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Abstract
Formula SAE is a student chapter of the Society of Automotive Engineers (SAE). Each
year SAE hosts a collegiate competition for teams of university students to design, build, and
compete with a formula-style vehicle. Students from all around the world collaborate to engineer
and manufacture a competition worthy racecar. Each component of the vehicle is designed from
scratch, using calculated load cases to optimize weight and strength. Once the car is built,
students will test and validate their vehicle. Not every team has the opportunity to validate the
critical load cases the vehicle is designed around. This senior design project consists of fully
instrumenting Western Michigan’s current Formula SAE vehicle to validate worst case load
scenarios and establish benchmarks. This project will compare live data recorded from the
vehicle to previous benchmarks to determine the true scope of the vehicle’s design.
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Nomenclature
FSAE = Formula Society of Automotive Engineers
SAE = Society of Automotive Engineers
ECU = Engine Control Unit
BR = Bronco Racing
DAQ = Data Acquisition System
FEA = Finite Element Analysis
𝑄𝑐𝑜𝑜𝑙 = Heat Dissipated by Engine to Cooling System
𝑄𝑟𝑎𝑑 = Heat Dissipated by Radiator to Surroundings
M = Mass Flow Rate
𝐶𝑝 = Specific Heat at Constant Pressure
ΔT = Difference in Temperature
𝑉𝑑 = Displacement Volume in Liters
N = Engine Speed in RPM
𝑀𝑇 = Torque in Newton-meters
𝑁𝑒 = Power in kilowatts
(𝜃𝑝𝑞 ) = Average Principle Stress Direction
BL = Bottom Left
BR = Bottom Right
TL = Top Left
TR = Top Right
mm = Millimeter
cc = Cubic centimeters
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E = Modulus of Elasticity
𝜀𝑖 = Strain (Where 𝑖 = Strain Gauge Position)
𝜎 = Stress
𝜎𝑚𝑎𝑥 = Maximum Stress
FOS = Factor of Safety
𝜎𝑦 = Yield Stress
PSI = Pounds per square inch
MPa = Megapascals
A = Amps
mV = Millivolts
𝜋 = Numerical constant
°𝐶 = Degrees Celsius
°𝐹 = Degrees Fahrenheit
hp = Horsepower
N = Newton
m = Meter
kΩ = Kiloohm
𝑚

G = 9.81 𝑠2
mph = Miles per hour
Aero = Aerodynamics abbreviated
lb = Pound
lbf = Pound-force
N-m = Newton meter
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1. Introduction
1.1.

Background

Formula SAE is a collegiate design competition that allows for students to display
engineering skills learned in the classroom. Each team is composed of university students who
design and manufacture a formula-one style racecar. Over 130 teams compete at the main
competition held at Michigan International Speedway. Teams compete in static and dynamic
events and must follow a defined set of rules to ensure student safety. Dynamic events consist of
acceleration, endurance, skid-pad, and autocross events. Static events include business, cost, and
design presentations. During design presentations, students must present their designs and
reasonings behind the design decisions.

1.2.

Problem

Western Michigan University’s Formula SAE team, Bronco Racing, designs and
manufactures a new race car every year. Due to time and knowledge constraints, component
designs are often carried over from year to year. In recent years manufacturing has run behind,
leaving little to no time for testing, thus the only form of vehicle validation used was simulation
and mathematical analysis. Validation for component designs is critical for doing well in design
presentations and optimizing original designs. Physical testing needed to be conducted to collect
data to validate the various sub-systems. The data collected will also be used to adjust current
design benchmarks to be more accurate or create benchmarks for systems that had none.
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2. Vehicle Setup
2.1.

Baseline Instrumentation

In this project a majority of the instrumentation, data collection equipment and software
were provided from Eaton Corporation. Each section will outline the instrumentation used and
why. All sections utilized a data collection system known as a triton box. A triton box is a
custom data collection system created by Eaton Corporation that utilizes a National Instruments
USB-6212 DAQ card integrated with a custom board. The custom board allows for sixteen
separate analog channels to be conditioned by individual Dataforth SCM5B series units. The
board accepts all analog signals and can provide excitation through the SCM5Bs chosen. All
instruments can be wired in using a standard format of positive signal, negative signal, excitation
positive and excitation negative. The board also reduces incoming noise, has multiple analog
output channels, digital output signals, relays and a 5-volt output. All these units fit snuggly
inside a pelican case allowing for a durable, mobile, DAQ system. This system was powered
either from a standard outlet during stand-still testing or the 12V battery that the car relies on
during dynamic verification. Dataforth creates various conditioners that can be used for
temperature, direct voltage, load, strain and much more. More details will be provided regarding
the specific conditioner used in each section, as well as additional instrument data in Appendix
G.

Figure 2.1: DAQ Box Mounting

Figure 2.2: DAQ Box Interior
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The HP laptop was also on loan from Eaton providing the appropriate software to best
utilize these instruments. All data in this project, collected through the triton box, was achieved
using a software called Yeti. Yeti is a user-friendly software created through the program
LabVIEW. There are four sections in the software. Project set up, where information can be
assigned, details are documented and displays are identified when the data is running. Channel
set up, where calibration is done, and all used inputs and outputs are identified. Data set up, is
where; where the section data collected is organized, a file is chosen where the data should be
saved, triggers are identified, and much more. The final stage, sequence setup, identifies how the
data collection will run. For example, when an output must be activated before a certain action
happens, it is required to be laid out in the sequence. This makes the software very powerful for
various data collection situations, as the sequence can be as general or complex as needed.
Figure __ through __ below show Yeti’s home screen, the software running, and the sequence
used for every stage of data collection in this project.

Figure 2.3: Yeti Home Screen
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Figure 2.4: Data Collection Running for Powertrain Specifications (Trial Run)

Figure 2.5: Sequence Created to Control all Data Collection

Shown in the sequence above, Yeti was programmed so that as the start button was
pressed it would follow the same set of parameters each time. The data seen by the DAQ system
would then start to be recorded, directly followed by a digital signal being sent to the ECU
commanding it to also begin collecting at the same time. The system would then wait the set
amount of time to record each section, which varied between tests, then another digital signal
would shut off the ECU collection followed by the DAQ system ending its data file.
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2.2.

Laptop/DAQ Box Mounting

The triton DAQ box, provided by Eaton Corporation, needed to be mounted to the
vehicle during all testing events. Since the DAQ box houses critical components and electrical
connections, it was secured to the vehicle’s chassis. Adjustable clamps used in mounting light
bar systems to road vehicles were purchased from Summit Racing [17] and clamped to the chassis
members shown in Figure 2.6 below. Holes were drilled into the triton box and socket head cap
screws were used to secure the rear end to the chassis. This prevented motion while the box rests
on the secured steel chain guard. The laptop used in data collection was secured on a desk near
the dynamometer for safety. This setup was sufficient for dynamometer testing but further
modifications were required for track testing.

Figure 2.6: Triton DAQ Box Mounting (Dynamometer Testing) [17]

During track testing, the Formula SAE vehicle underwent sharp cornering and increased
vibration and vertical motion. To further secure the triton DAQ box, an additional mount was
designed using SOLIDWORKS and 3D printed in the teams work lab. This mount was secured
to the front end of the box shown in Figure 2.8 below. Since the vehicle will be in motion, unlike
dynamometer testing, the laptop needed to be safely secured to the vehicle during track testing.
A hard-shell laptop case was purchased and flat head cap screws with large washers were used to
secure it to the top of the DAQ box. This setup is located in Figure 2.7 below.
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Figure 2.7: Laptop Case Mounting

Figure 2.8: Triton DAQ Box Front Mounting

2.3.

Engine Control Unit Setup

The Formula SAE team utilizes a Link Fury ECU to manage the engine electronics. The
ECU is the brain of the engine, equipped to receive over twenty sensor inputs of various types
and output signals such as those that control engine ignition and fuel injection. The current ECU
configuration in PCLink G4+ software is shown in Figure 2.9. This software is accessed using
the provided USB tuning cable. Most importantly for this project the ECU comes equipped with
up to 512 megabytes of onboard datalogging. This datalogging capability is utilized in conjuction
19
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with the aforementioned triton box to log selected sensor data while testing and store it directly
on the ECU. The ECU logging was set to activate when all defined control conditions were met.
For instance, the engine speed control was set to require an engine speed above 1000 RPM and
throttle position sensor to read above 1% as in Figure 2.10. In order to align the data collection of
the DAQ box and ECU, the ECU was wired to receive a digital input of five volts from the DAQ
box. A final control condition was setup to read this signal therefore as soon as data collection
was started on the Yeti software the DAQ box sent a digital signal which then triggered
datalogging on the ECU to collect with minimal delay. The default control conditions were set to
values which will be easily met as soon as the engine is running to allow the triton box voltage
signal to be the defining data log trigger. A Crossbow CXL25LP3 three-axis accelerometer was
also permanently installed in the vehicle continuously collecting through the ECU during each
section of the test. More instrument information can be found in the Appendix G. The details of
each parameter being logged will be discussed in the later sections of this report.

Figure 2.9: Link Fury ECU Configuration in PC Link G4+

Figure 2.10: ECU Logging Control Conditions
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2.4.

Dynamometer Testing

To measure the power and torque output of the WMU FSAE Vehicle along with various
other powertrain temperature related parameters the Dynojet eddy current chassis dynamometer
in WMU’s automotive lab was utilized. A chassis dynamometer is an instrument that receives an
input through a vehicle driven wheels and outputs the torque and power that the wheels deliver.
It is a useful tool for simulating drive conditions to establish a baseline for a vehicle and improve
that benchmark through tuning. The dynamometer was used to test engine mounting and
drivetrain stresses as well. Three complete power pulls, accelerating from 0 RPM to 14,500
RPM, were conducted for each of the stress analysis cases. Steady state testing was also
conducted at 6,000, 9,000, and 11,000 RPM using the load control feature of the dynamometer to
collect the desired temperature data. The results of the testing are discussed later in the report.
The Dynojet dynamometer comes with dyno control software, Power Core, and a data analysis
software, Winpep 8, which is installed on the laboratory computer. This software allows for
power and torque analysis of the FSAE car.

Figure 2.11: Installation of the WMU FSAE Vehicle on the Chassis Dynamometer
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2.4.1. Dynamometer Calibration
The Dynojet installation manual [11] was referenced during dynamometer setup. The
dynamometer was calibrated using the Power Core feature “Load Cell Calibration” shown in
Figure 2.12. The calibration mass was set to 500. The vehicle being tested was a rear-wheeldrive vehicle thus the provided calibration moment arm and weights were attached to the brake
in the orientation of Figure 2.13. After calibration was completed the moment arm was removed,
and the load cell calibration window was closed.

Figure 2.12: Load Cell Calibration in Power Core[11]

Figure 2.13: Calibration Arm Orientation
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2.4.2. Vehicle Installation
During dynamometer testing the vehicle was stationary and thus the aerodynamic devices
such as front and rear wing are unnecessary and were removed for easier and safer installation.
Before installing the vehicle, the dynamometer brake was set to on to prevent the drum from
rolling. The vehicle was pushed onto the drum and aligned so that it is perpendicular to the drum
as shown in Figure 2.14. Next the tire chocks were placed on the non-drive wheels to prevent the
vehicle from rolling off the drum as in Figure 2.15. The car was then attached from straps
wrapped around the control arms to anchor points in the front and rear of the laboratory. The rear
of the vehicle was secured using four tie-down straps and the front using two tie-down straps as
shown in Figure 2.16 and Figure 2.17. The straps are then tightened evenly to ensure the drive
wheels stay centered on the drum and the dynamometer brake is released. Lastly the exhaust
ventilation system is installed onto the car’s exhaust as shown in Figure 2.18.

Figure 2.14: Drive Wheel Alignment

Figure 2.15: Wheel Chock Setup
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Figure 2.16: Rear Tie-Down Straps

Figure 2.17: Front Tie-Down Straps
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Figure 2.18: Exhaust Ventilation System Installation

2.4.3. Connecting Dynoware RT
An Engine RPM pickup was required in order for the dynamometer software to calculate
torque and power. The FSAE vehicle uses a non-wasted spark system therefore one secondary
inductive pickup was installed and the degrees between spark plug fire was set to 720° in Power
Core as shown in Figure 2.19. The inductive pickup was attached to the negative side of the
engine’s cylinder one coil pack as shown below in Figure 2.20. The inductive pickup obtains the
engine speed by detecting each time the spark plug receives a voltage signal and sends the signal
to the Dynojet Dynoware RT in Figure 2.21 and Appendix C. The Dynoware RT is the data
acquisition system used to obtain engine speed and send the data to the Dynojet software on the
laboratory computer. For accurate engine speed the pickup was attached in a way to not contact
any other wires. A vehicle ground cable was attached to the vehicle steel frame and then to a bolt
on the floor panel as shown in Figure 2.22. The provided RPM along with the vehicle’s wheels
driving the dynamometer drum allows the dynamometer to calculate the torque and power
produced by the vehicle.
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Figure 2.19: RPM Run Configuration

Figure 2.20: Inductive Pickup Attachment
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Figure 2.21: Dynoware RT

Figure 2.22: Vehicle Ground Attachment Points
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2.4.4. Software Setup
Once the engine speed pickup was installed the reading needed to be verified. The data
collected by the dynamometer was displayed using a custom live display setup in the Power Core
software shown in Figure 2.23. The vehicle was started, and the Engine RPM displayed on the
dashboard was checked to ensure it matches the engine RPM displayed in the ECU. Five RPM
filters shown in Figure 2.24 are available in the Power Control Software it was found that filter D
provided the most accurate engine speed results during testing. During testing constant RPM
runs were necessary and thus required dynamometer load control to be setup. The built-in load
control allows for the eddy current brake to apply load against the rotating drum and thus the
engine until a certain source parameter is met. The load control setting found on the Power Core
dashboard was set to have RPM be the load source. The setpoint shown in Figure 2.25 was set to
various desired engine speeds during testing. Lastly before making any test runs a file path was
created in order to save and display the runs in the Winpep 8 data center. See Appendix C for
Winpep 8 software display.

Figure 2.23: Live Power Core Dashboard Layout
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Figure 2.24: Inductive Filter Selection

Figure 2.25: Load Control Setting on Power Core Dashboard

2.4.5. Making a Test Run
After setup was complete the test runs could begin. The red brake button on the
dynamometer remote controller, in Figure 2.26, was pressed to disengage the dynamometer
brake. The Triton box data recording was started by the operator thus triggering the ECU
datalogging simultaneously. As the driver controlled the vehicle and began to accelerate the
dynamometer drum would begin to spin. The operator then pressed the green button on the
dynamometer remote controller to start dynamometer torque and power logging. As the desired
data collection was completed the driver would stop accelerating and the operator would press
the red brake button to engage the air brake and end dynamometer data logging. For steady state
runs the load control feature was engaged by pressing the yellow button on the remote. Multiple
test runs were completed to collect the desired data.
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Figure 2.26: Dynamometer Remote Controller

2.5.

Track Testing

To measure the full capabilities of the Formula SAE vehicle, track testing was necessary
to replicate event scenarios. Track testing was completed at Eaton Corporation’s Marshall
Proving Grounds located in Marshall, MI. All track testing runs were performed on Zone 1, the
Upper Skid Pad, a 275’ by 530’ paved area. To gather the required data, a variety of courses
were set-up to simulate competition scenarios. These events include acceleration, braking,
skidpad, autocross and an endurance. The Upper Skid Pad portion of the test track is shown
below in Figure 2.27.
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Figure 2.27: Eaton Proving Grounds – Zone 1 Upper Skid Pad

2.5.1. Acceleration Event
The acceleration event is one of four dynamic events at an FSAE competition. It is
designed to test a vehicles straight line acceleration from start to a complete stop. In this event,
the car accelerates for 75 meters in a straight line on a flat surface. There are two heats, each
with a different driver and each driver gets two attempts. This event makes up 15% of dynamic
event points, so it is crucial when evaluating the car’s performance. At the Proving Grounds,
cones were set up 75 meters apart to simulate the competition event. Data was recorded during
the acceleration test, with and without the aerodynamic package. The acceleration times were
recorded using a stopwatch for reference.

2.5.2. Braking Event
The brake test is a static event that determines if the vehicle’s braking performance is
sufficient to participate in dynamic events. The car must accelerate and then lock all four wheels
simultaneously. Similar to the sound test, the brake test must be passed before continuing to
dynamic events and can be attempted until completed. A 20’ by 10’ box was marked out with
cones, designated as the braking zone. This zone was placed 100 ft. away from an arbitrary
starting point marked by two cones for a starting line. The driver began at the starting point,
accelerated, and then locked the brakes. Figure 2.28 shows the braking zone set-up.
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Figure 2.28: Brake Testing Set-Up

2.5.3. Skidpad Event
The Skidpad is a dynamic event that evaluates the ability to turn the car at a constant
radius. The track is shaped like a figure eight, with two circles that have an inner diameter of
15.25 meters. Each circle is 3 meters in width, with the centers being 18.25 meters apart from
each other. The vehicle is required to enter and exit through gates on a path that is tangential to
where the circles touch. A start/stop line is created between the centers of each circle. A lap is
defined as going around the circle from the start line and returning to the stop line. This event is
driven by two drivers, each having two attempts to compete four laps. The Skidpad course
diagram is provided in the FSAE Competition rules. It is shown here in Figure 2.29.

Figure 2.29: Official Skidpad Track Layout
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Using a measuring tape, the course layout and dimensions were used to set up a Skidpad
event at the Proving Grounds. An accurate track set-up helped test the vehicles handling and
provided a competition scenario. The track setup is shown in Figure 2.30 below.

Figure 2.30: Skidpad Track Setup

2.5.4. Autocross/Endurance Set-up
Autocross and Endurance races are the final two dynamic events at FSAE competition.
The Autocross event measures the car’s maneuverability and handling on a tight course. The
course layout for the Autocross event contains several common track components including
straights, constant radius turns, hairpins, and slaloms. Similar to Autocross, the Endurance event
tests the car’s ability over a longer period of time. The race is multiple laps with many of the
same track components as Autocross. Due to the complexity of each event, common track
components were set up individually. A slalom setup was constructed using cones, with a
distance of 25 feet between each cone. This allowed enough space for the driver to weave in
between cones, testing the car’s handling ability. The slalom track set-up is shown in Figure
2.31.
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Figure 2.31: Slalom Track Set-up

A tight hairpin with an external radius of 11 meters was constructed. This is a common
component present at FSAE competition tracks. It tests the vehicles braking and tight cornering
ability. An additional track set-up included a tight corner that forces the driver to temporarily
change directions. Layouts and pictures of the hairpin and tight corner are shown below in
Figures 2.32 and 2.33.

Figure 2.32: Hairpin Track Set-up
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Figure 2.33: Tight Corner Track Set-up

2.6.

Car Maintenance

To ensure that the vehicle was operating in its best condition for data collection vehicle
maintenance was performed. The routine powertrain maintenance tasks consisted of coolant and
oil changes, chain inspection and tightening. Pre-track suspension maintenance included camber
and tow adjustment, corner weighting of the vehicle, and tire pressure adjustment.

2.6.1. Engine Rebuild
During chassis dynamometer testing the vehicle experienced transmission failure and the
vehicle was unable to shift out of third gear. The transmission is built into the vehicle’s engine
therefore a full engine teardown was required. A full transmission swap was conducted using
spare parts the WMU FSAE team had on-hand. Since a full engine teardown was already
required the piston rings were replaced and the head of the engine was inspected. A compression
test completed on each of the four cylinders before teardown resulted in 80 psi of pressure each.
This number according to the Honda service manual [12] should be around 150 psi. A
compression test is executed by threading a compression gauge into the engine block in place of
each spark plug and repeatedly turning the engine over using the starter until the pressure
stabilizes. A leak down test was also conducted and resulted in about 80 percent of the
compressed air escaping through the intake and exhaust valves. A leak down test consists of
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inserting compressed air into each cylinder through the spark plug hole with the cylinder at top
dead center and measuring the percentage that leaks through the valves. An illustration of a leak
down test from WC Engineering [5] is shown in Figure 2.34. The large leakage required the
valves to be serviced. The valve seats where the valves sit when closed were found to be full of
carbon build up and a lapping compound was used to complete a valve job on all exhaust and
intake valves, sixteen total. Along with the valve job each valve clearance, the gap between the
cam lobe and valve bucket, was inspected to ensure they were within specification given in the
Honda service manual. [12] After the completed valve job, the leak down test resulted in nearly
zero percent leakage. Furthermore, the rebuilt engine was reinstalled in the vehicle and another
compression test was conducted. As shown in Figure 2.35 the rebuilt engines compression test
resulted in an excellent 150 psi. This projects focus is on data collection therefore any engine
rebuild figures can be found in Appendix F. Chassis dynamometer testing was completed with
the old and new engine and the results are discussed later in the report.

Figure 2.34: Illustration of a Leak Down Test [5]
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Figure 2.35: Compression Test Results after Engine Rebuild

2.6.2 Suspension Set-Up
In order to maximum vehicle performance, the car’s suspension system needed to be
tuned prior to track testing. To improve vehicle handling and tire grip, the static loads on each
wheel need to be as equal as possible. Scales were used to corner weight the vehicle. The goal of
corner weighting is to achieve equal loads on each wheel. Front and rear pull rods are used to
adjust the ride height of the vehicle, affecting the weight distribution of each corner. It is difficult
to completely equalize wheel loads, so the aim is to achieve equal loads on the two front wheels
and equal loads on the two rear wheels.
Camber is adjusted using aluminum camber shims that are inserted between the control
arm clevis and the upright. Camber angle of −1° was set for the front wheels, and an angle of
−0.5° was set for the rear. Toe angles were adjusted using the toe alignment jig provided by
Bronco Racing. Toe adjustment rods were used to set a toe angle of 0 ̊ in the rear and 0.7 ̊ in the
front. Prior to each on track event, tire pressures were set to 10 psi.
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3. Project Overview
3.1.

Budget

The above table displays the total cost of this senior design project. The main costs
included vital instrumentation components required to accomplish testing, new tires for optimum
results on the track and parts required for an engine rebuild due to unforeseen powertrain
complications. The project was awarded a total grant amount of 1,330 dollars through two
separate undergraduate awards for research and creative scholarship excellence. See Appendix E
for scholarship documentation. The rest of the expenses were covered under the Formula SAE
budget.

Required Purchases

Supplier

Quantity

Total Cost

Embedded Brake Pad Thermocouples

Trail Brake

4

$132.00

Infrared Temperature Sensors

Allied Electronics

4

$622.88

18.0/6.0-10 W3 Racing Slicks

Hoosier

4

$869.02

Dominso Laptop Protective Case

Amazon

1

$26.99

Connecting Rod Bolt

Partzilla

24

$134.88

Main Bolt (8x98)

Partzilla

12

$96.36

Main Bolt (8x73)

Partzilla

18

$64.80

Gasket Kit A

Partzilla

2

$317.92

Gasket Kit B

Partzilla

2

$107.28

Piston Ring Set

Partzilla

8

$311.20

Cam Chain Guide

Partzilla

1

$36.84

Cam Chain Tensioner

Partzilla

1

$63.01

Cam Lifter Assembly

Partzilla

1

$87.35

Total Project Cost

$2870.53

Table 3.1: FSAE Vehicle Instrumentation and Validation Budget
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3.2.

Timeline

Organization is crucial to complete any project in a timely manner and to ensure all
members of the team are on the same page. To organize the projects timeline, the software
Monday[24] was used to construct a Gantt chart. This Gantt chart can be found in Appendix A.
Below is a general layout of the agenda that was followed to collect all the desired data in this
project.

General Vehicle
Preparation

Dynamic Track
Instrumentation Set
up

Chassis Dynamometer
Instrumentation Set up

Vehicle Track
Tuning and Set up

Dynamometer Data
Collection and
Analysis

Dynamic Track Data
Collection and
Analysis

Figure 3.1: Project Timeline Flow Chart
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4. Powertrain Stress Analysis
4.1.

System Overview

The powertrain is responsible for converting kinetic energy, created by the engine, into
propulsion motion through the vehicle’s drivetrain. Two of powertrains most failure critical
components, as a result of the engines power, are the engine mounts and the mounts that hold the
differential. In the past, the forces the engine block produced on the chassis mounting system
were declared negligible and were not investigated. Powertrain system advancement over recent
years has led to an increased power out by the system. Although previous engine mounts have
not experienced structural failure, without mount validation safety concerns are present If one
engine mount became compromised the resulting increase to stress present on the other three
would cause catastrophic failure. The rear structure of the vehicle also relies on the stiffness of
the engine block to maximize the strength of its triangulation, this study would also find any
compliance between the engine block and chassis decreasing its simulated compliance. See
Figure 4.1 below providing a cross sectional view of all four engine mounts.

Figure 4.1: Engine Mount Strain Gauge Locations
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A differential is a mechanism that links two wheels or axles together so that a single
engine operates both wheels. When a vehicle undergoes a turn, the wheels are required to turn at
different speeds in a way that the inner wheel moves a shorter distance than the outer wheel,
rotating at different angular speeds. Without this mechanism the inner wheel would skid as it is
dragged. [3] The different wheel paths are shown in Figure 4.2 below.

Figure 4.2: FSAE Vehicle Turn Lines [1]

Figure 4.3: WMU FSAE 2021 Differential Assembly [2]

In order to position the differential between the axles, 7075 T6 Aluminum mounts were
designed to withstand the force from the chain during vehicle operations. The mounting system
designed for the 2021 WMU Formula SAE vehicle is shown in Figure 4.3 above. If the mounting
system were to fail, the axles could lock up and the chain could break loose. This could result in
catastrophic failure of the differential as well as the entire system, leading to failure at the
competition and thousands of dollars in repair. Prior to this project, the design engineer in charge
of the drivetrain would use the program SolidWorks to design and simulate, using Finite Element
Analysis, the load scenario for the differential mounting system. An example of this is shown in
Figure 4.4 below. Due to the complexity of the system and the experience of the student
engineer, it is important to validate the simulated results using experimental data to avoid
catastrophic failure. To aid in this validation, instrumentation of the differential mounting system
was designed to perform and report a benchmark for the stress analysis toward future design
improvements.
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Figure 4.4: Differential Mounting System FEA using SolidWorks [2]

4.2.

Instrumentation

4.2.1. Instrumentation Used
In order to validate the engine mount stress, bi-axial strain gauges were adhered onto the
engine mounts to verify the stress produced on the chassis from the powertrain system. Biaxial
gauges were chosen as they were best suited to find the longitudinal and lateral stresses on an
assumed principal axis. The strain gauge diagram and the gauges placed on the vehicle are
shown below in Figure 4.5. More information on strain gauge installation can be found in
Appendix H.

Figure 4.5: Strain Gauge
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To validate the differential mounting system, rectangular rosette strain gauges were
adhered as close as possible to the mounting locations. Four gauges were used near the top and
bottom differential mounts on both the right and left side pictured in Figure 4.6 below. A full
rosette strain gauge was used to determine the biaxial stress state and an unknown principal
direction. Rosette strain gauges are commonly used in stress analysis since most components and
structures undergo a biaxial stress state. Biaxial stress analyzes the stress in the X and Y
directions. Rectangular rosette strain gauges were used for determining the biaxial stress state,
which consist of three strain gauges, one on the X and Y axis and the other in the middle, 45
degrees from both axes. This configuration is shown in Figure 4.7 below where 𝐴 = −45°, 𝐵 =
0°, and 𝐶 = 45°.

Figure 4.6: Differential Mounting System Rosette Strain Gauge Setup
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Figure 4.7: Rectangular Rosette Strain Gauge Configuration [14]

4.2.2. Instrument Setup
The previously discussed gauges were then wired individually to separate channels on the
triton box for data collection. The conditioner used in the triton box was a Dataforth SCM5B 3807. This module is designed specifically to condition strain as it provides an appropriate
excitation for strain gauges. It also incorporates an ideal range for the small signal the gauges
produce. These conditioners are normally used for loadcells or full bridge instruments. As each
gauge is considered one leg of the Wheatstone bridge each gauge was wired with three “dummy”
resistors simulating a full bridge instrument as shown in Figure 4.8.
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Excitation +

1 (gauge)

3 (dummy)

Signal +

Signal -

4 (dummy)

2 (dummy)

Excitation Figure 4.8: Wheatstone Bridge

To ensure proper behavior, arm two needs to be the ideal resistance of the gauge. All
gauges used were 350-ohm, so a high precision 350-ohm resistor was placed between signal (+)
and excitation (-). This way when the gauge would deflect and change resistance, the Wheatstone
bridge would capture the variation between arm one and two. Arms three and four were both
120-ohm resistors simulating no change. This system was used for all strain gauges in this

Strain
gauge

5B

5B

project. See Figure 4.9 below providing a flowchart of the instrumentation set up for this section.

Figure 4.9: DAQ Block Diagram[18,19,20]
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4.2.3. DAQ Setup
Twelve channels were assigned for the differential stresses and eight channels were
assigned for the engine mount validation. As the triton box only has sixteen channels this data
was collected separately. Once all the strain gauges were wired into the box each channel was set
up in Yeti and then calibrated using a shunt calibration. A shunt calibration uses a known
resistance to simulate a calculated strain or stress to then calibrate the sensors being used. After
calculating the simulated value for the resistors in use, apply the resistor across the active arm of
the Wheatstone bridge and adjust the incoming signal in Yeti. A forty kiloohm resistor was used
in this project to calibrate the strain gauges used. Once simulated strain was calculated, simulated
stress was then calculated using Hooke’s Law. This was used to calibrate the strain gauges in an
appropriate unit. See the equations used below to calculate the simulated strain from the
resistance used.

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛 =

(𝐺𝑎𝑔𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 106 )
(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1[1] )
(𝐺𝑎𝑔𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 ∗ (𝐺𝑎𝑔𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 𝑅𝑒𝑠𝑖𝑠𝑡𝑜𝑟 𝑉𝑎𝑙𝑢𝑒))

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛 =

(350 ∗ 106 )
= 4,337 𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑎𝑖𝑛
(2 ∗ (350 + 40000))

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 = 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛 ∗ 𝑌𝑜𝑢𝑛𝑔𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2[24] )

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 = (4,337 ∗ 10−6 ) ∗ 2.05 ∗ 105 = 889 𝑀𝑃𝑎

4.3.

Data Analysis

Using a chassis dynamometer, three runs were performed to record the stress exhibited by
the powertrain on the engine and differential mounting systems. As discussed, the data was
recorded using the triton box and the Yeti program. The data was exported to Excel where it was
analyzed and organized. The first section of the powertrain stress analysis was the stress applied
to the engine mounts on the chassis, followed by differential load analysis.
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4.3.1. Engine Mounting Stress
All the data collected from the engine mount strain gauges was compiled into Table 4.1
below. The maximum stress collected was recorded for each run in all directions. Using the
ultimate strength of the material the factory of safety was found. From the results it was proven
that the engine is applying a moment on the chassis and the lowest factory of safety is 1.15. The
moment generated by the engine is shown in Figure 4.10. The force from the engine should now
be taken into consideration during chassis design. As the formula team continues to produce
more power with the powertrain system, the engine mounts will need to handle more force. In
order to maintain these higher forces design changes will need to be considered in the future.

Stress Location

Run2

Run3

Max

Avg

FOS

Lateral Stress (RR, MPa)

-14.2747

-14.5574

-17.8081

-15.5467

22.46174

Longitudinal Stress (RR, MPa)

7.050255

8.496461

8.496461

7.811158

47.07842

Lateral Stress (RL, MPa)

-12.4242

-102.648

-102.648

-70.5553

3.896821

Longitudinal Stress (RL, MPa)

-332.983

-303.427

-347.116

-327.842

1.152353

Lateral Stress (FR, MPa)

36.38523

30.75689

46.73875

37.96029

8.558208

Longitudinal Stress (FR, MPa)

23.33166

100.5562

100.5562

43.92487

3.977875

Table 4.1: Engine Mount Stress Data Results
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X+

Y+
Figure 4.10: Engine Mount Stress Diagram

4.3.2. Differential Mounting Stress
Outlined in the previous section, the differential stress was measured using Rosette strain
gauges during three different dynamometer runs. An additional and unplanned run was
performed during a vehicle launch, and the stress was measured at the remaining locations where
the gauges were still operational. This data was organized using Excel and the outlier data caused
by interference was removed. The stress data for the differential mounting system, obtained from
the dynamometer runs, and the maximum stress for each channel is outlined in Table 4.2 below.
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Channel

Run 1

Run 2

Run 3

Maximum

BL -45 (1)

-3.435660644

-3.166197064

2.964099381

-3.435660644

BL 0 (2)

-96.69470525

-113.5690404

-94.04936159

-113.5690404

BL 45 (3)

-47.15612713

-44.5682909

-38.81754365

-47.15612713

BR -45 (1)

-1.84962035

-3.538261124

1.093755197

-3.538261124

BR 0 (2)

-87.17506805

6.675225415

-163.1385001

-163.1385001

BR 45 (3)

-8.998100392

-5.250207694

44.87428729

-8.998100392

TR -45 (1)

58.79813973

79.86015994

33.05567059

79.86015994

TR 0 (2)

-43.68446427

-37.65394901

-28.53463329

-43.68446427

TR 45 (3)

19.8442489

16.53687409

11.50391241

19.8442489

TL -45 (1)

130.6137785

83.50476426

48.28307096

130.6137785

TL 0 (2)

-48.45486382

-48.45579822

-39.03113141

-48.45579822

TL 45 (3)

65.02011777

56.87534682

32.57908216

65.02011777

Table 4.2: Differential Mounting Stress Data

Using the relationship between stress and strain, in Equation 3 below, the strain was
calculated for each channel and is tabulated Table 4.3 below. The Modulus of Elasticity for
7075-T6 Aluminum is (𝐸 = 71700 𝑀𝑝𝑎). [4]

𝑆𝑡𝑟𝑎𝑖𝑛 (𝜀) =

𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎)
𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 (𝐸)

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 [23] )

49

Anthony
Howard
MacDermaid
Walejewski

Senior Design
Spring 2022

Channel

Run 1

Run 2

Run 3

Maximum

BL -45 (1)

-4.79172E-05

-4.4159E-05

4.13403E-05

-4.79172E-05

BL 0 (2)

-0.001348601

-0.001583948

-0.001311707

-0.001583948

BL 45 (3)

-0.000657687

-0.000621594

-0.000541388

-0.000657687

BR -45 (1)

-2.57967E-05

-4.93481E-05

1.52546E-05

-4.93481E-05

BR 0 (2)

-0.001215831

9.30994E-05

-0.002275293

-0.002275293

BR 45 (3)

-0.000125497

-7.32247E-05

0.000625862

-0.000125497

TR -45 (1)

0.000820058

0.00111381

0.000461027

0.00111381

TR 0 (2)

-0.000609267

-0.00052516

-0.000397973

-0.000609267

TR 45 (3)

0.000276768

0.00023064

0.000160445

0.000276768

TL -45 (1)

0.001821671

0.001164641

0.000673404

0.001821671

TL 0 (2)

-0.0006758

-0.000675813

-0.000544367

-0.000675813

TL 45 (3)

0.000906836

0.000793241

0.000454381

0.000906836

Table 4.3: Differential Mounting Strain Data

Once the differential mounting systems strain was calculated, the average principal
direction was determined using Equation 4 and the results are located in Table 4.4 below. The
notation used for the average principal directions can be seen in Figure 4.11 below.
(𝜀2 − 𝜀3 ) − (𝜀1 − 𝜀2 )
1
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑙𝑒 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (𝜃𝑝𝑞 ) = tan−1 [
]
2
𝜀1 − 𝜀3

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 [23] )

(𝜃𝑝𝑞 )

Run 1

Run 2

Run 3

Maximum

BL

-36.48846999

-38.50249986

-37.32688786

-38.0454626

BR

-43.74828435

42.78913091

41.6460686

-44.50150836

TR

-38.39733588

-34.87823213

-39.013519

-36.10649294

TL

-38.68112431

-41.79846341

-42.17834173

-38.68116338

Table 4.4: Differential Mounting Average Principal Direction
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Figure 4.11: Average Principle Direction Notation

Using the organized data, the maximum stress and strain can be used to determine a
factor of safety for the differential mounting system at the locations of the Rosette strain gauges.
This was determined using Equation 5 for the factor of safety, where the yield stress of 7075-T6
Aluminum (𝜎𝑦 = 434 𝑀𝑝𝑎). [4] The final differential mounting system stress analysis data for
the dynamometer runs can be found in Table 4.5 below.

𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑆𝑎𝑓𝑒𝑡𝑦 (𝐹𝑂𝑆) =

𝑌𝑖𝑒𝑙𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎𝑦 )
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎𝑚𝑎𝑥 )

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 [23] )
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(𝜃𝑝𝑞 )

Channel

Max Stress

Max Strain

FOS

BL -45 (1)

-3.435660644

-4.79172E-05

BL 0 (2)

-113.5690404

-0.001583948

BL 45 (3)

-47.15612713

-0.000657687

9.203

BR -45 (1)

-3.538261124

-4.93481E-05

122.659

BR 0 (2)

-163.1385001

-0.002275293

BR 45 (3)

-8.998100392

-0.000125497

48.232

TR -45 (1)

79.86015994

0.00111381

5.434

TR 0 (2)

-43.68446427

-0.000609267

TR 45 (3)

19.8442489

0.000276768

21.870

TL -45 (1)

130.6137785

0.001821671

3.323

TL 0 (2)

-48.45579822

-0.000675813

TL 45 (3)

65.02011777

0.000906836

126.322
-38.045 °

-44.502 °

-36.106 °

-38.681 °

3.821

2.660

9.935

8.957
6.675

Table 4.5: Differential Mounting Stress Analysis Data

Due to maintenance issues outlined in Section 2.5 as well as weather and other time
constraints, collecting stress data on the differential mounting system during vehicle launch
conditions was originally postponed, ensuring initial project completion. An opportunity arose to
do launch testing and was used to collect the stress data for the last operational strain gauge,
located on the top left differential mount. The data for this strain gauge and its comparison to
dynamometer testing can be found in Table 4.6 below.
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Channel

Max Stress

Max Strain

(𝜃𝑝𝑞 )

FOS

Dynamometer Testing
TL -45 (1)

130.6137785

0.001821671

TL 0 (2)

-48.45579822

-0.000675813

TL 45 (3)

65.02011777

0.000906836

3.323
-38.681 °

8.957
6.675

Launch Testing
TL -45 (1)

120.2196586

0.001676704

TL 0 (2)

-61.05633468

-0.000851553

TL 45 (3)

192.9761231

0.002691438

3.610
40.256 °

7.108
2.249

Table 4.6: Differential Mounting Stress Data Comparison

From the available data, the percentage change between the launch testing and
dynamometer testing can be calculated using Equation 6 below. This change in stress can
provide a rough estimate to the increase in stress for each location that could not be recorded.

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐶ℎ𝑎𝑛𝑔𝑒 (%) =

(𝐹𝑖𝑛𝑎𝑙 𝑉𝑎𝑙𝑢𝑒) − (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒)
∙ 100
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒)

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6[23] )

The percentage change for each direction (-45/0/45) was calculated using Equation 6 and
can be found in Table 4.7 below. This change was used to determine the estimates for the other
locations factor of safety and are in Table 4.8 below.
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TL -45 (1)

TL 0 (2)

TL 45 (3)

(𝜃𝑝𝑞 )

Dynamometer Data

3.323

8.957

6.675

-38.681 °

Launch Data

3.610

7.108

2.249

40.256 °

Percentage Change

(+) 8.637 %

(−) 20.643 %

(−) 66.307 %

(−) 204.072 %

Table 4.7: Launch versus Dynamometer Data Comparison

Channel

Factor of Safety (𝐹𝑂𝑆)

BL -45 (1)

137.232

BL 0 (2)

3.032

BL 45 (3)

3.101

BR -45 (1)

133.253

BR 0 (2)

2.111

BR 45 (3)

16.251

TR -45 (1)

5.903

TR 0 (2)

11.986

TR 45 (3)

7.369

TL -45 (1)

3.610

TL 0 (2)

7.108

TL 45 (3)

2.249

(𝜃𝑝𝑞 )

39.594 °

46.314 °

37.576 °

40.256 °

Table 4.8: Estimated Factor of Safety for Launch Data

Referencing the data located in Tables 4.7 and 4.8, the minimum factor of safety during
the dynamometer data testing is 2.660 located in the 0 direction on the bottom right differential
mount. The minimum factor of safety determined through finite element analysis in SolidWorks
was determined to be 2.54. This is very similar to the simulation result, where the simulation
does not take into effect the shock loading of a vehicle launch. If the rough estimate for the
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launch test data is to be believed, the minimum factor of safety is in the same location as
dynamometer testing and is 2.111. This would be lower than the simulation result of 2.54 but
would still be in the acceptable range of a factor of safety greater than two. Further testing would
need to be performed with operational Rosette strain gauges to determine how accurate the rough
estimate is. It is also important to note the average principal direction changed from the negative
to the positive direction. Refer to Figure 4.11 above for a diagram of the direction notation for
the average principal directions. This change in direction may be contributed to the difference in
the direction of the applied force during these two different tests. During the dynamometer
testing, the differential mounting system saw its peak stress, and therefore lowest factor of
safety, when the vehicle was moving at higher speeds and RPM. On the other hand, during the
launch testing the peak stress occurred at launch, when the vehicles wheels were not moving and
additional forces. As the gauge results relied heavily on the custom Wheatstone bridges leading
into the DAQ box the unanticipated vibrations created more noise than anticipated for dynamic
stress testing. Due to these factors the data may have altered the resultant forces direction.
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5. Powertrain Performance Analysis
5.1.

System Overview

A vehicles powertrain consists of many components and separate systems working in
unison in order to deliver power to the vehicle in a safe and efficient manner for a long period of
time. Every year, the team’s mission is to build and modify the powertrain in an effort to
increase power and reliability of the 2007 Honda CBR600RR engine that the race vehicle is
equipped with. These changes are decided based on analytical and/or numerical methods such as
mathematical calculations, simulations, and if time permits, experimental testing of the previous
system and the updated changes. WMU’s Formula SAE racing team has been dramatically
improving the designs on their vehicle over the last four years, leading to more complex and
time-consuming manufacturing processes. This has led to a reduction in testing for many of the
vehicle’s critical components, necessary to ensure they are working as intended and to validate
the improvements made. In this report, a temperature analysis of the vehicles cooling, oiling, and
exhaust systems along with a power and torque output analysis was conducted.

5.1.1. Power and Torque
In motorsport power and torque are important quantities used to measure general engine
performance. Power is the rate at which work is done by the engine and torque is the measure of
the work done per rotation of the engines crank shaft. [6] Formula SAE rules allow for a
maximum engine displacement of 710 cc and an intake air restriction of 20 mm or 19 mm must
be applied based upon fuel selection. [13] This displacement and air intake restriction heavily
limits the power output of FSAE vehicles; therefore, it is important to squeeze every bit of power
out of the engine to gain an edge on the competition. The power output of the WMU FSAE 2021
engine is unknown and thus a baseline needs to be established to improve upon the past
performance in upcoming cars.

5.1.2. Cooling System
The cooling system of a vehicle is essential for keeping the engine operating at its ideal
temperature. A vehicle can operate too cold or hot and it is the job of the cooling system to keep
the vehicle within the ideal temperature band. The WMU Formula SAE race vehicle cooling
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system consists of an aluminum radiator, electric water pump, electric fan, and aluminum coolant
lines. The radiator filled with distilled water, per the FSAE rules, transfers absorbed heat from
the water flowing through the engine to the air that flows through the radiator fins and
recirculates the cooler water back to the engine to continue the cycle. The cooling system flow is
shown in Figure 5.1. Typically, a thermostat that opens and closes as the engine coolant
temperature rises and falls is used however since 2019 the WMU Formula SAE Race team has
deleted the thermostat completely and utilizes the fans electric water pump and fan to control
engine temperatures. Deleting the thermostat provided more reliability due to the potential for a
thermostat to not open and cause the vehicle to rapidly overheat. The electric water pump
provides the benefit not only of easier vehicle packaging but also allowing the water flow speed
to be varied unlike that of a mechanical pump which is driven by the engine. Mechanical water
pumps result in water flow speed being a function of engine speed. The overall pressure of the
system was increased from 1 Bar to 2 Bar in 2021 by changing the radiator cap. This was done in
order to increase the temperature at which boiling occurs. These beneficial changes result in
several added variables that are difficult to model precisely thus it is important to conduct
experimental testing while monitoring the coolant temperatures.

Hot Liquid
From Engine

Cooled
Liquid
Water Pump
Radiator
Figure 5.1: BR-21 Complete Cooling System Flow Diagram
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5.1.3. Oiling System
The oiling system of a vehicle, otherwise known as the lubrication system, is responsible
for reducing the friction between moving parts by keeping the components lubricated with oil.
Since 2018, the WMU Formula SAE Racing Team has utilized a dry sump oiling system, in
Figure 5.2 below, to replace the factory dry sump system that comes on the 2007 CBR600RR
engine. Under normal operation in a motorcycle, the oil in the wet sump system remains level
when undergoing a turn due to the engine tilting in the opposite direction of the oil. When
applied to a four-wheel vehicle undergoing a turn, the oil moving to one side of the pan could
lead to oil starvation without proper baffling. Baffling is the process of putting vertical walls on
the bottom of the oil pan to stop the oils movement to the side. In a dry sump oiling system, the
oil is stored in an external reservoir instead of the oil pan. When the engine requires oil, the oil is
pumped from the reservoir to the engine. This ensures there is always a supply of oil readily
available to be pumped to the engine, preventing oil starvation. Another benefit of a dry sump
oiling system includes reducing the height of the oil pan, providing the ability to lower the
engine and center of gravity of the vehicle. The last major benefit of the dry sump oiling system
is the external reservoir gives the oil time to cool and deaerate while it is waiting to be pumped
back to the engine. This opportunity allows for the removal of any alternative oil cooling system,
reducing the temperature load on the engines cooling system. Once the system was designed and
working well, no further testing or validation was performed to ensure that the system was
working as intended and to provide a benchmark to any future improvements.

Figure 5.2: 2021 WMU Formula SAE Dry Sump Oiling System and Flow Simulation
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5.1.4. Exhaust System
A vehicle exhaust system is used to carry the already burned fuel mixtures from an
engines combustion chamber out of the chamber so that a new fresh intake charge of noncombusted fuel-air mixture can be combusted. In everyday road cars it is also the job of the
exhaust system to reduce harmful emissions that damage the environment; however, in a race
vehicle this is typically not the case. In WMU’s Formula SAE vehicle the exhaust runner lengths
are designed to aid in production of the most power possible. The lengths and configuration of
the four exhaust ducts is determined through simulation to optimize power output by developing
a less peaky and flattened torque curve. The header lengths effect the power of an engine through
exhaust gas scavenging. The optimal length is determined by analyzing the pressure waves
caused by the high-pressure exhaust traveling down the exhaust tubes. The depression wave that
follows is timed to occur as the intake and exhaust valve overlap causing more fresh air charge to
fill the combustion chamber. [15] The power and torque values obtained using the WMU FSAE
2021 vehicle will be used as a baseline to be compared with future designs. The 2021 car is
currently equipped with 14.5-inch runners and a 4-1 configuration as shown in Figure 5.3. The
2022 vehicle currently in production will use 16-inch exhaust runners and the same 4-1
configuration as shown in Figure 5.4. With all else held equal the exhaust runners can be
swapped and power and torque values can be analyzed to compare the future exhaust designs.
The designed runners provide a highly important means of analyzing an engines tune. The
runners are equipped with a wideband oxygen sensor which senses how much unburned oxygen
is present in the exhaust gases and is used by the ECU to supply the engine with the correct
amount of fuel based upon the set lambda target. A lean engine tune means the engine is running
on a decreased amount of fuel relative to the ideal stoichiometric mixture and thus the product
will contain unburned oxygen. While a rich mixture is one with more fuel than required of a
stoichiometric mixture. A stoichiometric reaction is one in which the fuel burns completely and
there is no unburned oxygen. [6] Lambda, also known as equivalence ratio, is the ratio of the
actual air-fuel ratio to the stoichiometric air-fuel ratio. A lambda of 1.0 is reflective of an ideal
stoichiometric mixture, while less than 1.0 is a rich mixture and greater than 1.0 is a lean
mixture. In testing lambda data will be logged for the team’s analysis of the current engine tune.
Exhaust gas temperatures are also used to aid in determining if an engine tune is running too rich
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or too lean. The mixture composition is reflected in the exhaust gas temperatures exiting the
combustion chamber. A stoichiometric mixture will result in the highest temperatures due to
complete combustion. Figure 5.5 shows how fuel mixture effects flame temperature. Using the
data collected modifications can be made to find the peak exhaust gas temperature. It is
important for the WMU Formula SAE Team to validate their tune and simulation through
physical testing and data analysis.

Figure 5.3: Current WMU FSAE 2021 Vehicle Exhaust Design

Figure 5.4: Future WMU FSAE 2022 Vehicle Exhaust Design
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Figure 5.5: The Effects of Mixture Composition on Flame Temperature [16]

5.2.

System Overview

To validate powertrain fluid temperatures, type k thermocouples were installed in line
with each fluid flow and are monitored while the vehicle is tested on the chassis dynamometer
and on track. The thermocouple used is shown in Figure 5.6. Most temperatures were monitored
during the drivetrain and engine mount stress dynamometer runs along with three steady state
runs in which the vehicle RPM was held constant by inducing a load on the engine through the
dynamometer. The temperatures were again monitored during on-track testing. In the case of the
cooling system both air and water temperatures were monitored. To capture air temperature data
thermocouples were installed into the carbon shrouds in front and behind the radiator, each about
one inch away from the radiator core. This is shown in Figure 5.7. Radiator coolant temperature
and engine coolant temperature were collected through preexisting thermocouples threaded into
the vehicle’s radiator and thermostat housing respectively, as in Figure 5.8.
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Figure 5.6: General Type K Thermocouple Probes Used

Figure 5.7: Thermocouples Installed to Measure Air Temperature
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Figure 5.8: Coolant Temperature Sensor Locations

To collect exhaust gas temperatures four thermocouples were installed into the exhaust
runners of the vehicle. To do this a hole was drilled in each runner and weld-in bungs were
welded to the exhaust which allowed thermocouples to be threaded into the bungs ensuring a
leak tight seal. Exhaust thermocouple installation is shown in Figure 5.9.

Figure 5.9: Thermocouples Installed to Measure EGT’s
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To record the temperature delta for the oiling system, a temperature sensor was used in
the outlet and a type k thermocouple in the inlet locations of the oil reservoir. The oil reservoir is
designed and manufactured with a Davies Craig temperature sensor already installed into the
bottom of the reservoir, which monitors the temperature of the oil before it travels to the engine.
An additional type k thermocouple was installed into the AN-fitting of the oil reservoir inlet to
record the oil temperature before it enters the reservoir to cool and deaerate. This can be seen in
Figure 5.10 below.

Figure 5.10: Type K Thermocouple and Davies Temperature Sensor for Oil Reservoir [21]

5.2.1

Instrumentation Set-up

The triton box is set up with specific temperature collection analog channels. These
channels incorporate cold junction compensation which allows the thermocouples to efficiently
collect data. These thermocouples were then conditioned through a SCM5B47K-13 on the triton
box. These conditioners can handle temperatures ranging from negative -300℃ to 1350℃. An
Omega Engineering CL23A Thermometer calibrator was used to fully calibrate and verify the
thermocouples used. The calibrator was first plugged into the sensor itself to ensure it was
reading properly, then plugged into the triton box to calibrate the channel being used. A twopoint linear calibration was done beginning at zero Celsius and ending at the anticipated
temperate the instrument would read. Figure 5.11 below shows the calibrator used.
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Figure 5.11: Omega Engineering CL23A Calibrator-Thermometer [26]

5.3.

DAQ Setup

As mentioned above the engine’s control unit was used in conjunction with the Yeti
software to record preexisting temperature sensor data. The ECU was setup to record the
respective liquid temperature at the outlet of the radiator, the outlet of the engine, and the outlet
of the oil reservoir to avoid adding unnecessary channels to the DAQ box. The ECU was setup,
as in Figure 5.12, to log the aforementioned parameters as well as other valuable engine
parameters such as engine speed, wheel speed, lambda 1 and throttle position (TP (Main)) at the
selected frequencies. The engine speed logging is highly important as it is necessary to analyze
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and plot data collected using the DAQ box with respect to engine speed. The lambda 1 parameter
logs the lambda value calculated by the oxygen sensor located in the exhaust as mentioned
previously. Wheel speed is used to calculate on track vehicle speed for suspension analysis.

Figure 5.12: ECU Logging Setup with Logged Parameters

5.4.

Data Analysis

Several dynamometer runs along with several hours of track testing was performed, and
the data of the powertrains systems were recorded. This gathered data was then analyzed below.

5.4.1. Power and Torque
The power and torque curves produced by the dynamometer during the engine and
differential stress testing runs were analyzed and plotted in Figures 5.13 and 5.14 below using
the Winpep 8 software installed on the dynamometer computer. It was found that the current
Bronco Racing engine before rebuilding produces a max power of 69.76 hp at an engine speed of
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nearly 11,000 RPM. Data collected also showed a max torque output of 35.59 ft-lbs. at an engine
speed of 9,000 RPM. However, after the complete engine rebuild the power and torque specs
improved greatly according to data collected during new steady state runs shown in Figure 65.
The rebuilt engine was found to produce a maximum torque of 50.76 ft-lbs. at 8,000RPM and a
maximum power of 77.22 hp at 11,800 RPM. Table 5.1 below shows the comparison of the
previous engine and the rebuilt engine. This data will provide a much-needed benchmark for the
FSAE team moving forward and highlights the importance of a proper functioning engine. The
power and torque improvements from an engine rebuild are evidence enough that the team
should perform maintenance on their engines each year rather than using used engines. The
FSAE team should also perform compression and leak down tests at the beginning of each
season and record the findings to compare with successive testing throughout the season. These
tests are very useful indicators of an engines condition. The power and torque testing was
conducted without changing the engine tune and more power could be gained by retuning the
newly built engine. Separate more complete instructional documentation on how to operate the
chassis dynamometer was provided to the team as a result of this project. The FSAE team should
now be able to safely operate the chassis dynamometer and benefit from its capabilities.

Figure 5.13: Power and Torque Curves during Differential Stress Testing
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Figure 5.14: Power and Torque Curves during Engine Mount Stress Testing

Figure 5.15: New Engine Steady State Dynamometer Run
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Parameter

Previous Engine

Rebuilt Engine

Difference

Maximum Power [hp]

69.76

77.22

+7.46

Maximum Torque [ft-lbs.]

35.59

50.76

+15.17

Table 5.1: Comparison of Previous and Rebuilt Engines

5.4.2. Cooling System
The ECU was used to record the temperatures of the coolant as it exits the engine and as
it exits the radiator. Two minutes of coolant temperature data from on track testing data gathered
during the autocross and endurance track setup was analyzed to find the total heat dissipated by
the radiator. The coolant temperatures at exit of the engine and exit of the radiator over time are
plotted in Figure 5.16. Equation 7 [4] is a simplified steady-flow thermal energy equation [10]
which was used to calculate the heat dissipated by the radiator to its surroundings assuming
steady state.
𝑄𝑟𝑎𝑑 = 𝑀 ∗ 𝐶𝑝 ∗ 𝛥𝑇 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7[4] )
The average engine speed during this timeframe was found to be 6,217 RPM. The
average temperature was found to be 59.24°C which resulted in distilled water having a specific
heat of 4.19 kJ/kg*°C. [10] An average temperature difference of 5.92°C was calculated. Using
the specifications of the Davies Craig EWP80 water pump [7] the maximum volumetric flow rate
of 80 L/min corresponds to 0.96 kg/s. For this analysis the flow rate was assumed maximum and
constant. The heat dissipated by the radiator, Qrad, for this particular analysis was found to be
23.82 kW. Lahvic’s empirical correlation [8]&[9] in equation 8 can be used to estimate the heat
rejected by the engine to the vehicles cooling system.
𝑄𝑐𝑜𝑜𝑙 =

8.66𝑉𝑑 𝑛+108.93𝑀𝑇 +1119.74𝑁𝑒 −1010𝑉𝑑 +2890
3412.2

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8[5] )

The steady state power and torque data collected was used to determine that near 6,217
RPM the torque and power are 36 ft-lbs. and 50 hp respectively. These values were then
converted to the proper units needed for Lahvic’s empirical correlation. With an engine
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displacement of 0.6 L the heat dissipated to the cooling system was found to be 24.17 kW. From
the heat transfer analysis, the Cooling system slightly under performs what is required to keep
the vehicle cool while on track. This slight underperformance becomes a large underperformance
when not assuming maximum volumetric flow rate which is likely to be the case.

Coolant Temperature vs. Time
80.00
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Temperature [C]

60.00
50.00
40.00
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20.00
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0.00
0.00

20.00

40.00
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80.00

100.00

120.00

140.00

160.00

Time [Sec]
Engine Exit Temperature

Radiator Exit Temperature

Figure 5.16: On-Track Coolant Temperature Data

Radiator air inlet and outlet temperatures were recorded from the thermocouples installed
into the carbon fiber shrouds as mentioned above. The results are shown in Table 5.2. It can be
concluded that even at a standstill with only the fan pulling air through the radiator at 2500 CFM
the temperature delta is about 17 degrees Celsius. Data for a steady state dynamometer run at
9,000 RPM was analyzed and using equation 8 [4] above it was found that only 17.25 kW of heat
was dissipated by the radiator. The coolant temperature data for the same steady state run was
plotted in Figure 5.17. At the end of the data collection the vehicle was shut down and a large
spike of about 5°C was observed in Figure 5.17 in both the engine coolant temperature and
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coolant temperature in the radiator. This is believed to be a result of the fan and water pump
switching off as the vehicle kill switch is pressed. The team will be advised to decrease the
temperature threshold in the ECU in which the fan and water pump stay active when the kill
switch is off. This will prevent the dangerously high temperature rise caused by the heat soaking
that occurs with no coolant flow.
Temperature (℃)

Minimum

Maximum

Inlet Temperature

20.1551204

20.1551204

Outlet Temperature

37.1647777

37.1647777

Temperature Delta

17.0096573

17.0096573

Table 5.2: Maximum and Minimum Air Temperatures

Coolant Temperature vs. Time Steady State Dynamometer
Run
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Figure 5.17: Coolant Temperature vs. Time Steady State Dynamometer Run

The cooling system results are consistent with WMU FSAE’s overheating issues during
races. These findings show that further cooling system testing should be done to improve the
subsystem. The further testing should include testing with different sized radiators. Collect data
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with various different sized flow restrictions added to the coolant circuit, to mimic a thermostat.
Also conducting air flow testing using air flow meters which was out of the scope of this project.

5.4.3. Oiling System
Dry sump oiling systems have many benefits, one of which is the external oil reservoir
provides an opportunity to cool the oil temperature while waiting to be pumped into the engine.
The minimum and maximum temperatures for the oil reservoir were recorded and the
temperature deltas were calculated. This data can be seen in Table 5.3 and Figure 5.18 below.
From the data recorded, the oiling systems underwent a minimum of (𝑇𝑚𝑖𝑛 = 27.617 ℃) of
cooling and a maximum of (𝑇𝑚𝑎𝑥 = 29.743 ℃). Although there were no prior benchmarks for
the oiling systems cooling capabilities, this temperature delta was higher than the teams’
expectations.

Temperature (℃)

Minimum

Maximum

Inlet Temperature

61.214

64.285

Outlet Temperature

33.597

34.542

Temperature Delta

27.617

29.743

Oil Inlet

Table 5.3: Oil Reservoir Temperature Cooling Data

∆𝑇𝑚𝑎𝑥 =
29.743 ℃

Oil Outlet
Figure 5.18: Oil Reservoir Maximum Temperature Delta
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5.4.4. Exhaust System
The thermocouples installed into the exhaust runners were recorded by the DAQ box and
Yeti software. Maximum temperatures throughout all of testing are shown in Table 5.4. The data
gathered during a steady state run at 11,000 RPM shown in Figure 5.19 highlights that each
exhaust runner and thus each cylinder are all within 30°C. This is representative of a healthy
engine tune with respect to individual cylinder fueling. Runner 4 is slightly higher than the rest
therefore fuel enrichment can be applied to that corresponding cylinder to lower the temperature.
The ECU data from three power pulls during differential stress testing on the dynamometer was
used to plot the lambda ratio with respect to engine rpm shown in Figure 5.20. It was observed
that the oxygen sensor is detecting a large amount of unburned oxygen at 14,000 RPM as evident
of lambda being greater than 1.0. This Lean mixture could be a result of the fuel cut that is
programmed to occur at the revolution limiter at 14,500 RPM. Further investigation into the
configured fuel tables in the ECU should be conducted by the team. Also observed on the same
plot from 6,000 to 8,000 RPM the equivalence ratio is extremely rich with a maximum
approaching 0.7 lambda. An extremely rich engine can lead to performance issues and a large
amount of carbon build up on the exhaust valves. Carbon buildup can cause the valves to not seat
properly, and cylinder pressure is able to leak out of the exhaust valves even when the valves are
intended to be closed. Likewise, combustion gases meant to be expelled through the exhaust
system may seep back into the combustion chamber decreasing the volume of clean air that can
enter the cylinder. During the engine rebuild it was noted that a large amount of carbon deposit
was present on the exhaust valves. To add to the overly rich mixture findings, an investigation
into the ECU settings resulted in finding a preset stoichiometric air-fuel ratio of 9.0:1 when the
actual stoichiometric air-fuel ratio for E85 fuel should be 9.75:1. This setting is used as a
reference for lambda and thus compounded the overly rich mixture results.
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Runner #

Maximum Temperature (℃)

Runner 4

784.2686

Runner 3

775.4683212

Runner 2

752.8458278

Runner 1

755.0841116

Table 5.4: Exhaust Runner Maximum Temperature Data

Exhaust Runner Temperatures vs. Time
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Figure 5.19: Exhaust Runner Temperatures vs. Time at Steady State 11,000 RPM
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Lambda vs. Engine Speed
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Figure 5.20: Lambda vs. Engine Speed During Differential Testing Power Pulls

6. Suspension Dynamics
6.1.

System Overview

Overall vehicle performance is dependent on the design and set-up of the suspension. The
2021 Bronco Racing vehicle utilizes a suspension design from 2017 with a double-wishbone
control arm system and a pull rod suspension set-up. The design has proven to be effective,
allowing the team to take home the highest placing in school history. Despite an acceptable
design, various parameters have not been validated. With justified numbers, the system design
and tuning can be improved.

6.1.1. Shock/Damper System
Linear shock potentiometers were used to obtain suspension position data. They measure
displacement along a single axis, utilizing an internal slide. Attaching the potentiometer directly
to the damper allows for suspension position data to be collected. The data will be used to
validate the current suspension parameters and make improvements. These instruments will be
used to find shock positions while driving, validate spring stiffness, find maximum damper force,
and calculated downforce produced from the car’s aero package. Each linear potentiometer will
be placed directly onto the damper. One end of the potentiometer will be attached to the end of
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the damper that is fixed to the chassis mount. The other end will be attached to the free end of
the damper attached to the bellcrank. Placement of the shock potentiometer directly on to the
damper is important. It eliminates any additional geometric calculations that would be required
for different locations. Shock potentiometer placement for the front and rear dampers is shown in
Figures 6.1 and 6.2, respectively.

Figure 6.1: Front Linear Potentiometer Mounting

Figure 6.2: Rear Linear Potentiometer Mounting

In order to maintain linear potentiometer location, mounting was designed in SolidWorks
and manufactured by a 3D printer. The mounting system is composed of five parts fastened
together by steel socket head cap screws and nuts. One side of the mounting is fixed to the
damper exterior oil reservoir. This part is used to house the linear potentiometer and keep a fixed
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position. The other side of the mounting is attached to the damper spring clip. This acts as a
guided for the potentiometer, preventing any misalignment while actuating. An exploded view of
the front potentiometer mounting is shown in Figure 6.3, and the rear mounting is shown in
Figure 6.4.

Figure 6.3: Front Linear Potentiometer Exploded View

Figure 6.4: Rear Linear Potentiometer Exploded View

The final mounting solution for the rear dampers can be seen in Figure 6.5, and the front
damper mounting is shown in Figure 6.6.
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Figure 6.5: Rear Damper Shock Potentiometer Mounting

Figure 6.6: Front Damper Shock Potentiometer Mounting

6.1.2. Anti-Roll Bar System
Anti-roll systems are a critical component of a vehicle’s suspension system. The main
function of an anti-roll bar is to reduce cornering roll. FSAE suspension geometries produce
adverse positive camber change reducing the grip at the contact patch. The anti-roll bar is
designed to resist this camber change. Additionally, the anti-roll bars act as a tuning aid to
increase roll stiffness at each end of the car. Adjusting stiffness at either end helps combat and
fix under-or-over steer issues present while driving [22].
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Roll bar systems are composed of a U-shaped torsion bar located on the underside of the
vehicle and spanning between the front or rear wheel uprights. Linkages are used to connect the
arms of the torsion bar to the bellcranks. The linkages are connected to the bellcrank at a location
that moves parallel to the longitudinal vehicle axis. The anti-roll bar in the 2021 Bronco Racing
vehicle provides adjustability while tuning the suspension. The linkage connection is able to
move up or down a moment arm, changing the stiffness of the anti-roll bar. During cornering the
vehicle experiences roll, where the forces from the bellcranks force the moment arms in opposite
directions. This puts the linkages in bending and the torsion bar in torsion. The entire system is a
torsion spring in which the stiffness acts in addition to the spring stiffness from the shocks. The
linkages can be moved up and down the moment arm to vary the torque placed on the torsion bar
and thus vary the stiffness of the system. The front anti-roll bar is shown in Figure 6.7.

Figure 6.7: Front Anti-Roll Bar Assembly

When designing the anti-roll bar, the desired output is to provide a required stiffness
amount to increase the overall suspension stiffness. The most important parameters that the
system is designed around is the vehicle’s roll gradient. The roll gradient is a function of the
torque produced from the anti-roll bar. The torque generated from the front anti-roll bar will be
measured and compared to designed torque.

6.1.3. Brake Rotors
In order to produce acceptable lap times, an effective braking system is essential. It allows
for the driver to maximize vehicle speed before late braking while cornering. The WMU FSAE
team utilizes brake rotors made out of 4130 steel. This differs from the traditional rotor material
cast iron. This is due to the increased frictional and thermal properties of the material, as well as
reducing the unsprung weight of the wheel assembly. Thinner rotors face the issue of warping
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when the disc becomes too hot. The rotors are ventilated with circular cutouts to help reduce
operating temperature and prevent brake failure. Figure 6.8 shows the current rotor and hub
assembly for the BR-21 vehicle.

Figure 6.8: BR-21 Rotor and Hub Assembly

When the rotors were previously designed, a thermal analysis was completed in
SolidWorks to determine the temperature distribution on the rotor. It was determined that worst
case braking scenario would occur at full lock of the front wheels. The rotors were simulated for
a vehicle braking from 30 mph to 0 mph with a longitudinal acceleration of 1.4 G. The results
showed a maximum rotor temperature of 108 degrees Celsius. The simulation results are shown
in Figure 6.9. This design was verified using high friction thermocouples installed in the brake
pads.

Figure 6.9: Brake Rotor Thermal Analysis
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6.1.4. Brake and Throttle Pedal
The pedal box, composed of the brake pedal and throttle pedal, converts mechanical force
from the driver to the brake and accelerator systems. Load from the driver’s foot is the main
criteria that each pedal is designed around. The brake pedal is required by FSAE rules to be
fabricated from steel or aluminum. Additionally, it must be designed to withstand a force of 2000
N without any failure of the brake system or pedal box. The pedal may be tested at competition
by pressing the brake pedal with the maximum force exerted by a rules official. The brake pedal
and throttle pedal were designed around this 2000 N load, but may not actually see 2000 N. The
current brake pedal was designed for a force of 445 N. Figure 6.10 shows FEA for the throttle
pedal and Figure 6.11 shows FEA for the brake pedal.

Figure 6.10: Throttle Pedal FEA

Figure 6.11: Brake Pedal FEA

A load cell was used to record braking force to verify the previous design value. In order
to maintain driver comfort and provide a flat surface for the driver’s foot, a cover was designed
for each pedal. The pedal cover was designed in SolidWorks and 3D printed. It contains a cut-out
on the back side, allowing the load cell to sit on the pedal and function properly. Each cover is
composed of two pieces, fastened together by four socket head cap screws and nuts. An exploded
view of the cover assembly is displayed in Figure 6.12. The full pedal box assembly including
pedal covers is shown in Figure 6.13.
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Figure 6.12: Pedal Cover Exploded Assembly

Figure 6.13: Front and Back Views of Pedal Cover Assembly

Figure 6.14 shows the final product for the brake pedal and Figure 6.15 shows the throttle
pedal final product.
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Figure 6.14: Brake Pedal Cover

Figure 6.15: Throttle Pedal Cover

6.1.5. Tires
Tires are the only contact between the car and the ground, making them fundamental to
performance of the vehicle. Lateral forces in cornering and longitudinal forces in braking are
transmitted from the load to the car via the tire. Tires vary in compound; the softer compounds
provide more grip but have a shorter life. Harder compound tires last longer, but do not provide
the same grip needed during cornering. Monitoring tire temperatures while racing is essential to
the tuning of the suspension. As tires heat up, grip improves leading to more efficient and faster
vehicle performance. BR-21 uses Hoosier 6.0/18.0-10 LCO FSAE Tires. This tire compound has
peak operating temperature range of 120℉ – 140℉ [22].
Infrared tire sensors were used to record tire temperatures during on-track testing. The
sensors needed to be place in a position aimed at the center of the tires. A three-piece mount was
designed to hold the sensors 4 inches above the tire. The mount utilizes the bolt that fastens the
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upper control arm to the upright. Mounting location on the wheel assembly was selected because
it allows the infrared sensor to turn with each wheel. The infrared mount is shown in Figure 6.16,
and its mounting on the wheel assembly is shown in Figure 6.17.

Figure 6.16: Infrared Sensor Mount

Figure 6.17: Infrared Sensor Tire Mounting

Three rectangles of 4130 chromoly steel were plasma cut, and then welded together to
form a single piece that mounts to the unsprung assembly. The final product is shown in Figure
6.18.
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Figure 6.18: Infrared Mounting Final Product

6.2.

Instrumentation

6.2.1. Shock Pots

Excitation +
Signal +
Excitation -/ Signal -

Figure 6.19: BEI 30-millimeter Linear Potentiometer Diagram
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The shock displacement was recorded with BEI thirty-millimeter linear potentiometer as
seen in Figure 6.19 above. These potentiometers have a 10V limit and are very simplistic in
design. When fully extended the potentiometer’s output equals the input voltage received. As it
compresses the resistance increases and the voltage decreases to zero. These sensors are light
weight, accurate and maintain precision under constant vibration. The full datasheet for these
sensors can be found in Appendix G.
Once wired into the triton box, the calibration for these units were simple. The DAQ
system supplied the sensor with 5V, so at full extension the sensor read 5V. Once fully
compressed the sensor read zero volts. In Yeti, a gain of six was applied to the sensor calibrating
the unit to read thirty millimeters at full extension and zero millimeters at full compression. This
calibration was applied to all shock potentiometers. As this calibration was accomplished off the
vehicle each sensor was able to record the sag and squat of the vehicle upon installation. A
Dataforth SCM5B41-02 was used to condition these signals as it provided the appropriate
excitation and does not amplify the incoming signal from the instruments.

6.2.2. ARB Strain Gauges

Figure 6.20: ARB Strain Gauge Diagram

The strain gauges used in the orientation shown in Figure 6.20 above validates the torque
seen by ARB system. Using these gauges on either side of the ARB allows the angle of twist to
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be recorded. By following the same shunt calculation method documented in the powertrain
stress section a 40 kΩ resistor was used to induce a simulated strain on the gauges for
calibration. The only difference was instead of converting that simulated strain to stress it was
converted to torque using the equation 9 below. A simulated stress in the units of microstrain can
be multiplied by 30 to convert it to pounds per square inch (psi). This can then be converted to
inch pounds of torque. The gauges were calibrated up to 22,000 inch-pounds of torque using this
method. These gauges were conditioned and amplified by a Dataforth SCM38-07, similar to the
powertrain stress section.

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑇𝑜𝑟𝑞𝑢𝑒 (𝑖𝑛 ∗ 𝑙𝑏𝑠) =

(𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 𝜋 ∗ (𝑆ℎ𝑎𝑓𝑡 𝑟𝑎𝑑𝑖𝑢𝑠)3 )
(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9[1] )
16

6.2.3. Brake Temperature Thermocouples

Pressed Friction Thermocouple

Figure 6.21: Brake Temperature Friction Thermocouple

To capture all the brake temperatures, friction thermocouples were pressed into the
exterior pad on each caliper assembly. This promotes collection of the temperatures directly from
the rotor and pad itself. These sensors will last the full thickness of the pad and can be used on
various FSAE vehicles. These sensors were calibrated with the same omega engineering CL23A
thermocouple calibrator used in the powertrain temperature section. The instruments also utilized
the same Dataforth 5B47-13D conditioner. The fully pressed brake thermocouple is shown in
Figure 6.21.
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6.2.4. Pedal Box Loadcells

Figure 6.22: Omega LCGD-500 Pancake Loadcell

To accurately capture pedal forces a pancake loadcell was used to measure the forces
exerted on the brake and throttle. This load cell is shown above in Figure 6.22. A loadcell utilizes
four linear strain gauges to complete a full Wheatstone bridge and create a force transducer.
Once installed on each pedal face a shunt resistance calibration was done to fully set up each
instrument. As these sensors are pre-calibrated units Eaton provided all the calibration
information shown below in Figure 6.23 to approximate what resistance was required to simulate
a calibrated load. As these are full bridge transducers a Dataforth SCM5B38-07 was used to
condition and amplify the signal. These conditioners as mentioned previously also provide the
ten-volt excitation required to power the transducers.
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Figure 6.23 Omega LCGD-500 Pancake Loadcell Calibration Sheet

6.2.5. Tire Temperature Infrared Sensors

Figure 6.24: Calex PC21 Infrared Temperature Sensor
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To collect tire temperatures during dynamic testing infrared sensors were used. In most
applications three infrared sensors are used to collect the outside edge, center and inside edge
temperature of the tire. Based on budget and the number of signals that could be collected the
sensors shown above were chosen instead. As the sensing head on these units are fitted to collect
a temperature gradient based on focal distance, they eliminate the need for multiple sensors.

Figure 6.25: Calex Infrared Temperature Sensor collection radius [27]

Based on Figure 6.25 the sensor was integrated eight inches above the surface of the tire,
creating a four-and-a-half-inch diameter temperature gradient surface. This surface encapsulated
the majority of the tire face. These sensors have a temperature range of -20℃ to 500℃ and are
designed to produce a stable signal under intense vibration.

Figure 6.26: Calex Infrared Temperature Sensor Wiring Diagram[27]
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The sensor had an excitation range of six to twenty-four volts for proper set up. The
sensor had an excitation range of 6V to 24V for proper set up. Utilizing a Dataforth SCM5B3807, a 10V excitation was provided to the sensor. From Figure 6.26 above the wiring diagram can
be examined. The sensors were wired using the excitation negative and positive terminals of the
triton box in place of the power supply. The signal negative and signal positive of the triton box
were used in place of the display. As the sensors output was four to twenty milliamps, a 5Ω
resistor was installed between the receiving ends of the signal. This converted the current into a
hundred millivolt full-scale output the conditioner could understand. This was calculated using
Ohms law as seen below.
𝐼 ∗ 𝑅 = 𝑉 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10 [23] )
0.02𝐴 ∗ 5 𝑜ℎ𝑚 = 100 𝑚𝑉
After these sensors were installed, they were calibrated using a two-point linear
calibration between ambient tire temperature and a consistent body temperature of 90℉. These
temperatures were verified by a handheld infrared sensor. More information on these sensors can
be found in the appendix.

6.3.

DAQ Setup

After all the instrumentation had been installed and calibrated the DAQ system was
adjusted from other sections. The Yeti sequence was updated to wait various time limits for each
event the vehicle ran.

6.4.

Data Analysis

On track testing was needed to validate the full capabilities of the vehicle. As discussed
previously in Section 2.4 of this report, 5 events were set-up for testing. Two of the main
dynamic competition events, Acceleration and Skidpad, allowed for realistic scenarios that the
vehicle will see during competition. Brake testing is one of the main events the car must pass in
order to compete. Setting up this event was useful to see the capabilities of the braking system.
Slalom and cornering tracks were set up to provide components that are usually a part of
Autocross and Endurance events. The Acceleration event allows for analysis of the car’s
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aerodynamics package and the throttle pedal. Skidpad and Cornering events were used for an
analysis of suspension position, tire temperatures and anti-roll bar stiffness. All of these events
allowed for improved parameters that can be used in verifying suspension design parameters.

6.4.1. Acceleration Event
The Acceleration Event tests the vehicles straight line acceleration. The car starts from a
complete stop and accelerates for a distance of 75 meters. This event was completed three times,
with the fastest acceleration time being 4.82 seconds. The vehicle reached a maximum speed of
24.6 m/s and a maximum acceleration of 5.1 m/s2. This event produced useful data for
suspension position, maximum throttle load, and maximum longitudinal acceleration. The data
was collected from the triton DAQ box and exported to Excel. In Excel, the data was analyzed
and sorted to achieve the best results.

6.4.1.1. Suspension Position Analysis
The suspension position data shows shock displacement as expected. The rear springs
compress as the car launches, and the front springs expand. This shows the car squatting as the
vehicle accelerates forward. As the car starts to brake, the displacement shifts in the opposite
direction. The front springs compress, and the rear springs expand back to the initial condition.
This data provides the maximum compression and maximum expansion of each shock during
acceleration. Shock data is useful for tuning of the vehicle. The results suggest that the spring
stiffness could be increased to reduce squat as the car accelerates. Figure 6.27 shows the
displacement for each shock plotted against the vehicle’s wheel speed.
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Figure 6.27: Acceleration Event – Suspension Displacement vs. Wheel Speed

During acceleration, the car will produce the maximum gravitational force equivalent,
more commonly known as G-force, in the longitudinal direction. The data shows a negative Gforce of 0.78 G’s as the car accelerates at the beginning. This is expected, as the vehicle
accelerates the driver experiences force in the backwards direction. The car then has positive Gforce of 0.87 G’s as the car brakes. Figure 6.28 shows the longitudinal G-force vs suspension
displacement.

Figure 6.28: Acceleration Event – Suspension Displacement vs. Longitudinal G’s
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Longitudinal acceleration values found during acceleration were compared to selected
values during the design of the suspension system. The suspension is designed around a
longitudinal acceleration force of 1 G. The data collected results in a 13 percent difference
between the designed value and the observed value. This will be beneficial in future suspension
system designs. Maximum and minimum values for suspension displacement and longitudinal
G’s collected during acceleration are shown below in Table 6.1.
Parameter

Maximum Value

Minimum Values

Front Right Shock Displacement

3.91 mm

-5.97 mm

Front Left Shock Displacement

6.68 mm

-6.28 mm

Rear Right Shock Displacement

5.74 mm

-11.3 mm

Rear Left Shock Displacement

3.49 mm

-9.16 mm

Longitudinal G’s

0.87 G’s

-0.78 G’s

Table 6.1: Acceleration with Aero Results

6.4.1.2. Aerodynamic Analysis
The main goal of an aerodynamic package is to produce downforce. The objective of
downforce is to increase traction without adding mass to the vehicle. This is accomplished by
using aerodynamic elements to increase the downward forces at each tire contact patch. The two
major elements that produce downforce are the front wing and the rear wing. Downforce effects
the cars performance during acceleration, braking, and cornering. Increasing tire grip is
important in racing, making downforce critical during braking and cornering.
Acceleration testing was performed with and without an aerodynamic package. This
allowed for an investigation of suspension position during each run. Using the suspension
displacement with and without aero alongside the spring rates, the downforce produced by the
front and rear wing can be calculated. The suspension displacement vs. wheel speed is shown in
Figure 6.29, and the suspension displacement vs. longitudinal G’s is shown in Figure 6.30.
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Figure 6.29: Acceleration No Aero – Suspension Position vs. Wheel Speed

Figure 6.30: Acceleration No Aero – Suspension Position vs. Longitudinal G’s

Acceleration testing without aero results in a maximum G-force of 0.84 G’s and a
minimum G force of -0.81 G’s. The vehicle had a faster acceleration time without an aero
package. However, this minimal difference may be due to human error as the times were
recorded with a stopwatch. Maximum and minimum values for suspension displacement are
shown in Table 6.2.
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Parameter

Maximum Value

Minimum Values

Front Right Shock Displacement

3.23 mm

-2.15 mm

Front Left Shock Displacement

6.96 mm

-3.55 mm

Rear Right Shock Displacement

4.61 mm

-4.52 mm

Rear Left Shock Displacement

1.45 mm

-5.00 mm

Longitudinal G’s

0.84 G’s

-0.81 G’s

Table 6.2: Acceleration without Aero Results

The collected suspension position values for testing without an aero package were
compared to the results from testing with aero. Using the difference between shock
displacement, as well as spring rates and motion ratios, the downforce produced can be
calculated. Downforce was calculated separately for the front and rear wings. This is because the
vertical force acts downwards on the front axle and separately on the rear axle. The vehicle’s
aero package is designed around speeds of 50 mph, so the shock displacement at 50 mph was
used to calculate downforce. Table 6.3 shows the average shock displacement at 50 mph for the
front and rear of the vehicle.

Front Displacement at 50 mph

Rear Displacement at 50 mph

Aero

No Aero

Aero

No Aero

2.81 mm

4.74 mm

5.61 mm

3.31 mm

Table 6.3: Aero Displacement Comparison

Using the shock displacement for the front and rear of the vehicle, the down force can be
calculated. The weight of the aero package must be accounted for in this calculation. This is done
by taking the difference of the static spring position and subtracting it from the position
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difference between aero set-ups. The spring force for the front and rear is calculated, and then the
downforce produced. Down force results are shown in Table 6.4.

Parameter

Maximum Value

Minimum Values

Displacement Difference

1.93 mm

2.30 mm

Difference w/ Package Weight

1.23 mm

0.78 mm

Spring Force

215.25 N

156 N

Downforce

48.37 lbf

35.05 lbf

Table 6.4: Aero Displacement Comparison

The results show that downforce has a minimal effect on the vehicle’s acceleration. For
FSAE cars traction provides little to no benefit during acceleration, and the car runs into power
limitations around 50 mph. At this speed, a small amount of downforce is produced. Testing
showed that there is more downforce produced in the front of the car compared to the rear. This
aligns with driver feedback about the car’s handling. The car produced understeer, so the driver
had to oversteer in order to stabilize the vehicle. To reduce oversteering by the driver, front wing
downforce must be reduced, or rear wing downforce must be increased.
The downforce produced by the front and rear wings was compared to the calculated
down force during design of the aero package. Each wing produces less downforce than
anticipated. The front wing makes 48.37 lbs. of downforce, compared to the anticipated 58.85
lbs. This results in a 17.8% difference between the predicted and actual values. The rear wing
makes 35.05 lbs. of downforce, a 49.7% difference than the anticipated 69.69 lbs. The vehicle’s
rear wing produces almost half the amount of downforce as the designs yielded. These results are
shown in Table 6.5.
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Element

Observed Down Force

Anticipated Downforce

% Difference

Front Wing

48.37 lbf

58.85 lbf

17.8%

Rear Wing

35.05 lbf

69.69 lbf

49.7%

Table 6.5: Downforce Comparison

6.4.1.3. Throttle Pedal Analysis
During acceleration testing, the throttle pedal is pushed to its maximum position,
resulting in maximum throttle loading. The throttle pedal is currently designed around the same
load as the brake pedal, despite seeing a fraction of the force. It doesn’t not need to be
constructed as robustly as the brake pedal. Acceleration testing allowed for maximum throttle
pedal force to be calculated. A graph of throttle pedal load vs. longitudinal G’s is shown in
Figure 6.31.

Figure 6.31: Acceleration Event – Throttle Pedal Load vs. Longitudinal G’s
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The load cell installed on the throttle pedal recorded a maximum load of 28.3 N during
acceleration. Compared to the designed load of 445 N, this is significantly less force. Testing
resulted in a 93.6% difference between the designed load and observed load. Table 6.6 displays
the comparison between designed and actual throttle force. The pedal is overbuilt, and the design
can be improved to reduce weight and improve overall vehicle performance.

Observed Pedal Force

Anticipated Pedal force

% Difference

28.3 N

445 N

93.6%

Throttle Pedal Force

Table 6.6: Throttle Pedal Force Comparison

6.4.2. Braking Event
During FSAE competition, teams must complete brake testing to ensure proper
functionality of the vehicle’s braking system. The car must accelerate for a set distance, then
brake and lock all four wheels. This test was replicated at the proving grounds. A 20’ by 10’ box
was set up with cones to represent the braking zone. The car would start from an arbitrary line
100’ away from the start of the braking zone. The vehicle would accelerate and then brake,
stopping in the braking zone. This braking test was repeated for a total of 5 times. The distance
required to brake and bring the vehicle to a complete stop was recorded for each run. Stopping
distance results are displayed in Table 6.7.

Run #

Braking Distance

Run 1

29 ft.

Run 2

28 ft.

Run 3

22.5 ft

Run 4

24 ft

Run 5

17 ft

Table 6.7: Brake Testing Distance Results
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6.4.2.1. Tire Temperature Analysis
The car showed improvement over the five braking runs. This is a result of the tires
heating up, improving vehicle grip. As discussed earlier in this report, as the tires reach operating
temperature, grip improves. This directly results in an increase in a vehicle’s braking
performance. Tire temperatures over the course of the five runs are displayed in Figure 6.32. The
tires reached a maximum temperature of 155 ℉, which is above operating temperature. This tire
temperature data will be useful in tuning the suspension and monitoring tire usage at future
FSAE competitions.

Figure 6.32: Braking Event – Tire Temperatures
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The vehicle’s suspension system is designed around a different longitudinal G-force for
braking, then it is for acceleration. The car is anticipated to see a 1.5 G force when braking at
maximum force. During brake testing, a longitudinal force of 1.54 G’s was observed. This is
resulted in a 2.93% difference between calculated and observed values. Braking test results can
be found in Table 6.8.
Parameter

Maximum Value

Front Right Tire Temperature

153.3 ℉

Front Left Tire Temperature

151.7 ℉

Rear Right Tire Temperature

143.6 ℉

Rear Left Tire Temperature

145.1 ℉

Longitudinal G’s

1.54 G’s

Table 6.8: Braking Test Parameter Results

6.4.2.2. Brake Pedal Analysis
During brake testing, the driver will apply maximum force to the brake pedal. The pedal
must be strong enough to support the maximum force experienced during panic braking in a
potential track accident. Setting up brake testing will allow for a realistic panic braking scenario.
The braking force vs wheel speed for each of the 5 runs is shown in Figure 6.33.
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Figure 6.33: Braking Event – Brake Load vs. Wheel Speed

A maximum brake pedal force of 78.7 N was recorded during testing. Comparing this to
the designed load of 445 N, there is an 82.3% difference between the two values. Similar to the
throttle pedal, the brake pedal is overbuilt. The pedal is designed around an unrealistic loading
condition. For future brake pedal design, the new loading condition can be used to reduce weight
and maximize braking performance. Table 6.9 displays the load comparison.

Brake Pedal Force

Observed Pedal Force

Anticipated Pedal force

% Difference

78.7 N

445 N

82.3%

Table 6.9: Brake Pedal Force Comparison

6.4.2.3. Brake Rotor Analysis
A critical component of braking performance is the brake rotors. As the brakes heat up,
grip between the brake pad and rotor increases. If the rotors get too hot, the material may begin
to warp and affect braking performance. During long distance events, such as Autocross and
Endurance, brakes may reach high temperatures. Operation at high temperature can lead to brake
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failure. Figure 6.34 shows the brake temperatures for the front and rear of the vehicle during all 5
braking events.

Figure 6.34: Braking Event – Brake Temperature vs Wheel Speed

A thermal analysis of the BR-21 rotor was previously completed by a past student. A
thermal braking analysis was completed, simulating a vehicle reaching a top speed of 35 mph
and locking the brakes. The simulation anticipated that the brakes would reach a maximum
temperature of 108 ℃. During on track testing, the brakes reached a peak temperature of 85.65
℃. This is a 20.7% difference between the expected and actual rotor temperatures. Table 6.10
displays the temperature results and comparison.

Brake Rotor
Temperature

Observed Rotor Temp

Anticipated Rotor Temp

% Difference

85.65 ℃

108℃

20.7%

Table 6.10: Brake Rotor Temperature Comparison
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Rotor temperature information will be useful for tuning of the vehicle. A major
component of braking is adjustment of the brake bias. Brake bias is the percentage of total
braking force applied to the front wheels of the vehicle. For the data collected, it shows that the
rear brakes heat up much hotter and quicker than the front brakes. This shows that the current
bias set-up is a rear dominant bias, which correlates with driver feedback. For future vehicle setup, the brake bias bar should be adjusted more towards the front brakes.

6.4.3. Skidpad Event
One of the four main dynamic events at FSAE competition, Skidpad tests the vehicles
cornering and handling. As previously discussed, a skidpad course was set up to replicate the
FSAE Skidpad event. Shock displacement was monitored during testing to help improve
suspension stiffness understanding. Figure 6.35 shows the suspension position vs. wheel speed
for the track.

Figure 6.35: Skidpad Event – Suspension Position vs. Wheel Speed

The data shown correlates to the track set-up. The car starts by taking two laps around the
first loop, a constant right turn. As the vehicle drives through the first loop, the right-side
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dampers expand and the left-side dampers compress. This is a result of the car stabilizing and
leveling out. After two laps in the first loop, the car enters the second loop driving a constant left
turn. The dampers act oppositely, the left side expands and the right-side compresses. Maximum
and minimum displacement values are presented in Table 6.11.
Parameter

Maximum Value

Minimum Values

Front Right Shock Displacement

4.26 mm

-2.69 mm

Front Left Shock Displacement

8.06 mm

-5.03 mm

Rear Right Shock Displacement

8.93 mm

-6.87 mm

Rear Left Shock Displacement

8.15 mm

-6.79 mm

Lateral G’s

1.17 G’s

-1.34 G’s

Table 6.11: Skidpad Results

The Skidpad event is only four laps, not allowing enough time for the tires to overheat.
Temperature distribution to each of the tires was investigated to see how turning in a constant
direction affects tire temperature. Tire temperature vs suspension position for the front tires is
shown in Figure 6.36. The rear tires results are shown in Figure 6.37. There is no direct
relationship between suspension position and tire temperature. The event is relatively short, and
the vehicle does not operate at high speeds, so the difference in suspension position does not
impact the heating of each tire.
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Figure 6.36: Skidpad Event – Front Shock Displacement vs Tire Temperature

Figure 6.37: Skidpad Event – Rear Shock Displacement vs. Tire Temperatures
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6.4.4. Slalom/Cornering Events
Autocross and Endurance are the two longest of the dynamic events at FSAE competition.
Due to track and time constraints, a full course was unable to be tested. Instead, track
components including slaloms and hairpins were constructed. This allowed for individual testing
of common track components. The data collected is useful in understanding the suspension’s
tuning set-up.

6.4.4.1. Anti-Roll Bar Analysis
During tight turns, the vehicle experiences body-roll which affects the handling of the
car. Anti-roll bars are used to increase the suspension stiffness and combat roll. This is done by
designing around a roll gradient, which is a function of torque produced. The roll bars are
especially important when driving a slalom track layout. Tight cornering through a slalom layout
will produce the maximum torque in the roll bar. The torque created in the front roll bar was
observed and compared to the designed value. Figure 6.38 shows the torque generated during a
slalom event.

Figure 6.38: Slalom Event – Anti Roll bar Torsion
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The data showed that a maximum torque of 222 N-m was applied to the roll bar. The
designed torque of the front anti-roll bar is 251 N-m, a 11.55% difference between values. This
data is shown in Table 6.12. The anti-roll bar does not produce as much torque as anticipated.
This aligns with driver feedback of the vehicle not being stiff enough. The loss of torque during
cornering is most likely due to compliance in the suspension system. This has been an on-going
issue with the anti-roll bar, and the data collected validates the concerns with the system. Both
the front and rear anti-roll bars should be redesigned and improved.

Front Anti-Roll Bar Torque

Observed Torque

Anticipated Torque

% Difference

222 N-m

251 N-m

11.55%

Table 6.12: Front Anti-Roll Bar Comparison

6.4.4.2 Tire Analysis
During longer events, tires temperatures become very important in vehicle performance.
It is critical to make sure the tires get up to operating temperature, but not exceed that
temperature. Additionally, tire temperatures are essential in tuning the vehicle as they give
indication to how the car is handling. For cornering testing, the vehicle was run for several laps
to allow for the tires to heat up. Measuring temperature at the middle and each edge of the tire
will give indication of camber and tire pressure issues. The infrared temperature sensor used only
allowed for temperature readings at the center of the tire, so camber and tire pressure adjustment
were not analyzed. Measuring the center temperature for the front and rear tires allows for
steering analysis. If the front tires are hotter than the rears, the car is understeering. If the rear
tires are hotter than the front tires, the car is oversteering. Table 6.13 [22] presents tuning
information for tires.
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Condition

Feedback

Inner edge >5℃ hotter than outer edge

Too much negative camber

Inner edge <5℃ hotter than outer edge

Not enough negative camber

Center temperature > inner edge temperature

Too much tire pressure

Center temperature < inner edge temperature

Too little tire pressure

Fronts hotter than rears

Understeering car

Rears hotter than fronts

Oversteering car

Table 6.13 [22]: Tire Temperature Feedback

Figure 6.39 displays the tire temperatures for the front and rear tires over the duration of
testing. From the data, it is observed that the rear tires were hotter than the front tires. This
correlates to driver feedback. The car was understeering, so the driver had to oversteer the car to
make up for the issues. The driver oversteering lead to the rear tires getting hotter than the fronts.
The understeering issue also aligns with the data collected during aerodynamic analysis.
Monitoring tire temperatures will be a useful tool for tuning future FSAE suspension set-ups.
Maximum values for cornering testing are shown in Table 6.14.

Figure 6.39: Cornering Event – Tire Temperatures
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Parameter

Maximum Value

Front Right Tire Temperature

88.6 ℉

Front Left Tire Temperature

112.3 ℉

Rear Right Tire Temperature

119.6 ℉

Rear Left Tire Temperature

126.1 ℉

Lateral G’s

1.62 G’s

Table 6.14: Cornering Event Results

A maximum lateral G-force of 1.62 G’s was observed during the hairpin. The vehicle’s
suspension and chassis are designed with an expected lateral G-force of 2 G’s. There is a 19%
difference between the two values. Considering an added safety factor to the design, the force
recorded is reasonable in relation to the designed parameter.

6.5.

Suspension Parameter Results

Completing on track testing allowed for validation of suspension load cases. The subsystem is designed around lateral and longitudinal G-forces that act on the suspension. These
maximum acceleration forces were collected on track and compared to the designed values.
Additionally, pedal load cases, downforce, brake temperatures, and anti-roll bar torque were
collected on track. The updated values and the percent difference between the anticipated and
collected values are shown in Table 6.15. The difference between values for longitudinal and
lateral G’s is reasonable because of the added safety factor during the design of the system. Both
the brake and throttle pedals are overbuilt and should be redesigned. The front anti-roll bar and
both wing elements can be designed to produce more stiffness and downforce, respectively.
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Element

Observed Value

Anticipated Value

% Difference

Longitudinal G’s - Accel

0.87 G

1.0 G

13%

Longitudinal G’s - Brake

1.54 G

1.5 G

2.93%

Lateral G’s

1.62 G

2G

19%

Throttle Pedal Load

28.3 N

445 N

93.6%

Brake Pedal Load

78.7 N

445 N

82.3%

Front ARB Torque

222 N-m

251 N-m

11.55%

Brake Rotor Temp

85.65 ℃

108 ℃

82.3%

Front Wing

48.37 lbf

58.85 lbf

17.8%

Rear Wing

35.05 lbf

69.69 lbf

49.7%

Table 6.15: Suspension Parameter Comparison

6.6.

Suspension Testing Limitations

During the completion of on-track testing for the suspension system, several issues with
the instrumentation occurred. One issue that was present during all events was the range of the
front right shock potentiometer. It was noticed that the potentiometer had no problems with
shock compression. However, during expansion of the shock, the mount started to bend causing
the data to read incorrectly. Problems with the mounts snapping were also encountered. For
future use of shock potentiometers, a better mounting system is recommended. The 3D-printed
mounts were sufficient for testing completed in this report, but not for consistent use. Prior to
testing, there were issues with the front left brake thermocouple. During installation into the
brake pad, the thermocouple broke. Data for the front left brake was not collected. The rear right
infrared sensor began to have issues towards the end of track testing. Temperature values outside
of a reasonable range were observed. This data was compared to the other three tire temperatures
and interpolated for reasonable results.
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7. Summary
7.1.

Results

The main objective of this project was to collect and compare live data from WMU’s
Formula SAE team’s current vehicle. Using only pre-calculated load cases for high performance
designs can cause unreliable and unpredictable engineering assumptions when creating an FSAE
vehicle. Utilizing a steady-state chassis dynamometer and various track layouts on an open
skidpad track, data was collected, and new design parameters and benchmarks were achieved for
the team. The vehicle’s powertrain system has updated benchmarks that were either previously
unknown or roughly estimated. The vehicle’s aerodynamic package can be redesigned to provide
more adequate performance parameters based on the average speed of the vehicle found and
downforce created. While analyzing pedal forces it was discovered the current system is
designed around larger forces than experienced under observed worst case loads. This discovery
will allow for a significant weight reduction in the current design, and provide a more accurate
numerical evaluation for the future. When evaluating the suspension system all the data collected
was utilized to fully redefine the systems parameters. With this new set of parameters, the
suspension system can be fully re-evaluated by the Bronco Racing team and improved.

7.2.

Limitations

During this project several limitations occurred that hindered the performance of the
project. The current WMU Formula SAE vehicle experienced a complete engine failure during
testing which caused a disturbance in the full schedule of the project. This shifted the project
timeline by three weeks causing everything else to be pushed back. Even though this was a
limitation, this did provide added validation and benchmarking to the powertrain system.
Approaching the scheduled date for on track testing unexpected weather was a limitation. Due to
Michigan’s inconsistent weather fluctuations, track testing had to be rescheduled. Over the
course of the project multiple sensors began to malfunction or were damaged. This was caused
by a combination of a compressed timeline from previous limitations and lower quality
instrumentation. As the project budget was stretched to acquire all the necessary equipment,
further vehicle validation would require more funding. As this project attempted to validate
multiple vehicle systems time was of the essence. In the future, validating multiple sub-systems
accurately requires a full year evaluation cycle.
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Appendices
Appendix A: Project Timeline Gantt Chart
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Appendix B: Additional Power and Torque Curves

Steady
State 11,000 RPM Power vs. Time

Steady State 11,000 RPM Torque vs. Time
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Plot with Negative Power Included During Coast Down of Differential Stress Testing
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Appendix C: Dynamometer Related Figures

Dynoware RT Module Connections [11]

Winpep 8 Software Configuration
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Dynojet Inground Model [11]

Dynamometer Specifications [11]
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Appendix D: Additional Suspension Data Graphs

121

Senior Design
Spring 2022

Anthony
Howard
MacDermaid
Walejewski

122

Senior Design
Spring 2022

Anthony
Howard
MacDermaid
Walejewski

123

Senior Design
Spring 2022

Anthony
Howard
MacDermaid
Walejewski

Appendix E: Project Financial Scholarships
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Appendix F: Engine Rebuild Photos

Inspection of the Cylinder Bores
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Image of Split Engine Case

Image of New Transmission after Installation
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Image of Valves, Retainers, Shims, Buckets, and Springs during Engine Head Maintenance

Image of Engine Head on the Valve Side
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Appendix G: Instrumentation Information
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Davies Craig EWP80 Water Pump Data

151

Senior Design
Spring 2022

Anthony
Howard
MacDermaid
Walejewski

Appendix H: Strain Gauge Installation Information
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Appendix I: ABET Questionaires

ABET Program Evaluation Questionnaire
Mechanical and Aerospace Engineering Project (ME/AE 4800) Program
Outcomes’ Indicators Assessment Worksheet
Mechanical and Aerospace Engineering Programs
Semester: Spring 22 Project Group Number: 04-22-17
Project Title: FSAE Vehicle Instrumentation and Validation
Student Team Members: Alexander Anthony, Collin Howard, Mitch MacDermaid, Jared
Walejewski
Faculty Team Members: Dr. Muralidhar K. Ghantasala
Please respond to all of the following questionnaires as best you can.
Outcome (2) An ability to apply engineering design to produce solutions that meet specified
needs with consideration of public health, safety, and welfare, as well as global, cultural, social,
environmental, and economic factors.
Performance Indicators:
1. Generates a detailed statement of all the specified engineering needs for the design
project.
2. Identifies and lists potential public health, safety and welfare concerns for consideration
in the design process.
3. Identifies and lists global, cultural, social, environmental and economic factors that are
relevant to the development of the project product.
4. Produces solutions that satisfy the engineering needs, address the public concerns and
consider the effects of the relevant design factors.

Performance Indicator 1
Describe the engineering needs for this project.
Western Michigan University’s Formula SAE team designs around load case scenarios derived
from mathematical and simulation analysis. These design loads have not been validated through
testing. Physical testing needed to be done to collect data to validate the various sub-systems.
The data collected will also be used to adjust current design benchmarks to be more accurate or
create benchmarks for systems that had none
List the project goals along with performance criteria.
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WMU’s 2021 Formula SAE vehicle was fully instrumented to validate worst case load scenarios.
Data acquisition was completed using linear and biaxial strain gauges, thermocouples, and
other devices. WMU’s Chassis Dynamometer and on-track testing were used in tandem with
LabVIEW to collect data. The recorded data was analyzed and compared to previous design
benchmarks to determine the true scope and validity of the full vehicle design methods.

List the project constraints.
Project constraints consisted of Formula SAE vehicle geometry and parameters. Project budget
was the main constraint during the instrumentation, as certain devices were not selected due to
the price.
List the methods/procedures that were implemented to ensure that the customer expectations
were addressed.
Thermocouples for brake temperatures, strain gauges for engine mount and differential mount
stress were used to collect data. This data was collected and compared to previous design
conditions. Infrared sensors for tire temperatures and linear potentiometers were used to collect
data for benchmarking. This data will be used for tuning of the vehicle.

Performance Indicator 2
Describe potential public health, safety, and welfare concerns regarding this project and describe
how they were addressed in the final design.
Public health: N/A
Public safety: N/A
Public welfare: N/A
Performance Indicator 3
List and explain all possible global, cultural, social, environmental, and economic factors
relevant to the product of this project.
Global factors: N/A
Cultural factors: N/A
Social factors: N/A
Environmental factors: N/A
Economic factors: N/A
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Outcome (5) An ability to function effectively on a team whose members together provide
leadership, create a collaborative and inclusive environment, establish goals, plan tasks and meet
objectives
Performance Indicators:
1.
2.
3.
4.
5.
6.

Student’s ability to function effectively
Student provides task specific leadership.
Student creates a collaborative and inclusive environment.
Group establishes goals.
Group plans tasks
Group meets objectives.

(If you copy and paste from the report, mention Section number or page numbers.)
Performance Indicators 2 & 5
List all tasks required to accomplish the goals of this project and name the group member
responsible for the completion of each task.
Powertrain Instrumentation – Collin, Jared
Powertrain Data Collection – Collin, Jared
Suspension Instrumentation – Alex, Mitch
Suspension Data Collection – Alex, Mitch

Performance Indicator 1
(Project’s adviser will determine whether the listed tasks were completed).

Every student must answer the following question (add Student 3 & 4 if needed):
Student 1 name: Alex Anthony
For project tasks in which I was not the leader, I provided the following inputs towards their
completion: I helped with vehicle maintenance including the engine swap, and reinstallation of
several powertrain components. Additionally, I helped with calibration of data collection
devices.
Student 2 name: Collin Howard
For project tasks in which I was not the leader, I provided the following inputs towards their
completion: I was involved with instrumentation calibration for both powertrain and suspension
components.
Student 3 name: Mitch MacDermaid
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For project tasks in which I was not the leader, I provided the following inputs towards their
completion: I helped with powertrain component installation and the engine rebuild. Also was
involved with engine dyno calibration and vehicle set-up.
Student 4 name: Jared Walejewski
For project tasks in which I was not the leader, I provided the following inputs towards their
completion: I completed vehicle set-up for track testing and calibration of powertrain
instrumentation devices.
Performance Indicator 3
For project tasks in which you were the leader, describe the input other group members provided
towards the successful completion of these tasks.
Student 1: I oversaw suspension instrumentation device mounting. I was helped with calibration
of these components.
Student 2: I was in charge of the engine rebuild and chassis dyno testing. I was aided with
calibration and set-up of the dyno. I was also helped with reinstallation of the engine.
Student 3: I was in charge of instrumentation calibration and installation. I received help with
installing certain devices and with calibration.
Student 4: I oversaw mounting of the DAQ box and other powertrain instrumentation
components. I received help in designing some of the mounts.

Performance Indicator 4
List all goals this project had to satisfy to be considered successfully completed.
Powertrain data collection via chassis dyno
Suspension data collection via track testing
Comparison to current design criteria
Layout of new benchmarking guidelines

Performance Indicator 6
(To be addressed by the faculty adviser)
Outcome (7) An ability to acquire and apply new knowledge as needed, using appropriate
learning strategies.
Performance Indicators:
1. Student’s ability to find information relevant to problem solution without guidance.
2. Student’s ability to identify the additional knowledge needed to complete project.
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3. Student’s ability to acquire and apply the additional knowledge needed to complete
project.

Performance Indicator 1
Describe what information you found in order to successfully complete the tasks you were
assigned in the project.
Student 1: I used vehicle dynamics information to learn about suspension performance and how
the data collected is helpful.
Student 2: I used information about chassis dyno installation and calibration to help aid the
dyno testing process.
Student 3: I found instrumentation calibration information and used it during installation and
calibration.
Student 4: I used information from oiling and drivetrain design documents to learn about
valuable testing information.

What sources did you use to find this information?
Student 1: Vehicle Dynamics Textbooks
Student 2: Instrumentation Calibration Manuals
Student 3: Honda CBR Service Manual
Student 4: Oiling and Drivetrain FSAE research papers

Performance Indicator 2
Describe what additional knowledge/skills you needed to acquire or improve in order to
successfully complete the tasks you were assigned in the project.
Student 1: Instrumentation calibration skills, powertrain maintenance skills
Student 2: Soldering skills, instrumentation calibration skills, LabVIEW software
Student 3: Engine rebuild and maintenance skills, Dyno calibration and maintenance skills,
Instrumentation skills
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Student 4: Instrumentation installation and calibration skills, dyno calibration skills, Data
Analysis

Performance Indicator 3
Describe what approach/process you followed in order to acquire or improve the additional
knowledge/skills you needed.
Student 1: I read manuals and watched videos about instrumentation calibration and
installation. I also reached out and talked to experts in the field of powertrain.
Student 2: I read manuals and watched videos about instrumentation calibration and
installation. Researched and read the service manual about the Dyno Jet chassis dyno.
Student 3: I read manuals and watched videos about instrumentation calibration and
installation.
Student 4: I read manuals and watched videos about instrumentation calibration and
installation. I learned from an instrumentation technician during process.
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Appendix J: Resumes
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