
Michigan Baja Racing 3-Speed
Transmission

Design Report

Benji Wu, Simran Bagri, David Grover, Pablo
Elizondo del Bosque

ME 450, FA ‘24
Department of Mechanical Engineering

University of Michigan
Ann Arbor, MI 48109-2125

Section 003-Luntz, Team 21
December 16, 2024

Page 1 of 70



Baja Transmission Executive Summary
The Michigan Baja Racing team has requested that our team reevaluate their current gearbox

setup. In order to help keep the MBR team competitive with other Baja SAE teams, our project team
compared the benefits of the current MBR gearbox design to that of alternative designs, and ultimately
created a prototype of our recommended design.

The main motivation of our project is to help the MBR team maximize the amount of points won
in each competition. To determine where to focus our energies, we analyzed the cause of points lost over
the past 6 competitions. During the 2023 & 2024 seasons, over 20% of points lost were due to lack of
torque out of the transmission, and due to implementing reverse in 2024, the loss of points due to halted
forward progress dropped from 25% in 2023 to 3% in 2024. Based on the points breakdown, the team
decided to fix the issue of lack of torque outputted by the gearbox while maintaining reverse capability.

The requirements and specifications place an emphasis on backwards compatibility with past
vehicles. The backwards compatibility requirement implies that our project team must work within the
current systems implemented by the MBR team, and minimally impact surrounding subsystems without
sacrificing performance.

The current benchmarks for this project include past MBR gearboxes as well as commercially
available gearboxes. Using these benchmarks as inspiration, we deconstructed our design space into
subsystems and created a morphological chart and a concept tree. We also used design heuristics to
further increase our concept pool. By sketching out each design, we eliminated impractical designs while
also gathering data on each design: (1) number of gear ratios, (2) part count, (3) manufacturability, (4)
mass, and (5) efficiency loss. Gear analysis was conducted on each design in order to ensure compliance
with the requirements and specifications and to provide a mass & volume estimate: to determine the face
widths of the gears, we used Lewis Bending Stress, contact stress, and bending and pitting fatigue
equations. The five data points were each put into an analytical hierarchy process which in turn informed
a Kepner-Tregoe decision matrix which guided our decision in selecting the final design.

The selected design is an evolution of the 2024 transmission with an extra gear train added in
parallel. Updated ratios provide more torque and higher speed across the two forward gear trains, and the
reverse gear train preserves the ability to back out of obstacles and continue forward progress.

With gear sizes established from our initial sketches, the rest of the gearbox was designed around
the gears with a focus on packaging within a previous vehicle’s architecture. Shifting was achieved
through the use of male and female dog gears that select between the high, low, and reverse gears via a
shifting barrel. Bending and torsion calculations were performed on the shafts and bearing calculations
ensured they were sized correctly. Finite element analysis was also run on the gear webbing and case to
determine the maximum stress each would see. These types of analysis verified all components had a 1.2
safety factor on their worst case loading scenarios ensuring we meet our durability and load capability
specifications.

Manufacturing plans that made use of MBR sponsors and a bill of materials were outlined to
organize all components needed for the gearbox, their manufacturing, and their assembly, meeting our
first deliverable for this project: a comprehensive plan for the construction and integration of the final
design into the rest of the vehicle. The other deliverable was a manufactured prototype of our design. This
was a 3D printed demonstration prototype meant to test shifting functionality between the 3 speeds, thus
requiring a separate design that omits spacers and bearings is more 3D printable. The initial design
required a few iterations. However, after a couple of design and material changes, we were able to prove
shiftability of our prototype, thereby validating the barrel drum shifter design.
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1 Abstract
The goal of this project is to develop a transmission for an off-road vehicle being built by the Michigan
Baja Racing Team. Michigan Baja Racing races at 3 competitions annually, with the goal of winning the
most cumulative points across all 3 points compared to other competing teams. During the 2023 & 2024
season, over 20% of points lost were due to lack of torque out of the transmission, and due to a
transmission design improvement in 2024, the loss of points due to halted forward progress dropped from
25% in 2023 to 3% in 2024. Michigan Baja Racing has come to our team with the request to redesign the
current transmission in order to decrease the amount of points lost during their competition season. Our
ME450 team will compare the benefits of the current design to that of alternative designs and ultimately
create a prototype of a recommended design. The final prototype will ideally include accurate gear sizing,
integration plans with the existing CVT, 4WD system, rear axle, braking system, and chassis, and a
reliable method for shifting between various gears. The scope of this report encompasses the context of
the design problem, a high level overview of the design process employed to solve this problem,
stakeholder analysis, the research and derivation of requirements and specifications, benchmarking
analysis, design generation, design selection, and a timeline illustrating project milestones, tasks, and
status. [1]

2 Introduction, Background, and Information Sources

2.1 The Competition
The Society of Automotive Engineers (SAE), gives college students around the world the opportunity to
design, build, and test solutions for a variety of vehicle engineering competitions through several
Collegiate Design Series (CDS). In the Baja SAE competition, students are tasked with designing and
building a single-seat, four wheel drive, all-terrain vehicle that is to be a prototype for a reliable,
maintainable, ergonomic, and economically viable production vehicle. The students must work together
as a team to design, engineer, build, and test a vehicle that will compete on off-road courses developed by
the competition organizers. Each competition runs for four days. The race courses are designed for several
distinct dynamic events to test the performance of the vehicle’s suspension, acceleration, torque,
durability, and maneuverability. The dynamic events and take up the majority of days three and four at a
competition [2]. Days one and two are filled with a few static events such as a design competition where
the design process to build the vehicle is explained. There is a cost competition in which the cheapest car
wins, and a business presentation where a pitch for a fictional business scenario is presented. All these
static and dynamic events are scored to sum to 1000 points; the team who accumulates the most points
wins the competition [1] and the team that accumulates the most points across all 3 North American
competitions within a season wins the Mike Schmidt Memorial Iron Team Award.

2.2 The Team
Michigan Baja Racing (MBR) is a student team housed in Wilson Center at the University of Michigan -
Ann Arbor that competes to win the Baja SAE competition National Championship. MBR is made up of a
small group of dedicated undergraduate students who design, build, and race a new off-road vehicle from
scratch every year. The team is led by administrative members who are responsible for choosing the
directors of each vehicle subteam (Suspension-Steering-Brakes, Chassis/Ergonomics, and Drivetrain) as
well as the subsystem leads for the vehicle subsystems within each subteam. Subsystem leads are then
responsible for designing, testing, and in some cases manufacturing their subsystems. The team aims to
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manufacture as much of the vehicle at their facility as possible, with certain parts or operations that
cannot be done in house outsourced to specialty manufacturers. The team has access to a range of CNC
and manual machine tools and metal fabrication tools available in university machine shops and
makerspaces, but lacks some which may become relevant to this project such as a wire EDM, a CNC mill
with more than 4 axes, and any precision grinding or hobbing tooling for the manufacturing of gears. The
team’s primary goal is to win the overall competition, which drives vehicle level requirements that are
then broken down into subteam and subsystem level requirements. These help push the car towards the
best competition performance possible. MBR has won the Mike Schmidt Memorial Iron Team Award in
seven of the past ten competition seasons [1].

2.3 Project Description
Section 2.3.1 gives an overview of the whole drivetrain system and the way that power is transferred from
the engine all the way to the wheels. Section 2.3.2 will give an overview of MBR’s engine. The following
sections are a description of the current vehicle transmission set up with a CVT or continuously variable
transmission (2.3.3), gearbox (2.3.4), and rear drive shafts (2.3.5), as well as the brake system (2.3.6).

2.3.1 Drivetrain Power Overview. The drivetrain of a vehicle transfers power from the engine all the
way through the wheels through a collection of systems so that the vehicle can move. In a standard 2
wheel drive (2WD) drivetrain of an MBR vehicle, power generated at the engine is transmitted through a
mechanical continuously variable transmission (CVT), then through a fixed-ratio rear gearbox, and lastly,
through the rear driveshafts. A 4 wheel drive (4WD) drivetrain additionally has a transfer case that splits
power from the gearbox towards the front of the car, a belt or propshaft system to carry that power to the
front, a front differential or gearbox to split power between the front wheels, and front driveshafts to carry
power to the front wheels. In this project we will focus on the gearbox. A CAD model of the drivetrain for
MBR 34 can be seen in Figure 2.3.1.

Figure 2.3.1.MBR 34 drivetrain CAD. Our area of concern for this project is the gearbox seen on the left
side of the image.
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The CVT, gearbox, and rear half shafts are all shown in figure 2.3.1 above. This project will focus mainly
on the gearbox while keeping in mind its interface with the CVT, rear half-shafts, and rear brakes in an
effort to improve MBR’s transmission system.

2.3.2 Engine Overview. SAE dictates that each Baja Racing Team must use a Kohler Command Pro
CH440 engine to power their cars. This engine is shown in Figure 2.3.2. below [3].

Figure 2.3.2. A Kohler gasoline, single cylinder engine Command Pro Small Horizontal series CH440
Model. This is the engine that SAE specifies all Baja teams must use.

The power and torque output from this Kohler CH440 engine is transferred to the CVT via its horizontal
output shaft, then the gearbox, and finally the wheels. This engine must be the sole method of power
generation for the car and cannot be modified. The engine can provide up to 14 horsepower, however,
SAE limits it to 10 and has a peak power of 3.5 kW [4].

2.3.3 Continuous Variable Transmission (CVT) Overview. The continuously variable transmission
(CVT) is the transmission used to route power from the engine crankshaft to the input of the gearbox,
through an infinite number of gear ratios. A CAD model for the MBR CVT from the previous year’s car
is shown below in Figure 2.3.3.
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Figure 2.3.3. Custom CVT developed by the MBR Team. This CVT consists of two pulleys, called the
primary and secondary sheaves, joined with a rubber v-belt.

The MBR CVT secondary sheave sits on the input shaft of the gearbox.

2.3.4 Gearbox Overview. The gearbox receives input power from the CVT and its output power is routed
to the rear axle and 4WD system.. A CAD model for the MBR gearbox from the previous year’s car is
shown below in Figure 2.3.4.

Figure 2.3.4. Custom gearbox developed by the MBR Team. The gearbox consists of a double reduction
gear set with a forward gear train and a reverse gear train.

The gearbox’s double reduction gear set is designed to act as final drive for the CVT. It contains oil and is
sealed using a precision o-ring. The gearbox also has a split of power at the intermediate stage to a
friction clutch and belt system that can transfer power to the front wheels. The friction clutch and main
reduction box are joined through the use of dog clutches and a driver-actuated shifter fork.

A previous iteration of the car, MBR 33, split power at the intermediate stage to a transfer case that
connected to a propshaft to transfer power to the front. This is likely what the team will be reverting to
instead of a belt system.

Figure 2.3.4. The gearbox consists of a single-speed, double reduction gear set that can split power to a
transfer case.
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2.3.5 Rear Drive Shafts Overview. The drive shafts send power from the gearbox to the rear wheels of
the car. A CAD model for the MBR drive shafts from the previous year’s car is shown below in Figure
2.3.5.

Figure 2.3.5. Custom drive shafts developed by the MBR Team. The drive shafts consist of an outboard
u-joint that splines to the center of the wheel and an inboard u-joint.

The inboard u-joints of the drive shafts spline onto the output shaft of the gearbox and mount the rear
brake rotor.

2.3.6 Brakes Overview. The brakes are the primary method of decelerating the car. A CAD model for the
MBR rear brakes assembly from the previous year’s car is shown below in Figure 2.3.6.

Figure 2.3.6. Custom rear brakes developed by the MBR Team. The brakes include floating calipers that
hold brake pads in place and pistons that force the brake pads around a disc rotor attached to the wheels to

decelerate the car through friction.

The rear caliper is mounted to the driver left side of the gearbox case.

2.3.7 Project Motivation

Page 9 of 70



To determine where the most improvement could be attained, the team conducted a points breakdown of
the past two competition seasons (2023 and 2024) which totals to 6 competitions examined. For each
competition, the difference between the maximum number of points possible in each dynamic and
endurance event and the score MBR achieved was calculated to determine where points were lost. Each of
these differences was assigned a numerical causation code corresponding to the cause behind the loss of
points including a large turn radius, lack of torque, CVT belt slip, and halted forward progress.

Figures 2.3.7 (top) and 2.3.8 (bottom). The points breakdown from the Ohio competition of the 2023
season illustrates a lack of torque in the sled pull event to be one of the most costly reasons for points lost.

Through this analysis, the team found that across both seasons, an average of 20% of points were lost due
to lack of torque, especially in the sled pull event. Furthermore, during the 2023 season, 25% of points
lost were from halted forward process, which guided the implementation of a reverse gear in the 2024
vehicle. With this new addition, only 3% of points lost in the 2024 season were due to halted forward
progress, encouraging the team to keep reverse in future iterations of the vehicle. Based on this points
breakdown, the team has decided it stands to gain the most points from resolving the issue of lack of
torque outputted by the gearbox.

2.3.8 Problem Statement. The Michigan Baja Racing Team’s transmission architecture has largely been
stagnant over the past few seasons. In order to stay competitive with other teams, an investigation into
more mass efficient and capable gearboxes is necessary. Through thorough engineering analysis, the team
will conceptualize, verify, and validate a design solution that increases the packaging performance &
mass efficiency of the transmission, while maintaining current capabilities (gear ratio, reverse gear, 4WD
integration, etc.). A more capable gearbox will allow the team to yield a higher performing car in
competition events via more customized gear ratios for each event such as sled pull, which requires a
higher gear ratio to increase torque output.
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2.4 Project Goals
This project exists in order to assist our sponsor, the Michigan Baja Racing team, build a more
competitive race car. The motivation for this project is to decrease the number of points lost per
competition from inadequate torque delivered to the wheels. Our team will help MBR improve the
performance of their car by re-evaluating its gearbox design. MBR has also seen recent improvements in
design that have decreased overall points losses, and these improvements must be retained to avoid
increasing point losses in other areas.

The major objectives of this project are to design a gearbox for the MBR car and prototype it. A
successful outcome for this project will be determined by a completed design for the gearbox, a
manufactured prototype of the design, and a plan in place for the construction of the final design.

2.5 Information Sources
We gathered most of our information by interviewing relevant stakeholders, which include interfacing
substem leads and manufacturers (see section 3.2). The Baja team also has a repository of previous
projects which were referenced as research done to improve the gearbox and other drivetrain subsystems.
In addition to reviewing previous work done by our team, we conducted research on commercially
available gearbox solutions for passenger vehicles, race cars, and go-carts. This market research is
outlined in detail in the benchmarking information found in Section 3. The Baja SAE rulebook is also an
information source, providing a source of requirements that must be adhered to by all competing teams in
order to be eligible to compete at competitions. The most relevant section of the rules pertaining to the
gearbox are the hazardous release of energy (HROE) guarding requirements that outline the minimum
strength and thickness allowable for safety guarding that shields the driver and spectators from rotating
components. We plan to source technical content from textbooks such as Shigley’s Mechanical
Engineering Design and Dudley’s Handbook of Practical Gear Design and Manufacture. The ME 450
course content has also inspired our design process framework, as well as the process to define
stakeholders and determine requirements and specifications. As the project progresses, we may
incorporate standards, such as a 1.2 safety factor for stresses, depending on the relevant application. The
sources for such standards used in the future will be identified as we determine which are applicable.

2.6 Design Process
At this stage in the design process, we have followed the ME Capstone design process framework [5] laid
out by the ME 450 instructional team. The framework diagram is shown below in Figure 2.6.1:
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Figure 2.6.1. A diagram showing the ME Capstone Design Process Framework outlined in the learning
blocks for ME 450 [6]. This solution-based and iterative system closely matches MBR’s design process.

Our team has found this framework is compatible with our project due to its emphasis on solution-based
design and cyclic nature of being able to repeatedly go back and rework the design. Several gearbox
projects have been conducted by MBR that used a variety of different types of gearboxes making it
possible to iterate on those designs and take key components of each that we found worked well. With
these resources available and a solution-oriented approach, the proposed design of the gearbox can
constantly be modified throughout the design process as requirements are further evaluated and updated
[7]. Before settling on this framework, the team also considered several other design frameworks shared
in the ME 450 course resources such as the five-stage Dym and Little design process model. This is a
more linear and chronologically sequenced method from need identification to the final design [8].
However, these steps left little room for design iteration possible with more of a problem-based approach.

From the considerable amount of resources available to us, we will use the ME Capstone Design Process
Framework with an emphasis on iteration between concept exploration and solution development. This
ties in well for our project because we already have previous MBR gearbox designs to act as a starting
point, so we will mostly be iterating on the previous MBR gearbox design while keeping elements that
worked well in them while incorporating new elements to enhance its capability. To ensure the gearbox
stays competitive with those of our peer teams, we expect to repeatedly refine our requirements and
specifications throughout the design process. Considering this, we find that the ME Capstone Design
Process Framework will best enable us to reflect these changes in our design, making it a good fit for our
team and our project goals. [1]
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3 Research and Benchmarking

3.1 Current Gearbox Benchmarking Standards
3.1.1. Gearboxes on the Market

The Baja SAE series is a collegiate design series where the vehicles built by competing teams are
typically built with many, if not all, custom components. Michigan Baja Racing has utilized custom
transmissions for over a decade, designing and machining much of the drivetrain themselves. However,
there are many ways that their transmissions and other teams’ custom transmissions are influenced by
commercially available components & assemblies.

Figure 3.1.1 Polaris RZR XP 1000 Transmission

Many teams utilize Polaris ATV style transfer cases, shown in Figure 3.1.1, to distribute power to their
rear wheels & to 4WD. These transfer cases cost around $3,000-$5,000 and are around 50 lbs fully
assembled [9]. They utilize a cast aluminum or steel housing, steel shafts to transfer torque from input to
output, and steel gears. They also have multiple forward gears, assembled side to side, to give multiple
forward ratios and one reverse ratio. Other similar transmissions are produced by ATV and side-by-side
companies such as Honda, Can-Am, and Yamaha, utilizing similar architecture.

3.1.2. Existing Baja Gearbox

Since 2013, Michigan Baja Racing has run a transmission consisting of a CVT transmitting engine torque
to a 2-stage spur-gear gearbox. This architecture was first designed by a 450 project team in 2012 [10].
Prior to that, the team had run both a purely belt driven and/or chain transmissions that were great for
packaging and vehicle architecture, but often had failures due to shock loading, and were not very
efficient. Since 2012 the transmission has gone through some slight iterations in areas such as gear ratios,
gear pocketing, and gearbox case geometry. However, no big changes were introduced to the fundamental
design until the 2024 transmission, where an extra gear train was introduced to obtain reverse capabilities.
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Figure 3.1.2MBR’s first ever gearbox from 2012 [10]

Figure 3.1.3 2024 gearbox with reverse capabilities

3.1.3. Existing Transmission Designs

In order to gain inspiration for design solutions, we looked at existing transmissions in different non-Baja
SAE vehicles, which see similar styles of power transmission as MBR’s, including side-by-side ATV’s,
motorcycles, go-karts, and sports cars.

A majority of side-by-side vehicles follow the same main architecture that MBR has been utilizing: a
CVT to a final reduction gearbox (See figure 3.1.1). This setup allows the vehicles to automatically and
smoothly continuously shift into whatever overall reduction is needed to keep the vehicle moving at its
maximum engine power output. This helps eliminate driver error in shifting, keeps the engine at its peak
output power, and maintains high efficiency, which is why MBR has used a similar system for the past 12
years.

Motorcycles such as the Honda CBR1000 [11] don’t use a CVT to transfer power from the engine to the
drivetrain and perform shifting, but rather use a multi-plate friction clutch and a manual transmission with
between 4 and 8 gears to transfer power at different speeds and torques. Manual transmissions with
clutches are harder for the driver to use consistently, requiring practice and familiarity with the system,
and have predetermined ratios for torque and speed. This means the driver will not always be driving at
peak power, and errors in shifting can cost time when driving at the limit. However, these manual
transmissions do utilize a very unique method of shifting: dog gears. As seen in Figure 3.1.4, dog gears

Page 14 of 70



allow power transmission between the faces of two bodies rotating along the same axis. They are used in
manual transmissions, sequential transmissions, and some automatic transmissions in cars, motorcycles,
and other vehicles. This way of transferring power in a binary on/off state has been used in MBR’s 4WD
system and more recently has been introduced to switch between the forward and reverse gear trains in
2024.

Figure 3.1.4 Honda CBR1000 Dog Gears

Sequential Gearboxes utilize a component called a “selector drum”, shown in Figure 3.1.5 [23]. This
selector drum allows for any number of shifting forks internally to be controlled by one external input.
The driver inputs a certain angle of twist on the selector drum via a ratchet gear knob, and as the drum
twists, it moves certain shifter forks along its length to engage or disengage them in a predetermined
order, which is the sequential selection of the gears.

Figure 3.1.5 Honda Recon 2x4 Transmission Selector Drum

Finally, spur gear trains are used in many different configurations, including planetary style gearboxes in
automotive & go-kart transmissions. Planetary transmissions provide a gear reduction in a smaller overall
package at the cost of more complex parts. They are also useful when different components are locked
against each other, seen in the GY6 Go-Kart Planetary gearbox (Figure 3.1.6) [12]. This gearbox allows
for the same components to be used to transmit torque in the forward direction and in reverse by locking
the carrier to the ring gear for forward, and to the case for reverse.
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Figure 3.1.6 GY6 Go-Kart Reverse Gearbox

3.2 Stakeholder Analysis and Interviews
Our stakeholder map includes primary stakeholders who would be most affected by our design, secondary
stakeholders who may be indirectly affected by our solution due to being part of the problem context, and
tertiary stakeholders who are outside of the problem context but may still have some influence on the
problem. Our stakeholder map also has another categorization system that includes Resource Providers,
Supporters & Beneficiaries of the Status Quo, Complementary Organizations and Allies, Beneficiaries
and Customers, Opponents & Problem Makers, and Affected or Influential Bystanders. Resource
Providers may provide financial aid or other services for the project, knowledge or expertise, or
technological resources. Supporters & Beneficiaries of the Status Quo are those who benefit from there
being no change or new solution. Complementary Organizations and Allies may have some influence on
the process and also may be working to solve the same problem. Opponents & Problem Makers play a
part in the problem or directly or indirectly work against any solution being designed. Affected or
Influential Bystanders currently do not have influence over the solution, but may have influence or be
affected in the future [13] [1].

Our stakeholders are largely in support of our design, all of them are actively in support of our design or
ambivalent to it unless otherwise stated. Our primary stakeholders are the MBR team and MBR
endurance driver as Beneficiaries & Customers because they will be receiving our end product to
integrate within their vehicle and the driver will be actively using the gearbox and shifting between its
different gears while driving in each event. Current MBR subsystem leads will make up our Supporters
and Beneficiaries of the Status Quo because no change in the gearbox means they do not need to change
their subsystems at all to integrate with the new design. Our secondary stakeholders include Chardam
Gear as a Resource Provider since they grind our gears for us and other manufacturers for the team (both
machinists within the team and manufacturing sponsors) who would benefit from no change in the design
as parts from the previous year’s gearbox could be recycled for the new car reducing their workloads.
Interfacing Subsystem Leads such as for the CVT, Brakes, and Half Shafts may additionally act as
Opponents and Troublemakers because any changes they make to their designs could affect how their
subsystems interface with the gearbox and require a corresponding change within the gearbox mounting
design. Finally, Complementary Allies and Organizations include Baja SAE and other baja teams because
they are not directly affected by the gearbox, but inspiration could be taken from the types of gearboxes
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they use. For tertiary stakeholders, other Wilson Center Teams and Chris Gordon are Affected or
Influential Bystanders because MBR must work with those other teams and Chris to gain time on
in-house machines that would be used to manufacture the gearbox such as the 3-axis mill. UM COE is a
Resource Provider from the funding they provide MBR and SAE technical inspectors could serve as
Opponents and Problem Makers based on the rules they set for transmission designs and any differences
in interpretation of those rules that may arise. Our stakeholder map can be seen below in Figure 3.2.1.

Figure 3.2.1. Our stakeholder map in which we analyzed all of our stakeholders and thought about their
relevance and influence on this gearbox solution and on MBR performance at competitions. We only
interviewed the primary stakeholders as they are the only ones who will be directly affected by this

solution and will be either using it or designing their components to integrate with it.

3.2.1. Gearbox Subsystem Lead. According to the MBR Gearbox lead, the past transmissions have been
efficient at delivering enough power to the rear wheels and contributing to the overall vehicle speed.
However for maximizing points in a competition setting a transmission or gearbox that focuses on adding
capability to the gearbox and therefore the vehicle as a whole. Changing the capabilities might have to
mean to try and experiment with potentially a completely different transmission concept. Through a
model of the drivetrain, we have looked into different possible ratios and compared their acceleration
times across 100ft, 200ft, and 1000ft. A ratio of about 9:1 gives the quickest 1000 ft acceleration time as
the highest top speed, while a ratio of around 13:1 gives the quickest acceleration time across 100ft.
Having a ratio lower than 9:1 does not give any more marginal gains to 1000 ft acceleration time, as the
air drag term exponentially drowns out the increase in ratio. While having a higher reduction would
provide more torque we have calculated that any ratio higher than 13:1 would cause packaging issues
from either making the gearbox too long or too tall. This leads to the main difficulty with experimenting
drastically is being able to fit within the already existing integrating subsystem leads such as brakes, CVT,
and Half Shafts. Since that leaves the subsystem with very limiting freedom dimension wise. If we do not
fit within these constraints then the vehicle as a whole would most probably need a complete redesign
which in that case makes experimenting with the transmission not worth the trouble and potential issues.
Point gains were seen through the use of reverse in suspension & traction and endurance events, where
the driver was able to extricate themselves from an obstacle and continue forward. Eliminating reverse
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will cause excessive point losses, as seen in previous seasons, and is not an option for any future design.
[14]

3.2.2. Endurance and S&T Driver. Even though our current transmission has great overall performance,
creating a more adaptable system could increase vehicle performance according to our S&T and
Endurance driver. Since no one from the team knows what the course is going to look like until we get
there, having more options for the driver could make us more prepared no matter the terrain, geography,
or unique obstacles created. There have been some competitions that involve a lot of uphills or difficult
obstacles where we would benefit from having the transmission deliver more torque. On the other hand,
there have been some other competitions where the courses are relatively flat and have easy obstacles
where speed is more important than torque. If we had an adaptable system, we can be more prepared and
not have to worry about the inconsistencies between competition courses throughout the season. A
problem to think about if we do end up developing a more adaptable transmission that can shift in and out
of the gear ratios would be the ease of shifting. In the previous vehicle the gearbox was able to shift
between forward and reverse and due to the design mechanism it was sometimes a lot of effort to shift
while driving. With the potential that a more capable transmission might introduce different speeds and/or
reverse, shifting it should not require more force than about 10 lbs., anything greater than that might make
it difficult to shift and take away the driver’s focus from what is in front of him. [15]

3.2.3. CVT Lead. According to the CVT (continuous variable transmission) lead, while experimenting
with different types of transmissions to provide more capability to the vehicle, any new concept that gets
rid of the CVT would not be overall beneficial to the vehicle performance. A CVT allows the vehicle to
react to any new reacting forces through backshifting and is shifted all the way from reduction to
overdrive within seconds creating an extremely efficient system. For a vehicle our size and with its
performing parameters it would make a lot of sense to utilize a CVT. So it would be highly recommended
that any new concept or iteration of our transmission mostly involve the gearbox and not the CVT. The
CVT, however, does need to be taken into consideration when designing the gearbox because it controls
how far from the engine crankshaft the gearbox will be located. This distance is controlled by the size of
the CVT and its belt and must be accommodated to allow packaging room for the CVT. Furthermore, we
learned from the CVT lead that there is a maximum input torque the gearbox can receive from the CVT
that all gearbox components must be able to withstand. These constraints will be taken into account for
our final design. [16]

3.2.4. Brakes Lead. The current rear brake assembly is mounted inboard on the car, with the rotor
mounting on the inboard axle yoke and caliper mounted to the gearbox case. Packaging the assembly
around drivetrain and chassis components is challenging, and according to the current brakes lead, many
issues have been caused with the caliper & rotor hitting frame tubing or gearbox tab mounting. This can
be caused by excess width in the gearbox forcing the caliper to move further outboard, therefore putting
in contact with the frame tubing surrounding the rear of the car. To remedy this, we will impose a limit on
the width of the final design to maintain our current caliper & rotor placement, and guarantee their
functionality. [17]

3.2.5. CNC Machinists. The current gearbox we make is probably one of the most complex and time
consuming subsystems we have to machine even when considering the sponsors we have at hand. From
pocketing the numerous gears, making the gearbox case, to machining all the shafts and spacers for the
gears uses the most capable set of machines that the Wilson Center has to offer. With a new redesign of
the transmission the designer has to take into account the capabilities that our shop has to offer. With a
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more complicated design that would have to involve a 5 axis CNC Machine the team would have to
outsource which is not a viable option due to the budget and timeline constraints. [18]

3.2.6. Rear Half Shafts Lead. The current rear half shaft also acts as the long arm for our suspension
geometry. Because of this, it not only sees the torsional loads provided by the gearbox, but also axial
loads from the suspension. We have calculated from a mathematical model that the theoretical maximum
axial load case would be 17 kN. Since the half shaft is directly mounted to the gearbox, the output shaft
and gearbox case will also have a maximum axial load case of 17 kN. [19]

3.3 Broader Design Context

Most of our stakeholders are ones who are directly affected by the outcome of our design (see Figure
3.2.1). However, we acknowledge that our design may have unintended effects on other groups not
currently listed in our stakeholder list. In our list of stakeholders, most will be affected positively by our
design. Notable exceptions are the potential opponents and problem makers, namely the SAE technical
inspectors and interfacing subsystem leads. SAE technical inspectors are often resistant to changed
designs, and sometimes impose amendments to the rules based on teams’ innovations. Individual SAE
technical inspectors are perhaps the hardest (practically impossible) stakeholders to communicate with,
since they are randomly sourced from volunteer Baja SAE alumni. To circumvent this issue, SAE
provides a rules clarification service in which teams can submit questions to the lead technical inspector
about the rules to preempt any sort of tech inspector resistance. Our team will use the rules clarification
service in the event that we need a clarification on the rules to ensure that an aspect of our design is rules
compliant. Interfacing subsystem leads are also potentially negatively affected by our design since they
will need to change legacy team designs to accommodate a new gearbox design. In contrast to the
individual SAE technical inspectors, interfacing subsystem leads are easy to communicate with via Slack
or in person meetings. We will work closely with interfacing subsystem leads to ensure that our project
has minimal negative impact on their work.

Broadly speaking, there is no reasonable social or societal aspect of the problem that is driving this work
to be done beyond the interests of our sponsor. Our sponsor is a collegiate racing team and the Baja SAE
competition affects a very small subset of society: students involved with the competition and supporting
industries and sponsors. While social impact is very important to the members of our ME450 team, in
communicating with our sponsor it is clear that social impact ranks very low on their list of priorities, and
is not usually considered in design. Team performance is the sponsor’s highest priority which is reflected
in the prioritization of functionality, quality of design, and speed of delivery for our project. Despite the
lack of prioritization of social impact, our team will try its best to minimize social and environmental
impacts of our project. For the duration of this semester, the project will be manufactured by the members
of our ME450 team and should have minimal impact on the jobs of salaried or hourly workers either at
the University of Michigan or at any external sponsors/suppliers. In addition to complying with the Baja
SAE HROE requirements, during the design phase we will be conscious of the safety of machinists at
each manufacturing operation, and will also be conscious of the safety of mechanics servicing the
gearbox. At the end of its life, our gearbox will likely be recyclable, increasing the sustainability of our
project. If not recyclable, the end of life cost of our gearbox will be minimal due to its small size.
Gearboxes almost invariably use oil or grease for lubrication–our team is committed to protecting the
environment and will do so by disposing of any petroleum products such as used oil, or gasoline through
the proper Environmental Health and Safety channels. We will also avoid wasting raw materials in order
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to conserve the sponsor’s financial resources as well as the environment. Our sponsor will require limited
production runs of any prototype we produce. As with any sort of hardware production, manufacturing
processes will take some amount of energy. Our team will minimize our energy consumption with our
limited production run. The main environmental impact of our project is likely the use of metallic
materials which have a high environmental footprint, from mining to processing, all the way to machining
and heat treatment. In choosing more sustainable materials such as wood, our project requirements would
not be met due to the stringent packaging constraints. While using non-metallic materials would increase
project sustainability, it is not feasible for this project.

The intellectual property produced by this project will belong to the members of this ME450 team. As
such, we do not have an intellectual property agreement with our sponsor, the MBR team. However, there
is an expectation of discretion, meaning that MBR’s direct competitors should not have access to any
designs that may give MBR an advantage over other teams. If this project yields a novel product, it would
be reasonable to apply for US and international patent protection.

We hope to not face many ethical dilemmas in the design of our project. However, a potential ethical
dilemma we may face is enlisting MBR team members to assist in the manufacturing of our project. We
will deal with this ethical dilemma by ensuring that the majority of the manufacturing work is done by
ourselves, unless specialized expertise is required in the manufacturing of our product. We expect this
dilemma to be kept to a minimum due to the depth of manufacturing experience present on our team. Our
team ethics align well with the University of Michigan’s ethics as well as future employers’ ethics–there
will be absolutely no forced labor during any phase of our project, and precautions will be taken to protect
the work environment.

Our project team is made up of the current technical director of the MBR team, the current captain, and
two former leads on the MBR team. This creates an obvious power dynamic between our project team
and the rest of the MBR team, especially in terms of perceived technical authority and seniority. Our
project team is aware of this power dynamic and will make an effort to not create a power imbalance. Our
efforts will include listening to stakeholders on the MBR team and receiving feedback from interfacing
subsystem leads, ensuring that the sponsor has as much influence as appropriate. Within our project team,
we are not worried about power imbalances due to the entire team having worked with each other on the
Baja team since freshman year. In terms of inclusivity, when interacting with our sponsor we will take
care to identify any unconscious biases we may have, and to include as many voices as possible when
seeking feedback.

4 Requirements and Engineering Specifications

4.1 Requirements and Specifications
After speaking with the sponsor and stakeholders of our project during the interview process described in
section 3.3, our group developed a list of high level requirements. These high level requirements are listed
in table 4.1 below. The high level requirements were each expanded into multiple sub-requirements, each
with a corresponding specification and justification. Each specification was driven by either external
research relating to the system being analyzed, or internal research relating to one of the subsystems that
makes up the MBR race car. The sub-requirement breakdowns may be found in tables 4.1.1-4.1.8.
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Table 4.1. Stakeholder requests and high level requirements with sub-requirements.

High level requirements with sub-requirements

The MBR Gearbox must have:
● High Efficiency

○ Limited power loss
● Backwards compatible packaging

○ Packages with CVT
○ Output aligns with inboard half shaft points
○ Packages within past vehicle frames

● High durability
○ Forward driveline components survive the duration of a competition
○ Reverse driveline components survive the duration of a competition
○ All bearings survive duration of a competition

● Load Capability
○ All components must have a safety factor
○ Withstand loading from rear half shafts
○ All components withstand maximum input load from CVT

● Gear Ratio Functionality
○ 3 speed ratios (high, low, reverse)

● Manufacturable given current capabilities
○ All milled components manufacturable by machinery in Wilson Center
○ Out of house manufacturing can be done by existing team sponsors
○ All fillets machinable with current tooling

● Ease of Use
○ Driver can shift between gears easily

● Light-weight

4.1.1. The gearbox must have high efficiency. The engine only outputs 10hp so we need to maintain as
much power as we can to have optimal speed and torque output at the wheels.

Table 4.1.1. Requirements and specifications for the efficiency requirement.

Sub-requirement Specification Justification Testing/Validation Method

Limited Power
Loss

Input to output
power loss <
15%

Assuming a gear efficiency
of 98% and ball bearing
efficiency of 99%, the current
gearbox has a ~95%
efficiency. If the new gearbox
has an efficiency <85%, it
will not be considered for
being used on the vehicle.

Strain gauge the rear half
shaft and get the engine
torque at that rpm to calculate
efficiency

Test on fully built gearbox
once assembled into the
vehicle

4.1.2. The gearbox must have backwards compatible packaging. To make full-scale testing of the
gearbox once it is built simpler, it needs to be able to package within the architectures of previous
vehicles builts by MBR.
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Table 4.1.2. Requirements and specifications for the backwards compatible packaging requirement.

Sub-requirement Specification Justification Testing/Validation
Method

Packages with
CVT

8.5in distance from input to
engine crankshaft

CVT needs 8.5” of
space from the
engine crankshaft to
gearbox input shaft
based on its belt size

Integrate into
previous vehicles’
CAD

Check when
designing gearbox
and verify by
installing within the
vehicle once the
gearbox is fully built

Output aligns with
inboard half shafts
points

Between 5.75in & 6.5in
distance from input to output

Rear half shafts (set
by suspension
kinematics) are
placed roughly that
far behind the input
shaft of the gearbox

Packages within
past vehicle frames

Fastens to 3 existing fastener
holes

< 2.5in wide (laterally in car)

Can be installed with
the same mounting
as older vehicles and
serviced easily
Fits within frames of
older vehicles with
space for the rear
brake caliper

4.1.3. The gearbox must have high durability. The gearbox must be durable for the length of the
competition otherwise it will cost the team driving time during endurance to fix it and points.

Table 4.1.3. Requirements and specifications for the durability requirement.

Sub-requirement Specification Justification Testing/Validation
Method

Forward driveline
components survive the
duration of a competition

Survive at least 10^6
wheel revolutions

Assume 6 hours
(length of a
competition) of
forward driving time
at 25 mph with a
11.5” radius wheel

Perform a mock
competition
(endurance, accel,
S&T, etc.) and
examine all
components
afterwards to search
for any signs of
failure

Test on fully built
gearbox once
assembled into the

Reverse driveline
components survive the
duration of a competition

Survive 10^4 wheel
revolutions

Assume 30 minutes
of driving time in
reverse at a
competition at 5 mph
with a 11.5” radius
wheel
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vehicle
All bearings survive duration
of a competition

Bearings rated to
C10 lifetime of 10^6
revolutions at
maximum loads

Assume 6 hours of
driving time at 25
mph with a 11.5”
radius wheel

4.1.4. The gearbox must have load capability. The gearbox must be able to survive its worst case
loadings during competition as having to fix it takes time away from actively competing and earning
points.

Table 4.1.4. Requirements and specifications for the load capability requirement.

Sub-requirement Specification Justification Testing/Validation
Method

All components must
have a safety factor

SF of 1.2 on maximum
load cases on all
components

Team standard safety
factor for drivetrain
components

Verify each component
has 1.2 SF analytically
and conduct drop
testing (worst case
loads)

Drop test with fully
built gearbox once
assembled into the
vehicle and conduct
SF verification during
analysis

Withstand loading from
rear half shafts

17kN axial loading Maximum loading
from axially-stressed
drive shafts

All components
withstand maximum
input load from CVT

54 ft-lbs of torque Input torque from
CVT at max reduction
from engine

4.1.5. The gearbox must have gear ratio functionality. Having different gear ratios the driver can
switch between will allow him to select the best ratio for each event.

Table 4.1.5. Requirements and specifications for the gear ratio functionality requirement.

Sub-requirement Specification Justification Testing/Validation
Method

3 speed ratios (high,
low, reverse)

Low gear reduction of
~9:1

High gear reduction of
~13:1

Reverse gear reduction
greater than 2.8

Based on points
breakdown: high gear
to increase torque (sled
pull, etc), low gear to
retain points in higher
speed events, reverse to
maintain reverse
capabilities

Analytically confirm
gear ratios (based on
tooth count) during
design

Confirm gearbox
outputs at 3 speeds with
the prototype
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4.1.6 The gearbox must be manufacturable given the team’s current capabilities. This will
significantly reduce the costs of manufacturing the gearbox.

Table 4.1.6. Requirements and specifications for the manufacturability requirement.

Sub-requirement Specification Justification Testing/Validation
Method

Milled components
manufacturable by
machinery in Wilson Center

Manufacturable by <=
4 axis machinery

The team will not
have to pay extra for
manufacturing of
gearbox components
or search for
additional sponsors

Confirm with team
machinists throughout
design process and
after design is
completed

Out of house manufacturing
can be done by existing team
sponsors

0 new manufacturing
sponsors needed

All fillets machinable with
current tooling

All fillets of radius
>=0.125in

4.1.7 The gearbox must be easy to use. The driver will have to shift with one hand and drive
simultaneously.

Table 4.1.7. Requirements and specifications for the ease of use requirement.

Sub-requirement Specification Justification Testing/Validation
Method

Driver can shift between
gears easily

< 10lbs of shifting
force

Driver ergonomics
considerations

Ideal dog gear
separation derived
over past years of use
& packaging
constraints

Put a force gauge on
linkage after gearbox
and vehicle are fully
built and test how
much force it requires
to shift0.25in separation

between dog gear
engagements

4.1.8. The gearbox must be light-weight. The vehicle is already rear heavy and adding too much
additional weight to the gearbox will impact its overall speed.

Table 4.1.8. Specifications for the light-weight requirement.

Requirement Specification Justification Testing/Validation Method

Light-Weight Weighs <11 lbs No more than 2 lbs greater Check CAD mass estimation
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than current gearbox during design and confirm on
scale once full scale gearbox
is built

5 Concept Generation
To begin the concept generation process, the team met together and decomposed the overall design
problem into several smaller sub problems. Starting with the engine output and choosing the type of
clutch that is used to transfer that power, we separated each distinct subsystem from the overall system.
Moving from the engine and into the gearbox, we designated the internal reduction method, which sets
how speed is stepped down and torque is stepped up from the clutch’s output, as its own subsystem.
Following the internal reduction method, the way to transfer torque within the components in the selected
reduction was another subsystem. Once those are determined the implementation of the multiple ratios
within the reduction method and which shifting mechanisms are going to be used to select and power the
desired ratio need to be figured out.

Once the transmission was divided into these five smaller problems to solve, we organized them into a
morphological chart specifying a few potential solutions for each sub function displayed in Table 5.1.1.

Table 5.1.1 Our morphological chart in which we brainstormed the different types of clutches, internal
reduction methods, internal component torque transfer methods, shifting mechanisms, and methods of
implementing multiple ratios that could be implemented in our design.

Sub- Functions Solutions

Clutch Method
CVT Tension Belt Centrifugal

Clutch
Hydraulic
Torque
Converter

Internal Reduction
Method

Gears Belt Chain Magnetic
Gears

Internal
Component
Torque Transfer
Method

Keyed
Connection

Splines Polygon Welded

Shifting
Mechanism

Dog Clutch Friction
Clutch

EM Clutch Synchromesh

Method of
Implementing
Multiple Ratios

Stacked
Trains

Parallel Trains Continuously
Variable
Shifting
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We aimed to come up with three to four solutions for each sub task that could be combined in different
permutations to generate complete designs.

After the morphological chart was completed, we split up and individually generated 20 concepts each,
with a focus on not rejecting any idea no matter how extreme or improbable. Along with deferring
judgment, we emphasized quality over quantity of our ideas, using more visual means such as sketches to
convey our solutions, and building on previous ideas, and combining previous ideas. These tools enabled
us to explore the solution space more thoroughly and break away from conventional solutions. Team
members also made use of their own morphological charts and design heuristics like using one component
for multiple functions, twisting one idea to create another, and applying existing mechanisms in a new
way. All of these ideas are listed out in Appendix B.

Once we spent some time generating solutions separately, we came back together during a brainstorming
meeting to go over them as well as come up with a few more together. We started by reviewing our ideas
and then used a few more design heuristics to build on them. A few examples of these are illustrated
below in Figures 5.1.1 a-c where we made use of the heuristics stack, rotate and nest.

Figure 5.1.1a MBR has previously used the stacking heuristic in its designs when creating its 2024
gearbox (middle) from its 2023 gearbox (left) by stacking an additional gear train to introduce a reverse
gear. One idea the 450 team had was to employ this again by stacking another gear train onto the 2024

gearbox to introduce the high torque gear (right).

Figure 5.1.1b The rotation heuristic was used on the previous concept by rotating it 90 degrees to create
more of a sequential-style gearbox that uses bevel gears and has intermediate shafts sitting perpendicular

to the input and outputs, rather than parallel to them.
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Figure 5.1.1c Another idea was generated by nesting a planetary gearbox within the 2024 gearbox on the
intermediate shaft that would allow shifting between the reverse gear and high torque gear.

6 Concept Selection
After all of the group’s concepts were generated, they were organized and narrowed down by utilizing a
concept tree that visibly displays all the different types of methods that can potentially be used to solve
our design problem and how they branch from each other to set them apart. This can be seen in Figure
6.1.1 below.

Figure 6.1.1: The concept tree shows all the high level branching that each solution fits into while most
of the specific solutions and lower branches, such as on the engine driven side of the tree, have been

concealed for readability.
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In the concept tree, the branches visibly lay out all the different paths the design could take. Branches can
then be eliminated by doing some rough calculations and preliminary analysis to see if they clearly would
not meet our requirements and specifications. For starters, anything engine driven was eliminated almost
immediately due to the high weight increase along with packaging and manufacturing concerns. Engine
driven solutions would require significantly bulkier and heavier transmissions in order for us to achieve
our specific reductions than a CVT would be. This would make both packaging within our already limited
space a challenge as well as manufacturing since the components would be more complex and have a
higher part count. An engine driven solution would require a torque coupling device from the engine such
as a fluid torque converter or a friction clutch in order to mitigate engine stalling, increasing mass. Such
devices also have their own manufacturing concerns such as impeller, stator, and turbine manufacturing,
and clutch friction material sourcing and manufacturing. From here, we were able to focus solely on the
CVT driven branch of the tree. The chain driven and timing belt transmissions were eliminated due to
how they handle shock loading causing durability issues based on the MBR’s previous experience with
them (the 2020-2021 vehicle implemented a chain drive system which consistently sheared its sprocket
teeth in max loading conditions). V-belt driven transmission was also dismissed due to significant
efficiency losses, especially from belt slip in the acceleration event. Within the gear driven branch, the
stacked planetary transmission was eliminated due to the highly complicated shifting mechanisms that
would be needed along with packaging and weight concerns. From there, five final design concepts were
left, shown in Figures 6.1.2 a-e..

Figures 6.1.2 a-b: (a) 2023 Single Reduction Gearbox, (b) 2024 Double Reduction Gearbox with reverse
capabilities
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Figures 6.1.2 c-d: (c) 2024 Gearbox with Additional Gear Train Model (d) Sequential Model, both with 3
reductions: low, high, and reverse

Figures 6.1.2e: Planetary Model with 3 reductions: low, high, and reverse

6.1 System Analysis
In order to quantitatively compare each potential concept, five comparison metrics were determined.
Concepts were evaluated on (1) the number of gear ratios, (2) complexity as measured by the number of
parts, (3) manufacturability as measured by the required number of machining setups, (4) mass in lbs, and
(5) efficiency loss as a percentage. In order to assign values to each of these metrics, detailed designs
were required and preliminary calculations were performed in order to determine the necessary gear
sizing. Each design was sketched out to ensure requirements and specifications would be met, and that
each design could be manufactured and assembled. In sketching each design, the number of gear teeth to
accomplish each required gear ratio was determined while maintaining equidistant center distances on
gears that shared shafts. To fulfill this requirement, the sum of the teeth of each meshing set sharing shafts
needed to be equal. Each sketch showed the number of gear ratios and the number of parts required. The
sketches allowed machinists on the team to determine the number of manufacturing setups required to
produce each design. Additionally, preliminary gear sizing (face width and pitch) was determined after
conducting Lewis bending analysis and further analysis according to AGMA 20010-D04 to analyze
contact stress and wear/fatigue (see appendix C) [21]. Gear sizing calculations were used to determine the
material required to achieve the specified 1.2 safety factor over the expected loads, and to then estimate
the mass of each gear train. The preliminary gear analysis determined 9310 steel hardened to 36 HRC to
be a candidate material for which mass analysis was conducted [22]. Sketching each design also
determined the number of bearings and gear meshes for each design. Due to the fact that MBR does not
have a benchtop dynamometer to test the efficiency of drivetrain components, an estimation based on
assumed 99% efficient bearings and 99% efficient gear ratios was used to determine the overall efficiency
losses of each gearbox design [21]. An example of this system analysis for the three speed planetary
gearbox is below, assuming a diametral pitch of 12 teeth/inch, a density of 9310 steel of 0.28 lb/in3, and 3
planets.
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Figure 6.1.1 Determining Part Count, Number of Manufacturing Steps, and Percent Efficiency Lost of the
Three Speed Planetary Gearbox Design

Figure 6.1.2 Estimating Mass of the Three Speed Planetary Gearbox Design. This mass analysis assumes
a diametral pitch of 12 teeth/inch, a density of 9310 steel of 0.28 lb/in3, and 3 planets.

This process was repeated for each of the other potential designs. The results of the system analysis for
each system is presented in the table below.

Table 6.1.1. System Properties

Criteria 2023 Gearbox 2024 Gearbox 2024 Gearbox
With

Planetary
Model

Sequential
Model
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Additional
Gear Train

# Gear Ratios 1 2 3 3 3

# Parts 15 25 30 29 36

# Manufacturing
Setups

18 29 38 42 48

Mass (lbs) 7.5 9 9.6 13 13

Efficiency Loss
(%)

7.7 7.7 9.6 8.6 10

6.2 Analytical System Selection
To systematically determine which of the 5 concepts the team would continue with, we used a
combination of an analytical hierarchy process (AHP) in Figure 6.2.1 and Kepner-Tregoe decision matrix
in Figure 6.2.2. This method of down-selection provides a more objective and quantitative approach to
choosing a solution by calculating scores solely from the numerical information provided, keeping it
isolated from personal bias towards a specific solution.

To begin, all five categories that these final concepts were evaluated on were entered into the AHP (top
chart), which uses pairwise comparisons of how important one category is relative to another to determine
the weights of each. The AHP allows concrete pairwise comparisons, as opposed to arbitrary “vibes”
based weight assignment in a classical pugh chart. We decided that the number of gear ratios a solution
can provide was 9 times as important as efficiency loss because the project goal was to introduce another
gear ratio for higher torque, which we knew would increase efficiency loss due to the increased number of
rotating and meshing parts. Complexity and manufacturability were determined to be equally important,
or have a 1:1 ratio of importance relative to each other – because fewer parts and fewer machining setups
both simply save time for our members who have to conduct the operations – but 3 times as important as
mass. Mass affects the overall speed of the vehicle, however, a couple of additional pounds in the
gearbox, which is already allowed for by our specifications, will not change this drastically which is why
mass was ranked to be less important than number of gear ratios, complexity, and manufacturability. Mass
and efficiency both affect vehicle speed, but mass was determined to be 3 times more important than
efficiency because we expect to see efficiency loss from the new designs and are thus okay with some
efficiency loss as long as it is less than 15% as specified by our specifications beyond which we would
not even consider the solution in the decision matrix. For similar reasons, complexity and
manufacturability were determined to be 5 times as important as mass because we valued being able to
not add too much extra work onto our members’ and sponsor’s already heavy workloads over marginal
savings in weight. The rest of the rankings for number of gear ratios were calculated according to the
relative weights of complexity, manufacturability, and mass against efficiency loss. Based on this input,
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the AHP totals each column’s relative weights to get the sums in the bottom row and sums the quotients
of the row of the category being looked at by the row of sums to get the criteria’s absolute weight.

Figure 6.2.1 Analytical Hierarchy Process

The criteria weights determined from the AHP were fed into the Kepner-Tregoe decision matrix, along
with an information number for each category and solution. The information was the results of the
engineering analysis conducted in System Analysis where we determined exactly how many gear ratios,
how many parts, how many manufacturing setups, how much mass, and how much efficiency loss each
concept would have. The matrix then compares how well or how much one solution meets the criteria
relative to how much the others do to determine its value. Finally, the values are all multiplied by criteria
weight to get scores which are summed up to get the total score of each solution.

Figure 6.2.2 Kepner-Tregoe Decision Matrix

According to the AHP and Kepner-Tregoe matrix, the winning solution was the 2024 gearbox with an
added gear train for the high torque gear. Though its score was close to that of the planetary gearbox, we
are confident the analysis run on each was accurate enough to validate the difference between the two.

7 Selected Concept
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Figure 7.1.1 Selected Concept: 2024 Gearbox with Added Geartrain. Torque is input through the top shaft
and output through the bottom-most shaft. Dog clutches select between high, low, and reverse gears

through an actuated shifting barrel.

The selected concept was determined to be the 2024 Gearbox with an added gear train (Figure 7.1.1). It
has several main advantages, as it achieves all three gear ratios that were specified, and compared to the
other 3-speed concepts, it has a lower part count, it has less manufacturing setups, it is lighter, and it is
more efficient.

The concept is an extension of the 2024 Gearbox, utilizing free-spinning gears on the input shaft that are
selected one at a time via a shifting barrel controlled by the driver. The driver pulls a lever in the cockpit,
rotating the shifting barrel, which pushes a selector fork and selector dog gear against the dog gear teeth
on the free-spinning input gear the driver wishes to select, transferring torque through it and thus through
the rest of the gearbox to the output shaft. The three ratios include a high gear ratio of 9:1 for high top
speed, a low gear ratio of 12.6:1 for higher torque, and a reverse ratio of -9.95:1. Four-wheel drive will be
outputted to the driver right side of the car from the intermediate shaft. The gears and shafts will be
enclosed in a 7075 Aluminum casing, machined on a 3-axis CNC mill, and submerged in gear oil for
cooling and efficiency benefits.

Shafts will be designed by looking at gear contact forces and bearing supports modeled as simply
supported beams. The overall OD and ID will be selected through geometrical constraints and
maintaining a 1.2 Safety Factor in bending & torsion through the shaft. Shaft splines will be designed
looking at shear stress at the root of the spline and bending stress on the tooth at maximum torque seen in
an overload situation, and designed to have a 1.2 SF for both conditions. Gear tooth count, diametral
pitch, pressure angle, and face widths have already been predetermined after looking into the packaging
constraints of our project and capabilities of manufacturing sponsors, and have been selected based on the
Lewis Bending equations and Hertzian contact stress on the teeth considering the same overload scenario
as the shafts, with a 1.5 SF placed on both. Bending and pitting fatigue have also been considered, and
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have at least a 1.2 SF for all gears. Gears with large distances radially between the root of the gear teeth
and root of their inner splines will be pocketed as to be lightweight, and a non-linear contact finite
element analysis will be performed on the pocketing to verify it’s structural integrity under the
aforementioned overload scenario to a 1.5 SF. The gearbox casing will be designed to contain all
bearings and gears with clearance for rotation and slight deformation. The case will be pocketed similar to
the gears, and a non-linear contact finite element analysis will be performed on the maximum bearing
reaction loads and the axial loading through the rear axle into the gearbox to a 1.3 SF. Bearings for shafts
and free-spinning gears will be selected by looking at the C10 life of the bearings and the maximum
revolutions of the component at its maximum dynamic load.

The shafts will be machined on a CNC Lathe in house, and made of either Grade 5 Titanium or 300M
Steel, and the 300M shafts will be heat-treated to 36 HRC to increase their yield strength. They will then
be sent to a sponsor to have spline profiles shaped onto them. Gear blanks will be manufactured on a
3-axis CNC mill in-house, and made out of 9310 Steel. The gear teeth will be sent to a sponsor for rough
shaping or hobbing, heat treated and case carburized, and then finally ground to the specified involute
profile with +/- 0.0003in of tolerance. The following parts will all be manufactured in house on a 4-axis
CNC Mill: the shifter barrel out of 300M, the shifter forks out of 9310, and the dog gear selectors out of
9310.

8 Design Solution

8.1 Concept Overview

Figure 8.1.1 a-b: (a) Isometric view of Gearbox CAD Model (b) Top view of Gearbox CAD Model. Note
the low gear and high gear positions have changed with respect to the sketched design for ease of

assembly

From our selected design generated for inputting parameters into the Kepner-Tregoe matrix, we translated
our sketch into a CAD model. The sketch dictated gear face width, gear tooth count, and overall gearbox
architecture. While the overall design changed very little between the sketch and the CAD model, there
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was one minor change in gear train arrangement: the high gear and low gear positions were switched to
accommodate the free wheeling action of the high input gear. In order for the input gears to freewheel on
the input shaft, the input gears must ride on bearings on the input shaft. The input gears must freewheel on
the input shaft in order to facilitate shifting. Shifting is achieved by moving the female shifting dogs onto
the male dogs on the appropriate input gear, thus selecting high, low, or reverse gears. Once the male and
female dogs are meshed, the selected input gear rotates with the same angular velocity as the input shaft,
providing torque to the selected gear train. The female shifting dogs are splined to the input shaft. This
creates the issue of installing an input gear over the shifting dog splines of the input shaft. Since the
middle input gear must slip over the outer splines during installation, the diametrically largest input gear,
the high gear input gear, was selected to fit in the middle of the input shaft. In order for the high input
gear to freewheel on the input shaft, a “spline plug” was designed to slide over the splines, and to provide
a bearing surface on which the high input gear bearing will interface. To achieve axial constraint of the
high input gear, the spline plug is axially constrained to the input shaft via snap rings. The high gear input
bearing abuts onto a lip on the spline plug on one end and a snap ring on the other. Finally, the high input
gear is slipped over the entire assembly, with the inner face of the surface supporting the male dogs
constraining it axially against the bearing. The high input gear is further constrained on the other side by a
snap ring against the bearing. The low and reverse input gears are also mounted on bearings along the
non-splined segments of the input shaft. The low and reverse inputs use the same mounting technique,
and use the same tooth count, and physical part.

Figure 8.1.2 Free-spinning input gear cross section highlighting the inner bearing it rides on.

The only difference is their orientation, with the low gear male dogs pointing to the right side of the car
while the male dogs of the reverse input point towards the left side of the car such that the male dogs of
the reverse input and low gear input face each other but are separated by the female shifting dog and fork
assembly. The low/reverse bearing is constrained axially to the shaft via snap rings. The gear is
constrained to the bearing with the inner face of the surface supporting the male dogs, constraining it
axially against the bearing, and constrained on the other side by a snap ring against the bearing.

● Throughout the design process, the gearbox design was informed by our requirements. While
producing the CAD, we confirmed that the design meets the requirement of 8.5 in center to center
distance from crankshaft to input shaft, which was specified by MBR’s CVT lead. The design
also fulfills the requirement of a distance between 5.75in and 6.5 from output to input shaft, as
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specified by the gearbox and rear half shafts leads, with a distance of 6.5in from output to input
shaft. Furthermore, the estimated weight of the design is about 10.9 lbs dry, meeting our
requirement of a less than 11 lbs gearbox, a benchmark set by our sponsor. Each component is
manufacturable with 4 axis machinery, as confirmed by our team’s machinists, meeting our
manufacturability requirement also specified by our sponsor. For ease of bearing selection,
bearings were selected from the Michigan Baja Racing team’s bearing sponsor’s catalog, the NSK
standard catalog. While designing the shifting barrel, a 45º shift angle was chosen to ensure that
the X and Y force components are equal on the shifting fork shafts, allowing for a symmetric
shifting fork shaft design. Manufacturing concerns were addressed in the design of the shifting
forks and shifting barrel. In order for the shifting forks to be manufactured in house, a two piece
design was selected. The rounded interface of the fork which is in contact with the female shifting
dogs was designed to be laser-cut and subsequently welded to a machined shaft via an interfacing
connection. The shifting barrel was designed to be machined on the fourth axis of a CNC mill.
Additionally a shaft on which the shifting forks run on was added to ensure no misalignment and
to constrain the shifter forks to an axis parallel to the input shaft. Each of the gears, low, high, and
reverse, are separated by 120º on the shifting barrel, and the shifting barrel interfaces with the
shifting lever, the design of which is outside the scope of this project, via a polygon (square)
torque transfer inspired by square drive ratchets.

Figure 8.1.3 Gearbox Design With Case. Gearbox design has necessary output, intermediate output, and
input shafts to be back-compatible with previous vehicles, fulfilling our back compatibility requirement.

In order to meet our lightweight requirement of less than 11 lbs, gear design included gear pocketing to
decrease the mass of the center of the gears. The shape of the gear pocketing was determined by running
topology optimization on the gears, optimizing for the mass moment of inertia of the gears about their
axes. Additionally, the intermediate output was designed to integrate with the 4WD system of MBR35,
while the output shafts were designed to integrate with the legacy driveshafts common to previous
Michigan Baja Racing vehicles. The center plane of the output gear is centered on the car centerline in
order to accommodate drive shafts, and to ensure equal torque through each shaft in the limiting condition
of both wheels acting as fixed supports (CVT belt slip limited load case). Centering the output gear on the
centerline of the car results in necessitating an alcove housing for the reverse gear. In order to ensure
proper lubrication of the reverse gear train and to mitigate oil distribution concerns, the gearbox requires
enough oil to partially submerge the reverse idler gear. The alcove design took into account
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manufacturing concerns, and is manufacturable with a 4in ball-nose end-mill already in the possession of
the Michigan Baja Racing Team, and therefore satisfies the requirement of being manufacturable in
house.

8.2 Analysis
Loads were gathered for gearbox components using a combination of first principle analysis, free-body
diagrams, hand calculations, and empirical data derived from annual testing of each iteration of MBR’s
vehicle. The maximum load cases are the torque of the CVT while it is locked in it’s maximum torque
output ratio, which also causes bending on the input shaft, the axial loading of 17kN from a worst-case
scenario of landing on one wheel and the force being transmitted through the rear half-shaft into the
gearbox, and all the associated internal shaft reaction forces on supporting bearings. This section details
an example of each type of analysis, however thorough analysis and iterative design was completed on all
components under their maximum loading and subsequent fatigue to ensure all components meet a
standard 1.2 SF, with potential coherence modifiers depending on confidence in either loading parameters
or model accuracy. Below is a flow chart describing the analysis process for individual repeated gearbox
components.

Figure 8.2: Analysis flow of gearbox components

8.2.1 Gears: Lewis Bending, Hertzian Contact, Fatigue

The American Gear Manufacturing Association (AGMA) sets standards for gear geometry and
manufacturing in the United States. Before they defined equations for involute profile gear tooth strength,
Wilfred Lewis completed empirical testing for different pitches and manufacturing methods and derived
equations to calculate the strength of a gear tooth approximated as a beam in bending, while including
factors derived from his empirical testing. This equation, along with the modified Hertzian Contact stress
equation of two cylinders in contact, and AGMA equations for bending and pitting fatigue safety factors,
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was applied to all gear geometry to ensure gears have an acceptable safety factor for their maximum load
case.
Table 8.2.1.1: Equations for Lewis Bending, Hertzian Contact Stress

Table 8.2.1.2: Calculation of Lewis Bending Stress, Contact Stress, Bending and Pitting Fatigue using
standard AGMA equations on the Low Input Gear & Low Intermediate Gear
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8.2.3 Gear Pocketing

MBR’s vehicle sees a much shorter lifetime than that of a typical vehicle, meaning the cycles that each
component sees are much lower, and fatigue is not the main cause of failure in components. Therefore, in
pursuit of maximum performance, many of the larger, heavier gears are pocketed to decrease rotational
inertia and overall mass of the system. Topology optimization is performed on the center section of the
gear, allowing for acceptable gear & spline tooth root thickness at the maximum torque load case, with
inertial optimization parameters. From the output of this analysis, 3-axis machinable pocketing is
designed to mimic the resultant geometry, and a finite element analysis is performed at the maximum and
routine loads to determine the safety factors of the pocketing in both maximum load cases and fatigue. An
S-N curve for 9310 steel is used to validate that the routine loading does not cause the component to fail
at its desired lifetime cycle count.

(a) (b) (c)
Figure 8.2.3(a-c): Gear Pocketing design example. Here, the output gear has the geometry to be
optimized selected in yellow and loading is applied to the tooth while the splined center is constrained (a),
then the output of this topology optimization (b) is used to design machinable pocketing that is then
reanalyzed with the same forces and constraints (c).
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8.2.4 HLNR Dog Teeth

One of the critical pieces of each gear train is the dog teeth transferring torque from the input shaft to the
input gears of each gear train. If these teeth were to fail, the gearbox would not be able to function at all,
and would cause highly detrimental points losses during a competition. These teeth are first analyzed
using shear calculations, looking at the torque through the input shaft to derive the force at the centerline
of the teeth, how many teeth are used to distribute forces, and the cross sectional area of each tooth to
determine shear stress. Because the teeth are wider than they are long, a beam-in-bending approximation
does not hold like it does for the shafts. Therefore, a nonlinear finite element analysis is performed with
contact surfaces to mimic how the teeth will put stress on the pocketing in the female splined selectors.
The maximum input torque derived from drop-testing is used to validate the teeth’s performance, as
shown below, and geometry is iterated until a desirable safety factor is achieved.

(a) (b)

Figure 8.2.4(a-c): Input female (a) and male (b) dog teeth are analyzed using finite element models to
determine safety factors at the maximum load case.
8.2.5 Shaft Bending, Torsion, and Splines

To verify our gearbox shafts can survive the loads they see from the gears, bearings, and other inputs, we
model them as beams in bending. We calculated how much force they see from the gears radial loading
and used the sum of forces and sum of moments to estimate how much force the bearings apply. We were
then able to create shear force diagrams to determine the maximum bending moments seen by the shafts
and thus, calculate their bending stresses using the left equation below.

Bending Stress: Shear Stress:σ
𝑏𝑒𝑛𝑑𝑖𝑛𝑔 

= 𝑀 𝑦
𝐼 = σ

𝑧𝑧 
𝛕 = 𝑇 𝑟

𝐽

The torsional loads experienced by the shafts come from the torques they are transferring that are
determined based on the gear ratios before each shaft and the input torque from the CVT. This got us the
shear stress in the shafts from the right, above equation which in combination with the axial stress and
principal stress equations, gave us the total estimated stress the shaft sees under von Mises criterion. The
principal stress and von Mises equations are described in Figure 8.2.5.1.

Figure 8.2.5.2: Principal Stress Equations (Left) and von Mises Stress Equation (Right).
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By comparing the von Mises stress of the shafts to the yield stress of the materials we considered making
the shafts out of, we calculated the safety factor for each design. An example of this is shown for the input
shaft in Figure 8.2.5.2.

Figure 8.2.5.2: Input Shaft Bending Calculations. The input shaft sees loading from the CVT, input gears,
and bearings. We chose to use the low gear input gear for this calculation because the gearbox sees the
most torque in this setting so therefore, the input shaft would see the most load from this input gear

compared to the rest. A 300M steel input shaft would have a safety factor of 2.11, while a titanium input
shaft’s SF would be 1.7 which is well above our goal of a 1.2 SF, so we chose to make the input shaft out

of titanium.

We additionally ran calculations of the shafts in torsion to ensure the spline teeth do not fail under the
torques they see. Specifically, we looked at shear stress under the root and at the pitch of the splines using
the equations in table 8.2.5.1 (24).
Table 8.2.5.1: Equations for Spline Torsion calculations looking at shear stress under the root and at the
pitch.

Shear Stress Under the Root: 𝛕 =
16 𝑇 𝐷

𝑟𝑒 
 𝐾

𝑎

π( 𝐷
𝑟𝑒 

4 −  𝐼𝐷4) 𝐾
𝑓

Shear Stress at Pitch Diameter: 𝛕 =
4 𝑇 𝐾

𝑚 
 𝐾

𝑎

𝐷 𝑁  𝐿
𝑒 

 𝑡 𝐾
𝑓

Syb Name

T Torque

Dre Minor Diameter

ID Interior Diameter

D Pitch Diameter

N Number of Spline Teeth
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Le Length of Engagement

t Maximum Effective Tooth Thickness

Ka Application Factor

Kf Fatigue Life Factor

Km Load Distribution Factor

An example of the spline torsion calculations for the input shaft is shown in Figure 8.2.5.3.

Figure 8.2.5.3: Input Shaft Spline Torsion Calculations. These are conducted to ensure the spline teeth do
not shear. According to the calculations, the input shaft’s spline teeth have a large safety factor on them,
well over MBR’s standard of 1.2, when compared to the yield strength of titanium which the shaft will be
made out of. This higher factor of safety is due to the spline minor diameter needing to be larger than the

outer diameter of the shaft.

8.2.6 Bearing L10 Life

All bearings are ordered from the manufacturer NSK, who is a sponsor of the team. These bearings are
chosen based on the Dynamic Equivalent Load applied by either the shaft or the gear they are placed on at
maximum torque out of the engine. Any axial load is derived from hand calculations or from empirical
data from external driving forces. Bearing choices are narrowed down based on size constraints of the
shaft and journal they ride on. Then, the standard L10 life formula is used to calculate safety factors for
bearing options and the lightest weight passing bearing is chosen.
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Figure 8.2.6: Example calculations for the Input Gear bearing that sees the highest cycle count of any
drivetrain component.

8.2.7 Case Analysis

The housing for the 3 gear trains is a 3-axis machined Aluminum 7075 casing with bearing journals for
shafts. The input, intermediate, and output shafts extrude out of the case to mate with their respective
parts. The case is first extruded based on the outer profile of the gears, allowing 0.050in of radial
clearance to the teeth, and 0.035in of lateral clearance between the case and any rotating component.
Then, pocketing or ribs are added to support the output bearing journal to the mounting bolt holes, where
the stress will be distributed. All features must be manufacturable by in house tooling, meaning all edge
blends must be greater than 0.125in in diameter and less than 3 inches deep into the case (for tool length).
The final case is analyzed using a non-linear finite element model that can replicate the purely
compressive contact stresses of bearings on the housing.

Figure 8.2.7: Driver Right Gearbox Case FEM and analysis results.
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8.3 Bill of Materials
The team generated the bill of materials in Table 8.3.1. to outline and organize all the components needed
for the gearbox.

Table 8.3.1 Bill of Materials displaying all the components of the designed gearbox, their part numbers,
suppliers, quantity, material, unit price, and total price.

Part Name
Part
Number Supplier Quantity Material

Price per
Unit

Total
Price

High Input Gear 51751 TW Metals 1 9310 Steel $50/ft $3

Low/Rev Input Gear 51750 TW Metals 2 9310 Steel $50/ft $6

Output Gear 51743 TW Metals 1 9310 Steel $100/ft $10

Small Intermediate
Gear 51742 TW Metals 2 9310 Steel $50/ft $8.40

Reverse Idler Gear 51741 TW Metals 1 9310 Steel $50/ft $3

Reverse Intermediate
Gear 51740 TW Metals 1 9310 Steel $100/ft $8.00

Low Intermediate
Gear 51739 TW Metals 1 9310 Steel $100/ft $8.00

High Intermediate
Gear 51738 TW Metals 1 9310 Steel $100/ft $8.00

FNR Dog 956101-009 TW Metals 2 9310 Steel $50/ft $5.60

Input Shaft 52170 McMaster 1 Grade 5 Titanium $80/ft $53

Intermediate Shaft 52172 McMaster 1 300M Steel $72/ft $19.50

Output Shaft 52223
Performance
Titanium Group 1 Grade 5 Titanium $80/ft $27.50

Reverse Idler Shaft 52221
Performance
Titanium Group 1 Grade 5 Titanium $80/ft $15.30

Gearbox Case DR Alro 1 7075 Aluminum $0 $0

Gearbox Case DL Alro 1 7075 Aluminum $0 $0

Shifting Barrel 52165 OnlineMetals 1 4130 Steel $118/ft $40

Selector Forks 52213 OnlineMetals 2 4130 Steel $118/ft $5

Fork Rail OnlineMetals 1 4130 Steel $118/ft $5

Spacers Alro 15 7075 Aluminum $0 $0

Bearings NSK 13 $0 $0

Snap Rings 15694 McMaster 6 Spring Steel $8.20/pkg $8.20

Total $226
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The total cost to MBR to manufacture the gearbox is under $250, largely in part due to how much of the
materials and components we can get from our sponsors free of cost. Though the monetary cost appears
pretty cheap, the more significant cost of the gearbox comes from the time it takes to manufacture it:
around 6 months. This is a combination of how time-intensive making these parts is for both the team that
gets a limited amount of time on Wilson Center’s CNC machines and for sponsors who require large lead
times as they are fitting our parts in along with their normal work load from other paying customers.
MBR is well aware of this constraint and willing to accept it.

8.4 Manufacturing
MBR has a well established manufacturing process for the gearbox and all of its individual components
that it has used for several years. These processes include a combination of in-house machining at Wilson
Center by team machinists and operations performed by MBR Sponsors. The process for the major
components of the gearbox – the gears, shafts, and case – are summarized below.

8.4.1. Gears

Our gears will be made out of 9310 Steel that MBR will need to purchase. Gears begin with in-house
operations where the gear blank, essentially a puck with the dimensions that the gear will ultimately have,
is made on the TL-1, a CNC lathe. A part drawing is needed for this operation and an example of the one
used for the input gear is illustrated in Figure 8.4.1.1.

Figure 8.4.1.1. Part drawing of the input gear blank to be machined of the TL-1 CNC lathe with all
critical dimensions and tolerances called out.

If the gear has webbing, pocketing, or any additional features such as dog teeth, these will be machined on
a HAAS VF-2, the CNC 3-axis mill in Wilson Center. No part drawing is required for this operation
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because the team programs the VF-2 through Fusion 360 CAM (computer-aided machining) that uses the
CAD geometry directly, rather than a drawing. Next, the gears go to KA-Wood Gear Manufacturing who
creates the gear teeth through shaping or hobbing, leaving all dimensions slightly oversized so that the
gears can be heat-treated. The part drawing sent to KA-Wood for the input gear is shown in Figure
8.4.1.2.

Figure 8.4.1.2. Part drawing of the input gear for KA-Wood to reference with important callouts of the
gear teeth profile such as diameter, pressure angle, pitch, tooth count, and face width.

The gears then go to Temprite for through hardening to 36 HRC to increase the yield strength of the part
and for a 0.020in 56 HRC case carburization to make the gear teeth more resistant to wear and pitting.
Once this is complete, they go back to KA-Wood for a final grind to bring the gear perfectly to size before
finally getting their internal splines cut at Accurate Wire EDM if the design requires it.

8.4.2. Shafts

The shafts will be made out of 300M Steel that MBR must purchase and grade 5 titanium that MBR gets
discounted from a sponsor. Shafts begin similarly to gears with their blanks being made in-house on the
TL-1. An example of this is the input shaft whose part drawing given to our lathe machinists is depicted
in Figure 8.4.2.1.
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Figure 8.4.2.1. Part drawing of the input shaft for MBR machinists.

Once the shaft blank is complete, it is sent to Temprite for hardening to 36 HRC if it is made out of 300M
steel and post machined once it comes back to fix any warping that occurred during the heat treatment,
especially on bearing surfaces which are critical. Titanium shafts can skip this step. Finally, the external
splines are machined onto the shaft by Modified Gear Inc. with the part drawing that is sent with it for the
input shaft pictured in Figure 8.4.2.2.

Figure 8.4.2.2. Part drawing of the input shaft for Modified to reference with important callouts of the
pitch, number of teeth, and pressure angle.
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8.4.3. Gearbox Case

The gearbox case is fully machined in house as two separate parts on the VF-2 with 7075 aluminum stock
that is supplied free of charge from Alro, a team sponsor. For something like the case that has several
important bearing surfaces with a tighter tolerance than the other features, the machinists need a part
drawing like in Figure 8.4.3.1.

Figure 8.4.3.1. Part drawing of the gearbox case DR with callouts for bearing journals’ tighter tolerances.

Once the gearbox case is machined, its last step is anodize at CMF to make the outer surface more
corrosion and wear resistant.

8.5 Prototype
The team will be creating a prototype of the concept of our gearbox to present at the Design Expo. Since
the prototype will likely be 3D printed out of plastic, resin, and nylon rather than machined out of metal
and will not include smaller components such as spacers and bearings, it will require a separate design
that accounts for these differences and is 3D printing friendly. The case will also be modified to only
consist of two sidewalls with the shafts extended to go through them such that people can see the inside of
the gearbox with the gears turning when they crank the input shaft. Rather than printing splines, shafts
will transfer torque to gears either via polygons or by printing the shaft and gear together as one piece.
The purpose of the prototype will be to test functionality of the gear shifting mechanism to make sure the
shifting barrel works as intended as MBR has no previous experience with these to draw from. A
successful prototype will be determined based solely on if a user can shift between all 3 gears through the

Page 48 of 70



shifting barrel and observe that the different gear ratios generate 3 different speeds – a high speed, low
speed, and reverse – at the output shaft. Since this prototype is purely to test the functionality of gear
shifts, it will not be tested for the loading requirements and loading functionality because it will be made
out of weaker materials. Therefore, analysis for failure of the 3D printed components under loads
generated from use by a person turning the shafts does not need to be conducted as it is not analysis
significant to this project and a break in any 3D printed component will not be considered a failure in
design. Since the prototype is completely 3D printed, no manufacturing plans were needed for it. A bill of
materials was also not required because the only materials used in the prototype were nylon, resin, and
PLA which the team received at no cost.

Figure 8.5.1. CAD (left) and actual Prototype (right) of the 3 speed gear train

The 3D printed prototype worked well when validating requirements such as having 3 different ratios and
shifting between them but it also brought some issues into light. The shaft used to support the shifter fork
deflected significantly due to the bending. This was mostly due to the material properties of the 3D
printed PLA being more flexible than the aluminum or steel used in the final design. This supporting shaft
diameter will be increased, and in order to create less bending force, the slope in the selector drum
troughs of less than 45 degrees between positions.

Figure 8.5.2. Display of the bending in the supporting shaft
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9 Verification and Validation
While the scope of this project outlasts the duration of the class, there are still multiple specifications that
could be verified and/or validated in some cases through the 3D printed prototype, CAD, and other
softwares. A couple of examples are listed below:

Backwards Compatible Packaging: by designing this whole gearbox CAD in the frame/chassis of the
most previous vehicle it can be verified that the existing subsystems for that vehicle that integrate with the
gearbox can all fit without clearance issues or limiting their previous capabilities by making an assembly
with said components. The main limitation with this method would be that components sometimes do not
translate well from CAD to the physical product due to machining and welding tolerance build up may
create some flaws that could not replicate in CAD with accuracy. However if this is kept in mind when
designing, this method is the best to check for backwards compatible packaging. In the past, the gearbox
these tolerance stack up issues have not been grave enough to make it non compatible to the other
respective subsystems.

Load Capability: while adding another gear train for three gear ratio has never been done before, most of
the components themselves are nothing new to Michigan Baja Racing. Due to this we are highly confident
with the loads and the type of analysis done on most components (gears, shafts, cases, bearings, etc.) to
optimize their designs and verify this specification because we would use the same methods that have
been used for years and have created successful gearboxes with zero component failures. These methods
would include FEA for gear pocketing and case, shaft bending and torsion calculations for shafts, bearing
calculations, etc. A fallback with this method would be that the loads used for any type of analysis are
usually calculated from theoretical situations (landing on throttle, landing on the side of the car, etc.)
based on obstacles we have encountered before. However, since the obstacles we see each season are not
determined until the day off, there is always the possibility of seeing an obstacle with some type of cross
loading that we have not predicted or seen before. To make up for this a team standard of a 1.2 safety
factor is set to across all of the components. Plus when doing hand calculations we try to round up or take
conservative assumptions to make up for this uncertainty. With these methods, there have not been any
component failures in the past.

Light-weight: By adding material properties to all of the components that were custom designed in CAD
and getting the weight from all the components that were not designed by us from their supplier such as
bearings, snap rings, and bolts, we were able to verify our light-weight specification of having a dry
gearbox of approximately 10.53 lbs which is under the required 11 lbs. Main fallback from this method is
any machining inaccuracies but the amount it usually takes is extremely minimal there should not be any
issues.

Gear Ratio Functionality: The specification of having a high, low, and reverse gear ratio in our
transmission can be validated confirming that the three different gear trains in the CAD meet those
requirements by making sure one gear train has an extra idler than the other two (reverse requirement) and
that the other two have different number of gear teeth in the gears (high and low reduction requirement).
This was able to be completely validated with the 3D prototype that was made. By powering the different
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input gears, the ratio between the input and output can physically be seen between high, low, and reverse
gear.

Manufacturable Given Current Capabilities: This can be verified through talking thoroughly to the
team machinists about the manufacturing process. Most components are very similar to previous years
such as gears, shafts, and the case so we would just need to double check that we have filets and hole
sizes that can be done given the current tools. With the newer components like the barrel shifter, we made
sure that it was still machinable through our 4th axis capabilities by confirming with our machinists and
since they had not done a part like that for the gearbox in the past, CAM was written to verify that it is
indeed manufacturable in house. As for our external sponsors, they are not seeing anything different
conceptually from this new design in comparison to previous years so they will not have any problems on
their part.

Gear Shifting Functionality: Through our 3D printed prototype, we would be able to shift between the
three different gear ratios with the barrel shifter. While this was able to be met/validated through the 3D
model, the material properties of dry, 3D printed plastic that would have a higher coefficient of friction
that oiled metal alloys and some design choices such as the angles of the fork paths in the barrel shifter
created a lot issues like binding when shifting. While the shifting requirement was still met either way, the
product still needs some minor design changes to minimize or fix the current issues.

Other validation/verification would have to be with either the whole complete product integrated into a
previous vehicle. The requirements, specifications, and how we would validate/verify them can be seen in
the table below:

Table 9.1 Requirements, Specifications, and Testing/Validation
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The requirements of high efficiency, high durability, load capability, and ease of use can only really be
validated with a real prototype due to how the material properties highly influence the results of tests that
can only be achieved by going through the long process of proper machining, heat treatment and case
carburized, and precision gear teeth grinding/shaft splines which is way beyond the scope of this class.
Any type of validation without any of these attributes would simply be inaccurate hence not useful. For
the light weight requirement, while it can be verified through adding material properties to all custom
design components and getting the weight for everything else as it was stated before, we would have to
physically weigh the gearbox in a scale to fully validate the requirement. The main fallback for most of
these would be the error within the sensors during data collection. At the end of the day, these are the
most accurate ways to validate these requirements and the error from the sensors could be minimized
through proper calibration.

10 Challenges/Solutions
One of the biggest challenges that we faced is being backwards compatible to a previous MBR vehicle
while meeting capability and efficiency requirements. In this project’s main design problem we state that
we want to create a solution that increases gearbox capabilities while meeting current benchmarks that our
previous transmissions meet. In order to do that we needed to potentially develop a new transmission style
that is drastically different from our previous iterations while simultaneously having similar dimensions to
those iterations. If we failed at doing that we would not have a reliable way to test our prototype in the
real life vehicle conditions that we see. A potentially significantly different gearbox style additionally
means that meeting our weight requirement was a challenge because we cannot be sure how much the
gearbox will weigh until we pick a concept for it.

Another challenge was coming up with a system capable of three speed shifting with a single lever. From
our requirements and specifications we have deduced that we needed at least three speeds: low gear, high
gear, and reverse. In the previous year's gearbox we had only had to shift back and forth between the
forward and reverse gear trains and while that had its own complications in design the concept was fairly
straightforward. However, shifting between three gear trains with the movement of one lever has never
been done before in our team’s history, and while it is not our direct responsibility to design the linkage,
we have set up the transmission in such a way that makes it possible for the driver controls lead to achieve
it.

Due to the nature of the transmission components (gears, heat treated splined-shafts, complex gearbox
case) and how long it takes to make them properly, timeline has been the major anticipated challenge of
that project. From our previous experience in making a transmission, the whole design and manufacturing
process takes about 6-7 months to complete and an additional week or two for testing. Because of the
limited time we have in this project we will have to construct a simpler model, most likely 3D printed or
simplified water jet/laser cut gears, to display the overall concept of our design. This will require some
slight design modifications between the final concept and the manufactured prototype to adjust to
whatever different manufacturing mediums we have available.

Lastly, while designing the gearbox model, two different unforeseen roadblocks were encountered. First it
was discovered that the installation of the three input gears was potentially going to alter the shaft/gear
design drastically. They all have to free spinning in bearings in order to not power their respective gear
train when not selected and because of this they all have to be on a smooth or non-splined part of the shaft
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since it is good engineering practice to have bearings be in a smooth surface. However, there has to be a
splined surface between each of the inputs. This entails that the shaft potentially had to go from smooth
surface, splines, smooth surface, splines, and then back to smooth surface. This causes installation issues
since normally the inner diameter of the input bearings have to be smaller than the outer diameter than the
outer diameter of the splines. One approach that was considered was having different diameters for each
surface and having them slightly increase the further along the shaft as if they were layered, but that
created problems with having splines diameters that were too small to theoretically survive their
respective max load case. So instead the approach that is being taken is to have the shaft be smooth
surface, splines, to smooth surface as it has been in previous models and make a spline plug that has
internal splines in the inner diameter surface and a smooth surface in the outer diameter as a bearing
journal so the 2nd input gear’s bearing can utilized properly. This meant that a bearing with a bigger inner
diameter had to be chosen so to help not drastically change the initial designs of the input gears, the low
reduction (high speed) input gear was moved from its initial position in the left to the middle since it is
bigger than the other two inputs making it easier to select a bigger bearing without sacrificing any
component strength or adding too much complexity.

The other design roadblock was that the shaft/bearing location caused the case to exceed 2.5 inches width
due to the nature of the design choice of adding another gear train. However, due to the fact that we set
the 2.5 inches specification to make sure that the brake’s rear caliper can still fit in the frame this
specification is not necessary to meet along the whole gearbox. Consequently, the gearbox case was only
made wider in the front exactly where it needs to be due to the three intermediates being stacked laterally
there while in the rear there is only the output gear. Now the rear of the gearbox is well within the 2.5
inches of width requirement creating more than enough space to fit the brakes which was again the main
reason that specification was created initially.

Lastly, while building the prototype, we initially printed a few components such as the shifter fork and
shifting barrel out of PLA. However, upon receiving the printed parts, we realized their print quality and
tolerances were not up to our standards. Therefore, we chose to reprint them out of resin instead, and
found that they functioned in our prototype better. This did not have any impact on our budget or timeline
because reprinting did not take up much time and the materials to print was free of cost for us.

11 Project Status
Our key milestones and tasks are outlined in our project plan in the form of a Gantt chart [20], shown in
Figure 6.1 below. This includes detailed steps in addition to the course deadlines that are specific to our
project.
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Figure 6.1. A high-level timeline of our project plan.

As shown above, our timeline consists of the ME 450 deliverables with hard deadlines below and further
detailed steps above. The more team-specific tasks are both a breakdown of the requirements for the
deliverables for ME 450 and the details for our project in particular. At this point in time, we have clearly
defined the problem and completed the research, interviews, requirements, and performance
specifications. We have also determined our maximum packaging dimension, maximum loadings, and
gear ratios for the gearbox from resources existing within the team. For example, a Python script
generated by a now alumnus of the team that models the entire drivetrain system was used to determine
the gearbox ratios we need for optimal speed and torque while a free-body diagram was sketched to
calculate maximum loads on the gearbox in a worst case scenario. Additionally, we have completed our
design generation and selection process as well as finalized our CAD design. Manufacturing plans are in
place for each of these components based on MBR’s manufacturing sponsors and previous experience
making them. Furthermore, analysis of each component has been conducted such as FEA on the gears and
case, beam bending and spline shear calculations for the shafts, and bearing load calculations to ensure
they can all survive their worst case loading scenarios. Lastly, the team has completed the design of our
prototype, 3D printed it, and assembled it. The poster to present along with the prototype at the ME
Design Expo on December 5th was also created so ultimately, all project deliverables were accomplished
resulting in a successful project.

Although the team does not have a set budget provided by our sponsor, our team is committed to keeping
our costs as low as possible while delivering a viable product. As members of the MBR team as well as
our ME450 team, we have access to all MBR’s resources which range from 3D printers, CNC machines,
and tooling to their manufacturing sponsors and material stock. These covered any expenses that the 450
team had to incur from cost of materials, such as resin and nylon, and manufacturing of the prototype.
However, if the 450 team decided they needed to make a purchase vital to the development of the
gearbox, we had MBR’s support to do so.
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12 Discussion
If given more time and resources, our team would look more into traction as an aspect of this project
alongside torque. Being a team that builds an all terrain vehicle as light as possible to optimize speed
usually has a negative impact on our traction. While it is not enough of a drawback to reconsider making
the vehicle heavier and our competitors also struggle with the lack of traction, hence why it does not
affect our points breakdown greatly, it is still an aspect of our transmission that could use improvement
that would ultimately give us the upper hand. This would mean adding a traction capability to our
Kepner-Tregoe Decision Matrix and most of our top design choices would stay somewhat similar while
being integrated with a LSD (limited slip differential) in the output that distributes the power through the
two rear wheels. Of course going deeper into the traction route in this project would create some
packaging and complexity concerns but in terms of the direction this project would take if given the time
and resources this is definitely the next step.

In our designs the main strengths root from the fact that we met all of the requirements that could be met
within this semester alongside the requirement that directly was rooted straight from our initial problem
definition: increasing the torque capability of the transmission while not hindering any of the current
capabilities. Our completed design has low, high, and reverse gear ratio, fits in a previous vehicle, and
under the weight requirement that was set all while limiting complexity in manufacturing and design.
With that, the biggest weakness of this project would have to be the shifting mechanism that selects the
gear ratio. The one that we designed tends to bind often which creates issues in the shifting process. Some
of these issues were fixed like increasing the contact area of the shafts from the forks. Some issues will be
highly minimized with the real product like the friction between all moving components in metal alloys
covered in gearbox oil will be much lower than the dry, 3D printed plastic. If we kept going with this
project we would ultimately have to redesign the shifting barrel. The angles between ratios that drive the
shifting of the forks will have to be less steep specifically to transfer more force laterally (along the axis
of movement of the fork) rather than radially in comparison to the 50/50 split we had with the initial 45
degrees. This would most likely result in an increase in diameter of the barrel since there would be more
travel in the forks between ratios. This would affect the fork design as well alongside the overall
packaging of the gearbox which leads to a gearbox case redesign as well.

One of the biggest challenges that were encountered in our design process would have to be packaging.
While adding a third gear train was the least complex design in manufacturing and design it did make the
gearbox wider. This highly affects the brakes and rear half shafts subsystem leads. What was done to
minimize this we made the gearbox case extrude out more in the front, where there were the three gear
trains, and decrease in width in the rear, where only the output sits, since that is where the rear brakes and
rear half shafts interact with the transmission. This would create additional complexity into manufacturing
the case but it would still be possible with our current machining capabilities while allowing our gearbox
to fit in a previous vehicle which was one of our main requirements for testing in this project.

13 Reflection
As a part of the Mechanical Engineering Department, our team is committed to making the world work
better. Throughout our project, each design decision was made with the goal of improving the Michigan
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Baja Racing team’s performance at their competitions in mind. While this was the primary goal of the
project, we also considered the project’s impact on broader society when it was appropriate. Throughout
our project, we adhered to the SAE hazardous release of energy guarding rules to protect the safety and
welfare of mechanics and bystanders while the gearbox is in use. Our gearbox is designed for a very
specific use case in a very specific competition, so our design is not terribly applicable in a global
marketplace. However, this type of gearbox could be applicable in recreational vehicles such as those
manufactured by companies such as Polaris. Our prototype was made from 3D printed materials, notably
nylon and PLA and have few societal impacts associated with them. The prototype will also be saved for
furthering team knowledge transfer and will not be disposed of in the near future. In the event that it is
disposed of, it will likely be landfilled or recycled. The projected societal and economic impacts of the
actual prototype (that was not manufactured within the scope of this project) can be found in Section 3.3.
These impacts have not been changed but were not realized within the scope of ME450 due to only the
3D printed prototype being manufactured. We used the stakeholder map in Section 3.2 to characterize the
potential societal impacts of our design. Throughout the project, cultural, privilege, identity, and stylistic
similarities and differences between each team member did not significantly impact the approaches our
team took throughout the project. However, stylistic differences between team members were evident in
presentation and report writing skills as well as in how each member wanted to approach the engineering
problem and other course requirements. These discrepancies were minor such as for reports, a couple
members wanting to start working on it immediately whereas others did not have time until later, so the
report was divided into sections for each member to work on when they had time. Since the team was
sponsored by the Michigan Baja Racing team, there were almost no cultural differences between the team
and the sponsor due to the team members all being members of the Michigan Baja Racing team since
freshman year. Similarly, there were no privilege or identity influences between the team and the sponsor,
and few stylistic differences between the team and the Michigan Baja Racing team. We ensured we were
including diverse viewpoints of stakeholders by interviewing them when determining our specifications
and requirements. We spoke extensively with leads of subsystems that interface directly with our gearbox
as well as the driver to ensure their ideas were incorporated into our final design. There were not any
noticeable competing ideas between our stakeholders so we were able to adequately include them. The
power dynamics were as predicted in Section 3.3, with the team taking extra care to not overpower the
sponsor due to any perceived seniority or technical authority. Idea selection was left up to the
Kepner-Tregoe decision matrix eliminating subjectivity and cultural biases. To ensure inclusion and
equity, all team members agreed with the Analytical Hierarchy Process which set weights for the
Kepner-Tregoe matrix. While our team members come from a diverse set of backgrounds, we were able
to communicate well despite those differences to produce a final engineering solution to our design
problem, and do not think those cultural differences played any significant role in the design processes.
There were minimal ethical dilemmas involved with this project due to its small scale. But, as mentioned
in section 3.3, a potential concern that may be encountered later in the life of this project, specifically
during its manufacturing which is out of the scope of this class, is enlisting MBR team members to
manufacture the gearbox. We will resolve this dilemma by ensuring that the majority of the manufacturing
work is done by ourselves, unless specialized expertise is required in the manufacturing of our product.
We expect this dilemma to be kept to a minimum due to the depth of manufacturing experience present on
our team. This would also minimize any manufacturing related ethical concerns that might arise if our
product was to be released on the market. Our team ethics align well with the University of Michigan’s
ethics as well as future employers’ ethics–there will be absolutely no forced labor during any phase of our
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project, and precautions will be taken to protect the work environment. Moreover, we did encounter an
ethical dilemma during concept selection when narrowing down which of our generated concepts to use
for our final design. Through the Kepner-Tregoe decision matrix, we came down to two designs we could
use – the 2024 gearbox with an added gear-train and the planetary gearbox – that were within 0.04 points
of each other. Though the planetary gearbox lost, our 450 team preferred to design that because it was
something new for us and for Michigan Baja Racing whereas the 2024 gearbox with an added gear-train
was simply an iteration of our previous year’s gearbox. However, we trusted our decision matrix that had
labeled the iterative gearbox as the winner and understood why that would be better for the MBR Team.
Thus, we ultimately decided to follow the decision matrix with the 2024 gearbox with an added gear-train
and produce a design that would be more beneficial for the team, even if it was not our preference.

14 Recommendations
Our main recommendation is a redesign of the selector drum and shifter forks. The prototype gave good
insight into the downfalls of the current design, including the sharp angle of the selector drum paths, and
the thin supporting shaft of the shifter forks. For a fully working final design, the supporting shaft should
be larger, possibly around ¼” in diameter, and the selector drum should utilize less steep angles. Testing
on angles should be completed to confirm the steepest angle possible, as decreasing the angle increases
the overall size of the selector drum and there is limited space between the drum and the engine heat
shield above. The introduction of neutral between each selection would also be helpful, but further
increases the overall size of the selector drum. The shifter forks should continue to have longer support
surfaces, as it helps decrease the overall force on the support shaft and decreases friction. The
implementation of Oilite bushings could help with reduction in friction as well.

Besides a redesign of the current concept, we also recommend fully fleshing out a planetary concept with
the gear dimensions derived earlier in the report. We believe it could work similarly well to the concept
developed and would have better overall packaging, which was the main downfall of the new design. The
Kepner-Tregoe design matrix also shows that they are very close with the given parameters and weights
on the categories, and it would be good to have two fleshed out designs to determine what works better in
its final form.

15 Conclusion
The Michigan Baja Racing team has requested that our team reevaluate their current gearbox setup. In
order to help keep the MBR team competitive with other Baja SAE teams, our project team will compare
the benefits of the current MBR gearbox design to that of alternative designs, and ultimately create a
prototype of our recommended design.

The main motivation of our project is to help the MBR team maximize the amount of points gained in
each dynamic and endurance event across the three competitions in a season. To determine where to focus
our energies, we analyzed the cause of points lost over the past 6 competitions: across two racing seasons,
the MBR team lost an average of 20% of points due to lack of torque. Furthermore, during the 2023
season (run without a reverse gear), 25% of points lost were from halted forward progress, which
decreased to only 3% of points lost in the 2024 season after the implementation of a reverse gear. This
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decrease in points lost due to halted forward progress has prompted the team to keep reverse in future
iterations of the vehicle. Based on this points breakdown, the team has decided it stands to gain the most
points from resolving the issue of lack of torque outputted by the gearbox.

The requirements and specifications place an emphasis on backwards compatibility with past vehicles.
These requirements and specifications were determined through interviews with past and current
subsystems leads on the MBR, and by consulting past MBR design materials. The backwards
compatibility requirement implies that our project team must work within the current systems
implemented by the MBR team, and minimally impact surrounding subsystems without sacrificing
performance.

The current benchmarks for this project include past MBR gearboxes as well as commercially available
gearboxes for similar vehicles such as side-by-sides and go-carts. Using these benchmarks as inspiration,
we deconstructed our design space into distinct subsystems within the project. From these subsystems we
created a morphological chart to help generate ideas, and also created a concept tree which helped not
only generate numerous ideas but also eliminate the ones that clearly would not fit under our requirements
and specifications. In addition to these methods, we also used design heuristics to further increase our
concept pool. By sketching out each design, we eliminated impractical designs while also gathering data
on each design: (1) number of gear ratios, (2) part count, (3) manufacturability, (4) mass, and (5)
efficiency loss. Preliminary gear analysis was conducted on each design in order to ensure compliance
with the requirements and specifications and to provide a mass & volume estimate. The five data points
were each inputs to an analytical hierarchy process which in turn informed a Kepner-Tregoe decision
matrix through pairwise comparison. The Kepner-Tregoe decision matrix guided our decision in selecting
the 2024 transmission with an extra gear train as our selected design.

The selected design is an evolution of the 2024 transmission with an extra gear train added in parallel.
Updated ratios to provide more torque and higher speed across the two forward gear trains, and the
reverse gear train preserves the ability to back out of obstacles and continue forward progress. It has
several main advantages, as it achieves all three gear ratios that were specified, and compared to the other
3-speed concepts, it has a lower part count, less manufacturing setups, less overall mass, and higher
efficiency.

To determine the face widths of the gears, we used Lewis Bending Stress, Hertzian Contact, and fatigue
through pitting and bending equations. Once gear sizes and placement were established, the rest of the
gearbox was designed around them with a focus on packaging it within a previous vehicle’s architecture.
Shifting was achieved through the use of male and female dog gears that select between the high, low, and
reverse gears via a shifting barrel.

Several types of engineering analysis was conducted on the various gearbox components to ensure they
met our design requirements. Bending and torsion calculations were performed on the shafts to ensure
they would not yield and bearing calculations for C10 lifetimes ensured they were sized correctly for the
loads they would see. Finite element analysis was also run on the gear webbing and case to determine the
maximum stress each would see. These types of analysis verified all components had a 1.2 safety factor
on their worst case loading scenarios to help us meet our durability and load capability specifications.
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Manufacturing plans that made use of MBR sponsors and a bill of materials were outlined to organize all
components needed for the gearbox, their manufacturing, and their assembly, meeting our first deliverable
for this project: a comprehensive plan for the construction and integration of the final design into the rest
of the vehicle. The other deliverable that determined the success of our project was a manufactured
prototype of our design. This was 3D printed out of PLA and nylon, meant only to test functionality
shifting between the 3 different gear speeds. Thus, this required a separate design that omits spacers and
bearings is more 3D printable. The shaft of the initial 3D print design that the shifter forks were mounted
to was too weak to support the forks which would bind easily against it making it difficult to actually shift
between gears. However, after a couple of design changes involving replacing that PLA shaft with a steel
one and increasing the width of the fork mount onto the shaft, we were able to mitigate these affects and
prove shiftability of our prototype, thereby validating the barrel drum design.

16 Acknowledgments
We would like to acknowledge continued long-time support of the Wilson Student Team Project Center,
the Ford Robotics Makerspace, and Michigan Engineering, specifically Christopher Gordon, Casey
Dixon, Jared Roy, Blake Desrosiers, Alyssa Emigh, and Jon Luntz. We would also like to thank Michigan
Baja Racing and their sponsors: Temprite, K-A Wood Gear, Modified Gear and Spline, Accurate Wire
EDM, and Distinctive Manufacturing. Finally, we would like to thank Jon Estrada and Jeffery Kohler.

Appendix A - References
[1] Brynn, J., Kim, N., Moers, B., & Papierniak, R. ME 450 Design Review 1: Team 18 Baja SAE High
Articulation CV Axle Solution.Michigan Baja Racing. (2022, October 12).

[2] Student events - events. SAE International. (n.d.). Retrieved September 24, 2023, from
https://www.sae.org/attend/student-events

[3] 2024 Ruleset & Rules Resources. Baja Sae. (2024, August 31). Retrieved August 31, 2024, from
https://www.bajasae.net/cdsweb/gen/DocumentResources.aspx

[4] Command Pro CH260-CH440 Service Manual Rev. J. Kohler. (2016). Retrieved September 28, 2023,
from https://deltaservicedieselengines.com/en/66-kohler-engine-ch-440.html#:~:text=The%20Kohler%
20CH440%20is%20a,maximum%20power%20of%203.5%20kW.

[5] Cooper, H.L (2024, September). ME Capstone Design Process Framework. ME 450. Ann Arbor;
Michigan.

[6] Cooper, H., Daly, S., Dugan, K., Loweth, R., Sienko, K., & Skerlos, S. Design Process Learning
Block. ME 450 Canvas Site. (n.d.). Retrieved September 27, 2024, from
https://umich.instructure.com/courses/641638/pages/design-process-overview?module_item_id=3175555

[7] Wynn, D. (n.d.). Models of Designing. In J. Clarkson (Ed.), Design Process Improvement (pp. 35–37).
essay.

Page 59 of 70

https://www.sae.org/attend/student-events
https://www.bajasae.net/cdsweb/gen/DocumentResources.aspx
https://deltaservicedieselengines.com/en/66-kohler-engine-ch-440.html#:~:text=The%20Kohler%


[8] Dym, C. L. and Little, P. (2000). Engineering design: a project-based introduction. 4th ed. New York:
John Wiley.

[9] SuperATV. Polaris RZR 1000 Complete Geared Reverse Transmission. Retrieved September 30th,
2024, from https://www.superatv.com/

[10] Ebsch, E., Kudla, J., O’Brien, C., & Quick, B. ME 450 Final Report: Team 6 Baja Gear Reduction.
Michigan Baja Racing. (2012, December 11).

[11] “2006 Honda CBR 1000RRAC Transmission.” Honda Powersports Parts,
https://www.hondapowersportsparts.com/ . Accessed 30 September. 2024

[12] Davidson, Lionel, and William Hastings. “Reverse Gear Box for Gy6 150cc Go-Karts with External
Reverse: 200672: BMI Karts and Parts.” BMI Karts & Parts,
www.bmikarts.com/Reverse-Gear-Box-for-GY6-150cc-Go-Karts-with-External-Reverse_p_37683.html?s
rsltid=AfmBOopyOvQeoro0BFzAGi7csSRqMSIGiCsuYPhfFOCFOL87ULorgqLz . Accessed 1 Oct.
2024.

[13] Cooper, H., Daly, S., Dugan, K., Loweth, R., Sienko, K., & Skerlos, S. Social Context Assessment
Learning Block. ME 450 Canvas Site. (n.d.). Retrieved September 27, 2024, from https://umich.instructu
re.com/courses/641638/pages/social-context-assessment-overview?module_item_id=3175621

[14] Grover, D., Elizondo Del Bosque, P., Bagri, S., Wu,B., & Banderas, P., Gearbox Subsystem Lead
Interview. Personal. (2024, September 23).

[15] Grover, D., Elizondo Del Bosque, P., Bagri, S., Wu,B., & Gariepy, N., Endurance and S&T Driver
Interview. Personal. (2024, September 25).

[16] Grover, D., Elizondo Del Bosque, P., Bagri, S., Wu,B., & Hyun, J., CVT Lead Interview. Personal.
(2024, September 22).

[17] Grover, D., Elizondo Del Bosque, P., Bagri, S., Wu,B., & Pang, G., Brakes Subsystem Lead
Interview. Personal. (2024, September 27).

[18] Grover, D., Elizondo Del Bosque, P., Bagri, S., Wu,B., & Kempe, M., CNC Machinists Interview.
Personal. (2024, September 29).

[19] Grover, D., Elizondo Del Bosque, P., Bagri, S., Wu,B., & Singh, A., Rear Half Shafts Subsystem
Lead Interview. Personal. (2024, September 23).

[20] “Gantt Charts Explained: A Practical Guide for Project Managers.” Gantt Charts Explained: A
Practical Guide for Project Managers,
www.teamgantt.com/what-is-a-gantt-chart#:~:text=In%20a%20gantt%20chart%2C%20all,right%20side
%20of%20the%20chart. Accessed 1 Oct. 2024.

[21] R. G. Budynas and J. K. Nisbett, "Shigley’s Mechanical Engineering Design, 11th edition,"
McGraw-Hill, Jan 2019.

[22] “The Online Materials Information Resource.” MatWeb,
www.matweb.com/search/datasheet.aspx?matguid=049fb890548c422a948d4e1b92f051b5&ckck=1.
Accessed 17 Oct. 2024.

Page 60 of 70

https://www.superatv.com/polaris-rzr-xp-1000-complete-geared-reverse-transmission?sku=TRAN-P-GR-03B&cq_src=GOOGLE&cq_cmp=71700000117990510&cq_con=&cq_term=&cq_net=x&cq_plt=gp&cq_med=71700000117990510&cq_gclid=Cj0KCQjwmOm3BhC8ARIsAOSbapU6QcQBT4Fzm5_yAh6ogjtgsMtf63vJqdltqy0wR7mb_6V0Zzri1pIaAvpXEALw_wcB&gad_source=1&gclid=Cj0KCQjwmOm3BhC8ARIsAOSbapU6QcQBT4Fzm5_yAh6ogjtgsMtf63vJqdltqy0wR7mb_6V0Zzri1pIaAvpXEALw_wcB&gclsrc=aw.ds
https://www.hondapowersportsparts.com/oemparts/a/hon/5053fc73f870021c54bea31e/transmission
http://www.bmikarts.com/Reverse-Gear-Box-for-GY6-150cc-Go-Karts-with-External-Reverse_p_37683.html?srsltid=AfmBOopyOvQeoro0BFzAGi7csSRqMSIGiCsuYPhfFOCFOL87ULorgqLz
http://www.bmikarts.com/Reverse-Gear-Box-for-GY6-150cc-Go-Karts-with-External-Reverse_p_37683.html?srsltid=AfmBOopyOvQeoro0BFzAGi7csSRqMSIGiCsuYPhfFOCFOL87ULorgqLz
https://umich.instructure.com/courses/641638/pages/social-context-assessment-overview?module_item_id=3175621
https://umich.instructure.com/courses/641638/pages/social-context-assessment-overview?module_item_id=3175621
http://www.teamgantt.com/what-is-a-gantt-chart#:~:text=In%20a%20gantt%20chart%2C%20all,right%20side%20of%20the%20chart
http://www.teamgantt.com/what-is-a-gantt-chart#:~:text=In%20a%20gantt%20chart%2C%20all,right%20side%20of%20the%20chart
http://www.matweb.com/search/datasheet.aspx?matguid=049fb890548c422a948d4e1b92f051b5&ckck=1


[23] Muff’s Motorsports, LLC. 97 Honda Recon 250 2x4 Transmission Shift Forks & Drum TRX250TE.
Accessed 21 October, 2024. https://muffsmotorsports.com

[24] “Involute Spline Calculation Formulas in English Units.” Autodesk,
help.autodesk.com/view/INVNTOR/2025/ENU/?guid=GUID-6936BB65-F41D-48AA-9389-5B91A9055
D0C. Accessed 8 Nov. 2024.

Page 61 of 70

https://muffsmotorsports.com/i-31205845-97-honda-recon-250-2x4-transmission-shift-forks-drum-trx250te.html


Appendix B - All Generated Concepts
David’s Ideas

Benji’s Ideas
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Pablo’s Ideas
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Simran’s Ideas
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Appendix C - Lewis Bending and AGMA 2001-D04 Equations
[21]

Example: Reverse Input Gear (Left) and Intermediate Gear (Right)
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Appendix D - Shaft Bending and Spline Shear Calculations

Bending Stress: σ
𝑏𝑒𝑛𝑑𝑖𝑛𝑔 

= 𝑀 𝑦
𝐼 = σ

𝑧𝑧 

Shear Stress: 𝛕 = 𝑇 𝑟
𝐽

Principal Stress Equations:

Von Mises Stress Equation
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Appendix E - Bearing Calculations

Example: Input Gear Bearing
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Appendix F - Build Design Bill of Materials
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