent with the required
use of the vehicle.

iv. Pressure

The maximum pressure must be calculated to con-
firm material selection. Since we are operating

Figure 11: Effect of springs and number of plates on Bias
Ratio

under uniform pressure conditions, the pressure
can be derived below.

P =
W

π(r2
o − r2

i )

The maximum uniform pressure is 281.28 psi.
The ceramic compound chosen for the clutch plates
can withstand a maximum pressure of 300.23 psi.
With consideration of our 1.3 factor of safety, this is
a safe max operating pressure.

v. Design Considerations

There are other factors for consideration when de-
signing the clutch pack. Expected life time should
be considered. The calculation to determine life and
wear on the plates was not able to be calculated at
this time, but should be noted. This is a lower con-
cern when designing for UBC Baja, as previously
mentioned the vehicle will be used in competition
and will undergo lower engine hours.

Another calculation that should be looked into is
the heat generated during clutch slipping. Without
some key values we were unable to do this calcula-
tion but it should be noted as it has high importance.
The clutch plates must be able to sufficiently dissi-
pate the accumulated heat or else the whole system
may fail. Since we are using the material properties
of typical compounds found in race car clutches,
we made the assumption that the material would
have the heat capacity requirements to operate at
the temperatures created by slippage.

The final consideration is "Wheel Hop" limita-
tions. Increasing the bias ratio correlates to an in-
crease in traction and the differentials performance.
However, maximization of the bias ratio cannot be

12
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done due to the phenomenon of wheel hop. If the
ratio is too high the differential will resists differ-
entiation and will cause the system to lock up in
turns or fast accelerations. This cases the vehicle
to shudder and the wheels to skip on the ground.
Due to this duality between bias ratio optimization
and the effect of wheel hop, other factors must be
taken into consideration. Suspension spring rates,
wheel size, vehicle and rider weight all effect this
phenomenon. Due to the complexity of the system
and variability in some of these factors we were not
able to optimize for the vehicle’s ability to operate
smoothly. However, our design serves as a baseline
for Baja to test. After manufacturing, clutch plates
and belleville washers can be added and removed.
Baja will then have the ability to empirically test the
effectiveness and smooth operation of the system.

VIII. Output Shafts

The output shafts deliver torque from the differen-
tial output gears to the portal gearbox and subse-
quently the wheels. They are thus subjected princi-
pally to torsional stress from the engine—bending
should is negligible although the possibility is ac-
counted for in the calculations.

The output shafts were specified in accordance
with the Mott equation for shaft design (12-24).

D =

32 N
π

√[
kt M
s′n

]2
+

3
4

[ T
sy

]2
1/3

SAE 1045 carbon steel was chosen as shafts of
useful dimensions are commonly available from
manufacturers. As a result, the diameter of the
output shafts for the given material must equal or
exceed 1.3 in for a design factor N of 3. A diam-
eter of 1.5 in diameter was chosen as this shaft is
available from McMaster-Carr.

IX. Conclusions and

Recommendations

In this report our team has shown the design and
selection process of the main components of the
front limited-slip differential for UBC Baja. The cal-
culations have been organized in one spreadsheet
to simplify any future iteration that UBC Baja may
require. While our team has been able to determine

all the needed materials and hardware, it is recom-
mended that UBC Baja tries varying their physical
packaging requirements and running additional
tests on the existing differential to confirm the as-
sumption made in this design process. This will
formally validate the design and may potentially
decrease the requirements on some components so
that they can be acquired for a lower price. It should
also be pointed out that some of the components
for the differential have not been selected due to
time constraints of this project. These parts include
ring-housing fasteners, bearings and the outer en-
closure for the differential. These components will
not be difficult to specify given the results of this
project.

A. Gear Ratio Calculations

This appendix describes the procedure of determin-
ing the desired gear ratio based on the requirements
provided by UBC Baja. The known parameters are
listed below.

• Top motor rpm nd = 3600 rpm
• Top car speed V = 51.1 km h−1

• Tire Size dt = 23 in
• Other gear reductions eother = 1.85

Knowing this information, the angular velocity of
the wheel output shaft can be determined as fol-
lows.

ω =
2V
dt

= 2915.66 rad min−1

nD =
ω

2π
= 464.04 min−1

Then, the ring-pinion reduction can be calculate by
diving the speed of the motor by the speed of the
output shaft and other existing gear ratios coming
from CVT and portals.

e =
nd

nD · eother
= 4.2

B. Ring and Pinion Design Factors

Note: all of the formula references in this section are
adapted from Shigley’s Mechanical Engineering Design
(eleventh edition)

i. Tangential Force Wt

Finding the tangential force requires knowing γ
and Γ which can be simply derived with γ =

13



Limited-Slip Differential · December 2022 · MECH 325

arctan(Np
Nr

) = 13.4◦ and Γ = 90 − γ = 76.6◦. Then,

Wt =
2T
dav

= 202.18 lbf

ii. Stress Cycle Factors for Pitting Resis-
tance CL and Bending Strength KL

In order to find the value of CL for ring and pinion
gears, we first must calculate the number of load
cycles NL that the gears are expected to operate
for. Given the requirement that the differential has
to run for 200 hours, it is easy to calculate that
Nr

l = 7399794 and Np
L = 31079137. Thus, by using

the equation 15-14:

CL = 3.4822n−0.0603
l

Cr
L = 1.34

Cp
L = 1.23

Similarly, by following equation 15-15 for general
application

KL = 1.3558N−0.0178
L

Kr
L = 1.02

Kp
L = 0.997

iii. Reliability Factors KR and CR

Given that the differential is an critical par of the
vehicle a larger reliability of R = 0.99 has been
picked. Now KR and CR values can be determined
form equation 15-19

KR = 0.5 − 0.25 log(1 − R) = 1

CR =
√

KR = 1

iv. Temperature Factor KT

Finding the temperature factor was slightly arbi-
trary since the maximum operating temperature
has not been provided. Upon doing research the
maximum operating temperature was decided to
be 250C◦ or 482F◦. Using the equation 15-18, KT
has been found to be

KT =
460 + 482

720
= 1.33

v. Crowning Factor for Pitting Cxc and
Lengthwise Curvature Factor Kx

The design is intended for straight bevel gears with
properly crowned teeth. So from equations 15-12
and 15-13 respectively

Cxc = 1.5

Kx = 1

vi. Contact Geometry I and Bending J
Factors

Both of the factors are determined based on the
number of teeth which are Nr = 63 for the ring
gear and Np = 15 for the pinion. Figures 15-6 and
15-7 yield the following values.

I = 0.075

Jp = 0.24

14
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Jr = 0.18

vii. Size Factor for Bending Ks

The bending size factor Ks is reliant on the dia-
metrical pitch of the gears which can be simply
calculated by using the pith diameter of the ring
gear as well as its number of teeth Pd = Dr

Nr
= 10.5

teeth per inch. Now using equation 15-10 Ks can be
obtained as follows.

Ks = 0.4867 +
0.2132

Pd
= 0.5

viii. Size Factor for Pitting Resistance Cs
and Load Distribution Factor Km

Calculating this parameters only involves the face
width which we selected to be 0.75 in. From equa-
tion 15-9 and 15-11 respectively

Cs = 0.125F + 0.4375 = 0.53

Km = Kmb + 0.0036F2 = 1

Note: Kmb = 1 has been assumed corresponding to
both members being straddle-mounted.

ix. Dynamic Factor Kv

The calculation of this parameter is slightly more
involved than the rest and requires knowing the
transmission accuracy factor Qv and the pitch line
velocity vt = 968.63 ft/min . For this application, a
transmission accuracy factor was chosen to be Qv =
6. Knowing this we can obtain obtain constants
A = 59.77 and B = 0.825 from equation 15-6 and
plug them in the equation 15-5 to obtain the value
of Kv.

Kv =

(
A +

√
vt

A

)B
= 1.41

x. Overload Factor Ko

For this parameter, we assumed heavy-heavy shock
that yields a value of

K0 = 2.25

C. Ring and Pinion Material

Selection

D. Housing

i. Von Misses Stress Calculation

15
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Name Value Symbol

Shaft Length 3.5 in L
Spider to Side Gear Ratio 1:3 R
Face Width 0.394 in W
Pressure Plate Thickness 0.25 in t
Spider Gear Location 1 in a
Spider Gear ID (for Cs) 0.315 in D
Force on each Spider Gear 913 lbf F
4140 Yield Strength 129.2 ksi Sy
4140 Tensile Strength 142 ksi ST
Fatigue FOS 1.2 N

Table 8: Spider Shaft Calculation Specifications

From Shigley eq. 7-1

J =
π

32

(
d4 − (d − t)4

)
=

π

32

(
(4 in)4 − (4 in − 0.25 in)4

)
= 5.72 in4

τm = K f s
Tmr

J

= 1 · 533 lbf ft · 12 in ft−1 · 4 in
5.72 in4

= 2236 psi

τa = σa = σm = 0

σ′
m = (σ2

m + 3τ2
m)

1
2

= (3 · 2236 psi)
1
2

= 3873 psi

E. Spider Shaft

The specifications used in all spider shaft calcula-
tions are shown below.

i. Bending and Shear

The calculations for finding the locations of the
forces shown in the FBD are shown below.

Engine Force Location (from outer end of shaft)

=
L
2

− t
2

=
3.5 in

2
− 0.25 in

2
b = 0.125 in

Spider Gear Force Location

= 1 − (0.5Wcos(arctan(R)) + a)

= 1 − (0.5 · (0.394 in)cos(arctan(3)) + 1 in)

c = 0.56 in

Below is the Bending Moment and
Shear Diagram for the end of the shaft.

The shear is just the force but negative: 913 lbf,
while the moment formula is below:

M = −Fx + Fb
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We can see on the moment and shear graph
(shown in the Spider Axle - Bending and Shear
section) that the largest moment occurs where the
centre of the spider gear is; at x=c (0.56"). So the
moment becomes 400 in-lbf.

ii. Stress

To calculate stress we use the following method:

σ =
32kt M

πd3

=
32 · 400

π · 0.3153

= 130 ksi

τ =
8ktV
3πd2

=
8 · 913

3π · 0.3152

= 7.8 ksi

Total Von Mises Stress =
√

σ2 + 3τ2

=
√

1302 + 3 · 7.82

= 131 ksi

iii. Fatigue

The following method was used to find the ex-
pected number of fatigue cycles of the differential:

1. Designing for 200 hrs of use

2. Estimated 4 cycles of braking/accelerating per
minute of driving

3. 50,000 cycles total

iv. Modified Endurance Limit

To calculate the Modified Endurance Limit for 4140
Steel, we used the following graphics from Mott:

We used the "Machined or Cold-Drawn" curve,
which gave an endurance limit of 50 ksi.

We used a 0.99 Reliability, which
gave a size factor of 0.81.

Cs = (
D
0.3

)( − 0.11)

= (
0.314

0.3
)( − 0.11)

= 0.99

Result:

S′n = SnCsCR

= 50 · 0.99 · 0.81

= 40 ksi

v. Minimum Shaft Diameter

To calculate minimum shaft diameter to withstand
fatigue, we use the method below. Note that there

17
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is no Torsion (T) so the equation simplifies.

D =

32 N
π

√[
kt M
s′n

]2
+

3
4

[ T
sy

]2
1/3

=

[
32 · 1.2 · 400

40, 000π

]1/3

= 0.5 in

F. Pressure Plates

i. Separation Force Calculation

THousing = TDrivesha f t · GearRatio

= 126.85 lbf ft · 4.2

= 532.78 lbf ft

FSpiderAxle =
THousing

DPressurePlates
2

=
532.78 lbf ft
3.5 in

2 · 1 ft
12 in

= 3653 lbf

Using the calculated values above and the equa-
tions below derived from Figure 12 the following
separation force is found for various ramp angles:

FNormal =
FSpiderAxle

2 · sin (RampAngle)

FSeparation = FNormal · sin (RampAngle)

Ramp Angle Normal Force

30° 3653 lbf
40° 2842 lbf
45° 2583 lbf
50° 2384 lbf

Ramp Angle Separation Force

30° 3164 lbf
40° 2177 lbf
45° 1827 lbf
50° 1533 lbf

Figure 12: Cam groove forces

G. Output Shafts

i. Required diameter

Choose SAE 1045 with su = 91 ksi and sy =
77 ksi. Consult Figure 5–11 to select the modified
endurance limit.

Choose:

• Material factor Cm = 1.00 for wrought steel
• Type-of-stress factor Cst = 1.0 for bending

stress
• Reliability factor Cr = 0.88 for 99% reliability
• Size factor Cs = 0.85 from Figure 5–12
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s′n = 0.5sn(Cm)(Cst)(CR)(Cs)

= 31.3 ksi

Now, estimate that a max of 100 lbf of bending
force will ever be present on the output shafts. This
is likely overkill, as this force should be handled by
the suspension. Then:

D =

32 M
π

√[
Nt M

s′n

]2
+

3
4

[ T
sy

]2
1/3

= 1.31 in

For Kt = 1.5 and a design factor N of 3.

H. Spider Gear Design Factors

i. Tangential Force Wt

The tangential force is a fairly simple calculation. If
we know the torque of the housing, and we know
the outer diameter of our spider gears, then we can
calculate what force will need to be distributed by
the pinions and spider gears.

Wt =
T

2d × N

Where N is the number of pinions, in this case 4.
The extra factor of 2 is due to the fact that there are
two spider gears for which to distribute the load.
Plugging in our housing torque of 532.78 ft-lbs, and
our spider gear outer diameter of 68mm, we get a
force of 297.5 lbf.

ii. Overload Factor K0

The overload factor was computed from the follow-
ing table

The wheels create moderate shock from braking
and turning, while the engine provides moderate
shock from acceleration. This leads to a K0 selection
of 1.75

iii. Size Factor Ks

The size factor was computed from the following
table from the following table

As our module is well below the minimum of 5,
a size factor of 1.00 was selected.

iv. Load Distribution Factor Km

The load distribution factor was calculated from the
following equation

Km = 1 + Cp f + Cma

The Cp f factor was determined from the follow-
ing graph.
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It was determined to be 0.01, as our gears have a
face width of 10mm.

The Cma factor was determined from the follow-
ing graph

The Cma factor was determined to be 0.15, from
our 10mm width and from the fact that we are
using commercial gears.

Plugging into our equation, we get a Km factor of
1.16.

v. Rim Thickness Factor KB

The rim thickness factor was determined to be 1.00
due to the following exerpt from the Mott textbook.

vi. Dynamic Factor Kv

The dynamic factor was calculated using the follow-
ing graph

First, the pitch line velocity was determined to
be 2920 ft/min for the gear and pinon. This was

determined using the following equation

v =
π

12
× n × Pd

For Pd, we use the following equation

Pd =
Numbero f Teeth

Module
With 15 teeth, and a module of 1.5, we can cal-

culate a diametrical pitch of 16.5. For n, we use
the highest difference in rpm the differential would
experience of 664.

From the graph above, we can find the dynamic
factor of 1.12.

vii. Geometry Factor I, J

Our geometry factor can be calculated from the
following graphs.

We can use this graph, with 15 teeth, to find our
j of 0.3 for the pinion and 0.37 for our gear.

We can use this graph, with 15 teeth, to find an i
of 0.15 for the gear and pinion.

viii. Cycle Loading Factor CL

The number of loading cycles can be calculated
from
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N = 60nt

n is the typical rpm the differential will spin at,
while t is the lifetime, in hours. The calculation
leads to a value on the order of magnitude of 106,
which according to the following graph yields a CL
of 1.5

ix. Reliability Factor K0

For a reliability of one failure in 99 we choose a KR
of 1.

x. Elastic Coefficient Cp

As both our gears are made of steel, our CL is 2290.

I. Clutch Packs

i. Nomenclature

n number of clutch plates
R mean radius
T torque capacity
W normal/axial force
Fp axial force from pressure plate
Fs axial force from belleville washer
µ coefficient of friction
ri inner radius
ro outer radius

ii. Uniform Pressure Theory

Area of friction surface of a ring with radius r and
thickness dr

A = 2π(rdr)

Figure 13: Cross section of clutch plate

Axial force on the ring

(δ)W = PA

Frictional force acting at radius r

Ff = (µ)P2(π)rdr

Frictional torque acting on the ring

Tf = Ff r = (µ)P2(π)r2dr

Torque capacity

T =
∫ ro

ri

Tf dr

T =
2
3

n(µ)W
r3

o − r3
i

r2
o − r2

i

Preload calculation

Fs =
3
2

T
nµR

− Fp = 1564.06lbs

Fp = 242.51 lbs

T = 533 f t lbs

Adjusted torque capacity after increasing spring
preload

T = 598.58 f t lbs

Total axial force on plates

W = Fp + Fs = 2029.71 lbs

Mean radius of friction surface

R =
2
3

r3
o − r3

i
r2

o − r2
i
= 1.36 in
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When uniform pressure acts evenly on entire fric-
tion surface

P =
W

π(r2
o − r2

i )
= 281.28 lbs

Revised factor of safety

fs = 1.36

iii. Belleville Washer

Figure 14: Deflection vs load graph for Lee’s Springs

ID OD Max Load Height Thickness

1 3/4 in 2.75 in 893.6 lbs 0.22 in 0.13 in
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