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Abstract: 
Team 3673 designed, analyzed, and constructed a rolling chassis for the University of 
Arizona Solar Car Club to compete in the Shell Eco-Marathon Urban Concept Series. 
Additionally, the team cooperated with two other teams who designed the power 
system and solar array to be integrated into the chassis. The project process included 
details the system requirements of the vehicle, the deciding on a final design, finite 
element analysis of the frame to predict stresses in the frame, and the construction and 
testing of the vehicle. The chassis included a Chromoly steel tube frame, a single A-arm 
front suspension, trailing arm rear suspension, four wheel hydraulic disc brakes, and 
rack and pinion steering. The final design met most of the requirements initially outlined 
by the sponsors. Using the chassis, the U of A Solar Car Club was able to demonstrate 
the vehicle in the 2009 Shell Eco-Marathon with an equivalent fuel efficiency of 408 
miles per gallon.  
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1. Introduction: 
The mission of Team 3673 was to design a new lightweight rolling chassis  
consisting of a chassis, suspension, steering, brakes, tires, and wheels for a solar/hybrid 
vehicle to compete in the Shell Eco-Marathon Urban Concept Series. 
 
The scope of the vehicle design analysis report will be very broad, from initial 
conceptual designs to the interactions between components spacers to fabricating the 
exterior to the results and experiences from the Shell Eco-Marathon. While the vehicle 
design has the advantages of certain components being available for purchase, most of 
the engineering in this design will come from choosing the correct components, 
deciding how to optimize the use of these parts, and integrating these parts into the 
total vehicle architecture.  
 
The report will begin by detailing the constraints and functional requirements that 
shaped the conceptual designs. From there, the conceptual designs will be expanded 
into four preliminary designs to incorporate the potential directions of the design. These 
designs will be analyzed for their strengths and weaknesses, and the designs will be 
combined into the final design. The report will then delve into the details of the final 
design, how it was constructed, and the mathematical and empirical data to support the 
final design.  
 
1.1 The Sponsors – The University of Arizona Solar Car Club 
The University of Arizona Solar Car Club had a vehicle, Drifter 2.0, that traditionally 
competes in the North American Solar Challenge, which is a 2400 mile race that runs 
from Dallas, Texas to Calgary, Canada. This course was mainly highway, distance driving. 
Because the only type of fuel used for this race was solar energy, the vehicle was large 
and flat in order to maximize surface area and the amount of power that could be 
accepted.  Drifter 2.0 can be see in Fig 1.1 showing the large surface area and the 
aerodynamic qualities.  
 

 
Figure 1.1. Drifter 2.01 

 
Additionally, the winner of the race was determined by time, so the vehicle was 
designed to maximize speed, meaning it had a low profile for low drag coefficients. 

 
The vehicle Chassis Team was just one of the design teams that the Solar Car Club 
contracted. In addition to the Chassis Design Team, there was also a team to choose and 
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design the power system of the vehicle.  Also, the vehicle needed a power source, so the 
solar array team designed a solar array that tracked the path of the sun while the 
vehicle is in motion to maximize the power in.  It was very important to make sure that 
the chassis design would mesh with the designs of the power system and the array, 
otherwise the car would not be able to function.  
 
This year, the University of Arizona Solar Car Club wanted to enter the Shell Eco-
Marathon Urban Concept Series with a brand new vehicle, affectionately referred to as 
“SolarCAT”.  The Urban Concept Series, which was in its first year of competition in the 
Americas, was meant to test the vehicle in traffic conditions. The course involved 
several mandatory stops and significant amounts of turning. Also, the regulations of the 
race were very strict on the physical dimensions the vehicle, which the current car does 
not meet. Most importantly, the type of energy used to power the competing vehicles 
was not restricted to purely solar power. The winner of the race was determined by 
which vehicle is the most fuel efficient, regardless of the fuel type.  

 
University of Arizona Solar Car Club wanted to compete in the Shell Urban Concept Eco-
Marathon Racing Series with a new solar/hybrid capable car, as Drifter 2.0 did not fit the 
constraints of this competition. A European Urban Concept vehicle can be seen in Fig 
1.2.  

 

 
Figure 1.2. Sample Urban Concept Vehicle2 

 
The type of vehicle necessary to compete in the Urban Concept Series was completely 
different than Drifter 2.0. Mainly, the vehicle needed to be much smaller, which called 
for an entirely separate vehicle from Drifter 2.0, rather than modifying Drifter 2.0 to 
meet the Shell Eco-Marathon requirements. A redesign of the car frame, suspension, 
steering, tires, brakes, aerodynamics, ergonomics, and safety was required.  These 
requirements needed to be optimized for weight, durability, and performance to 
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increase the energy efficiency of the vehicle and must all fit within the Shell Eco-
Marathon Rules. Also, to promote the Solar Car Club, the club wanted the vehicle to 
resemble a miniaturized production automobile to demonstrate the functionality of 
solar cells in automotive applications. If this design was not completed in the time 
allotted, the UA Solar Car Club would not have been able to participate in the 2009 Shell 
Eco-Marathon, April 16th through April 18th.  
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2. System Requirements: 

Before anything was designed the Chassis Team was asked to create functional 
requirements that would drive the design of the SolarCAT. These functional 
requirements improved the concept of how designs should be generated from scratch.  
Constraints are the ranges that need to be followed for manufacturing a product to the 
sponsor’s standards.  
 
The functional requirements were defined as the creative necessity that was considered 
when designing a prototype, and met when the design was completed.  The functional 
requirements are placed in a hierarchy order on the significance of the design.  
 
2.1 Functional Requirements: 
Breaking down the functional requirements was a task that needed to be done for 
systematic design purposes. The functional requirements of building a chassis for a solar 
car are not drastically different than the functional requirements of building an 
automobile.  

  
The sponsors gave the Chassis Team various rules and regulations that needed to be 
followed and cleared before the competition. Various functional requirements were 
needed to be propelled by the Chassis Team for innovative purposes.  The functional 
requirement allowed the Chassis Team to build a solid foundation before it began to 
design.   

 
2.1.1 Top Level Functional Requirements: 
The top level functional requirements are stated below in Table 1.1 with targeted values 
that were desired to be met. The vehicle needed to be able to withstand the amount of 
power generated from the motor system, and be able to withstand various forces when 
being moved throughout a track.  After producing enough energy, the vehicle needs to 
be able to decelerate within a suitable amount of time and distance. Integration of the 
chassis allowed them to incorporate the motor and solar array.  

 
Table 1.1 Top Level Functional Requirements 

Top Level Functional Requirement Sponsors 
Importance 

Target Value 

Accelerate vehicle on demand 5 Capable of accelerating to 25mph 

Decelerate vehicle on command. 5 Must be able to decelerate for  
public street regulations ~15m/s² 

Steer vehicle. 5 Turning diameter less than 12m 

Integrate Chassis 5 Accept power of 1000 Watts 
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2.1.1.1 Accelerate the Vehicle on Command: 
The vehicle needed to withstand the vibrations and unnecessary forces that would 
hinder the acceleration of the vehicle. The vehicle needed to accelerate on command 
from the driver, which would be incorporated by the power system. The Chassis Team 
worked with the Power on integrating a chassis design that would handle the amount of 
power that was put into the SolarCAT. The chassis design needed to accept the 
maximum conditional power system, and distribute it from the motor to the wheels. A 
drivetrain needed to distribute the power to all four tires. 

 
Other function requirements that branched off the top level acceleration functional 
requirement was the vehicles overall weight. The lighter the system was, the less 
amount of power the motors needed to produce to move the vehicle. The build of the 
lightweight chassis was a combination of components made out of specialized 
lightweight materials.  For example, using stainless steel chromoly tubing for the frame 
was lightweight and very durable. The design needed to incorporate the size of the 
diameter of the stainless steel chromoly.  

 
Another factor of the weight requirement was to find adaptable off the shelf products 
consisting of lightweight components. The suspension components needed to be 
combined and adapted with lightweight materials like aluminum and other insubstantial 
materials. For example, lightweight steel can be used for the manufacturing of brackets 
for the McPherson strut assembly. The Chassis Design Team needed to keep in mind the 
process of mounting these components to the SolarCAT.  
 
2.1.1.2 Decelerate the Vehicle on Command: 
The vehicle needed to decelerate on command from the driver, and have the 
capabilities for easy access to the brake pedal. The purpose of the braking system is 
converting the driver’s motion into a braking force. The design had to obtain an object 
that will convert enough energy to slow the vehicle down. The weight can be reduced 
because light objects are easier to slow down than heavier objects.  

 
The system will distribute the amount of braking force equally to each wheel system, 
and apply it to each rotor. Inputting a cross pattern braking system will allow equal 
distribution of braking forces to each wheel well. The Chassis Team needs to slow the 
vehicle down by applying a specialized braking system. For example, a disk brake system 
is applied to both the front and rear wheels. The sponsors wanted the teams to focus on 
permitting the SolarCAT to register with the Arizona’s Department of Motor Vehicles.  
 
2.1.1.3 Steer the Vehicle: 
A driver needed to have control over the vehicle by designing a steering system that will 
allow the vehicle to turn toward the desired location. Incorporation of a steering wheel 
in the driver’s compartment, and connecting it to a steering system to distribute the 
turning motion to the front tires was necessary.  
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Some lower functional requirements that will effect the deceleration of the vehicle are 
some safety requirements. Constrain the driver’s motion by incorporating a seating 
solution with a harness to secure the driver into the vehicle. Maintain a proper driving 
position by designing the use of a suitable chair with a harness to restrain the driver to 
the seat.  

 
2.1.1.4 Integrate the Chassis: 
There are multiple components needed to be incorporated with the chassis. SolarCAT 
will need to be able to handle multiple bumps and vibrations. Various controls are 
needed to make the vehicle practical and enjoyable to ride. SolarCAT will incorporate a 
suspension system that will reduce the amount of vibration applied to the vehicle, and 
will improve the ride for the driver.  

 
SolarCAT’s suspension should be able to control the yaw, pitch and roll of the spring 
masses. The car will need to control all the vibrations in each of the three dimensions of 
space. Design of the front suspension will be lightweight and adaptable to the frame. 
Design of the rear suspension to be built of lightweight suspension, and will incorporate 
the Power Team’s components.  

 
The SolarCAT will need to have the capabilities of tunability. Tunability is a term that 
allows the control of the vehicle to be changed for enhanced control. A front and rear 
suspension should be able to change components to work properly with various 
weights, and reduce the vibrations at a faster rate.  

  
SolarCAT’s frame should sustain all of the loads that are applied to it by building a 
lightweight, stable frame. The suspension should interface with the frame for complete 
control of the vehicle, and reduction of torsional stresses.  The frame should be able to 
consume the majority of the force if a frontal collision occurs. If the vehicle is put into a 
frontal collision the frame was needed to protect the driver. The frame should also be 
able to protect the driver when placed into a side or rear collisions.  

 
SolarCAT should be designed to protect the driver for a possible rollover. The frame 
should support a specified load when placed upside down. Several roll bars should be 
designed to keep the vehicle from crushing the driver when placed in rollover incidents.  

  
SolarCAT should be able to have the capabilities for ease of production and repairs. 
Components should be purchased off the shelf for easy repair, and for additional 
requests from the sponsors. If the vehicle is placed into an accident, the vehicle should 
have every capability of complete repair. 

 
SolarCAT should also be able to modulate the rear components. The Power Team will 
have various components that will be needed to adapt to the Chassis Team’s design. The 
rear suspensions and the power system will be manufactured according to various 
components that are implemented into the designs. 
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SolarCAT will need to contain its own power system by designing a system that has 
sufficient amount of surface area for the solar arrays, and contains places for the Power 
Team’s components. For example, the chassis design should incorporate a system that 
will hold the batteries in place.  

 
SolarCAT will have to interface the body to the frame to enclose all of the mechanical 
parts as well as the driver. The body design should incorporate several partitions and 
the capability of separating from the frame. SolarCAT should facilitate a way for the 
driver to enter and exit the vehicle.  

 
SolarCAT needs to be practical and viewed as an everyday vehicle. It should entice 
people to take this vehicle to work, the grocery store, and run multiple errands around 
town. A luggage compartment should be designed, and an exterior access should be 
available for practicality. The body should enclose the driver and have a pleasant visual 
esthetically appearance.  
 

2.2 Constraints: 
The sponsors gave several constraints to the Chassis Team to incorporate into the 
SolarCAT. The sponsor gave the Chassis Team constraints to enter in the Shell Eco-
Marathon, and the marathon’s constraints were added to the long list of things to build 
around. The Chassis Team’s number one priority was to design a solar car that would fit 
the sponsor’s specifications and requests. This is the chance to be innovative and take 
the automobile industry into the next generation.  
  
The importance of pleasing the sponsors was more vital than anything else on the 
project. The sponsors were donating vast amounts of money into this project, and they 
were demanding results.  The sponsors also provided chief engineers to assist building 
of the SolarCAT.   
 
A weight constraint was the biggest concern for the Chassis Team because there were 
going to be three designs integrated into the SolarCAT.  Shell Eco-Marathon requested it 
be less than 352lb. The Chassis Team was anticipating the size of the project and the 
amount of components that will be placed on the vehicle.  
 
The University of Arizona Solar Club requested that the vehicle was cleared for street 
eligibility, include interchangeable components, accommodate the hybrid capabilities, 
and have a sporty appearance that would make it esthetically appeasing. The sponsors 
requested that SolarCAT have a slick and sporty look, similar to Fig 2.1. The final design 
must also include interchangeable components for easy repair and the capabilities of 
switching between the hybrid and solar systems.  
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Figure 2.1. Sample Vehicle Body2 

 
Safety was a big constraint to the race, since the vehicles were human operated, and 
the safety factor of the regulations and requirements were crucial. A horn was needed 
to function whenever another contestant’s vehicle was being passed. If a radio was 
used, it needed to be hands- free, because the driver’s hands are obligated to occupy 
the wheel.  
 
Another major constraint was the safety of SolarCAT. The roll bar was required to be 
two inches above the driver’s helmet. The roll bar would need to be able to withstand a 
70kg static load.  Worst-case scenario was if the vehicle was put into an accident, the 
frame needed to be able to withstand an impact force that is equivalent to three times 
the weight of the vehicle and the driver. The vehicle was prohibited to have sharp edges 
or any devices that would cause damage to any of the other contestant’s vehicles. 
 
Again, the major constraint that drove several considerations for the design of SolarCAT 
was the weight.  The Shell Eco-Marathon gave a constraint for the SolarCAT to weigh no 
more than 160kg, or 352lb, excluding the driver. Every design decision that was made 
needed to consider the weight of the components, and the weight it took to attach the 
component to SolarCAT.   
 
The Shell-Eco-Marathon also indicated the vehicle to be manufactured smaller than the 
given dimensions. The height dimension of the vehicle needed to be between 100 and 
130 cm. The width of the vehicle needed to be between 120 cm and 130cm.  The total 
length of the vehicle needed to be between 220 cm and 350cm.  These dimensions can 
be seen in Fig 2.2. The front axle needed to have a greater distance of 100 cm, and the 
rear axles needed to be at least a distance of 80cm.  The wheelbase needed it to be built 
at least 120cm. The driver’s compartment needed to be a minimum height of 88cm and 
a minimum width of 70cm at the driver’s shoulders. SolarCAT needed to have a ground 
clearance of 10cm.  
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Figure 2.2. Examples of Dimensional Constraints3 

 
The sponsors requested that the vehicle be practical and have the capability of blending 
into everyday traffic.  The vehicle needs to accommodate the required stop and go 
driving, and the comfort of a current vehicle.  
 
The constraints for the body were that it needed to cover all the mechanical parts as 
well as the driver.  From the front view it needed to cover the tires. It was prohibited to 
use a commercial body.  The vehicle needed to be equipped with a side door that 
incorporated a handle for easy opening from the interior as well as the exterior of the 
body.    
 
The vehicle was to be practical and required a trunk space of a given dimensions (50 x 
40 x 20cm).   The vehicle needed to incorporate a windshield. The racetrack required the 
vehicle to include a tow hook that would be able to pull the vehicle off the track.  
 
Safety components were requested to be attached to the vehicle.  A human operated 
vehicle is tested for several impact collisions. The sponsors expected a similar plan of 
attack.  
 
The chassis of the vehicle was required to be structurally strong and reduce torsional 
stresses.  All sides of the vehicle were capable of protecting the driver from unnecessary 
shocks. A permanent, rigid, fire resistant bulkhead was required to be mounted 
between the engine and the driver’s compartment, preventing any manual access to the 
motor by the driver.   
 
The driver was required to have complete visibility of specified angles in front of them.  
Any optical or electronic devices that aided the driver to see were prohibited.  Two rear 
view mirrors were required on each side of SolarCAT. An inspector checked the visibility 
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by placing blocks every thirty degrees of a radius of five meters in front of the vehicle, so 
the driver could locate the spaced blocks.  
 
The safety harness was required to fit a person and have at least a five point mounting 
harness.  The fifth mounting point stops the driver from sliding forward if put into a 
frontal collision. The release buckle was made out of metal, and could withstand a force 
twice the driver’s weight. If the vehicle was put into an accident the five-point harness 
should hold the driver in place.  For safety precautions, the personnel had to inspect 
that the driver was capable of evacuating the vehicle less than ten seconds.  
 
 The sponsors requested the Chassis Team to have a vehicle that was equipped with a 
standard steering wheel. The Shell Eco-Marathon constrained the steering system by 
limiting the steering diameter to 12 meters.   
 
The wheels needed to be either sixteen or seventeen inches in diameter.  It was 
prohibited that the driver had access to the vehicles wheels when in the driver’s 
compartment.  The tires were required to fit the wheels, and have a minimum tire width 
of 90mm measured from sidewall to sidewall.   
 
The vehicle needed to be equipped with a lighting system that would incorporate the 
two front headlights, brake lights, turn indicators for the front and rear, and rear 
running lights.  The lights had to be placed a specified distance from the center of the 
vehicle.  A functional horn needed to be placed on the vehicle. 
 
The vehicle needed to be equipped with a four-disc hydraulic braking system.  The 
braking system requested a pedal that had a specified surface area (5 x 5cm). The brakes 
needed to operate independently on the front of the rear axles in a specified pattern of 
an “x”.  Additionally, the vehicle needed to remain immobile when on a 20 degree 
incline.  
 
For a summarized list of the constraints from the Shell Eco-Marathon Rulebook, please 
refer to Appendix B.   
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3. Conceptual Designs: 
After gathering functional requirements and constraints from the sponsors, four initial 
designs were created to fill these needs.  These designs focused on different frame 
types and different suspension types.  The frame types considered were carbon fiber 
Semi-Monocoque and tube frame.  For suspension, two variations were also considered: 
Dual A-arm and a linkage suspension.  The designs were all evaluated for the pros and 
cons of each. Also, the conceptual designs were evaluated using Design Matrices, which 
compare the requirements of the design to the contradictions posed by the individual 
components to the overall design. It is a figure displaying the relationship of the 
requirements of the general vehicle design to the specific conceptual design 
parameters. 

 
3.1 Structural Tube Frame with Dual A-Arm Suspension: 
One of the preliminary conceptual design was in building a structural tube frame with a 
Dual A-arm suspension.  This design consisted of using chromoly tubing to build the 
chassis.  Triangulation would be implemented as needed to make the frame strong and 
prevent deformation.  Figure 3.1 shows an example of what a structural tube frame 
represents.  Several of the strengths of the structural tube frame are that it was very 
easy to modify, repair, and build.  The weaknesses included weight and limited frame 
geometry.  The tube frame would allow for the suspension to be directly bolted onto 
the tube frame. 

 

 
Figure 3.1. Sample Tube Frame4 

 
The Dual A-arm suspension was composed of two aluminum “A” shaped pieces that 
connected to a spindle and a shock to absorb vibrations and impacts.  The major 
strength in using a Dual A-arm suspension was the small number of components 
needed.  Several of the weaknesses in using this type of suspension was its limited 
adjustibility and hard manufacturability.  An example of a Dual A-arm suspension is 
displayed in Fig 3.2. 

 



Team 3673: U of A Solar Car Vehicle Design  12 

 

 
Figure 3.2. Sample Dual A-Arm Suspension5 

  
The design matrix for this combination can be seen in Appendix C as Fig C.1. 
Contradictions appear between the frame sustaining loads versus the tube steel, the 
suspension interface versus the suspension material, and the ease of production versus 
both getting power from the motor to the wheels and the suspension material. There 
was a contradiction between sustaining loads and tube steel because carbon fiber 
would have been better at sustaining loads. There was a contradiction between ease of 
production and getting power from the motors because the frame must be built much 
stronger to accept more power. There was a contradiction between ease of production 
and suspension material because the aluminum A-arms would have been difficult to 
machine. Additionally, there were contradictions between both the suspension 
interface and ease of production versus the type of suspension  and between both ease 
of production and modularity versus the type of frame. 

 
3.2 Structural Tube Frame with Multi-Link Suspension: 
The second preliminary conceptual design was similar to the previous design in that it 
also used a structural tube frame; moreover, it substituted the Dual A-arm suspension 
with a Multi-Link suspension. The Multi-Link suspension would be composed of several 
chromoly steel tubing links. Heim joints would be attached to the end of each link, 
which would allow for the length of the link to change because the Heim Joint could be 
screwed in further to shorten the link or unscrewed to lengthen it. An example of a 
Multi-Link suspension is shown in Fig 3.3.   

 

 
Figure 3.3. Sample Multi-Link Suspension6 

 
A very strong characteristic of a Multi-Link suspension was its high degree of 
adjustablility.  The simple link geometry also makes manufacturing and repairing the 
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suspension very easy.  The weakness with using this type of suspension was its intricate 
design to make sure all the links connected properly. 

 
The design matrix for this combination can be seen in Appendix C as Fig C.2. 
Contradictions appear between the frame sustaining loads versus the tube steel, the 
suspension interface versus the suspension material, and the ease of production versus 
getting power from the motor to the wheels. There was a contradiction between 
suspension interface and the suspension material because the Multi-Link suspension 
had more mounting points than the Dual A-arm suspension.  Additionally, there were 
contradictions between the suspension interface versus the type of suspension,  and 
between both ease of production and modularity versus the type of frame. There was 
not the same contradiction of the ease of production versus the suspension material 
because the links would be made from tube steel, the same material as the frame. Also, 
there was not the contradiction between ease of production and the type of suspension 
because of the Heim joints and their adjustability. 

 
3.3 Semi-Monocoque Frame with Dual A-Arm Suspension: 
A Semi-Monocoque frame was the combination of a carbon-fiber tub and steel tubing 
for mounting. The advantages of Semi-Monocoque were the light weight of the tub and 
because the tub would be formed by hand, there would be almost unlimited tub 
geometries. It could have been shaped for any mounting point that was needed and it 
did not have the restriction on bending radius like that of tubing. A sample of a Semi-
Monocoque frame can be seen in Fig 3.4.  

 

 
Figure 3.4. Sample Semi-Monocoque Frame7 

 
The main disadvantages of Semi-Monocoque would be the hassle to alter the frame or 
its mounting points. Once the tub is fabricated, its shape cannot be altered without 
cutting apart the tub and remaking portions of it. Also, mounting points for the 
suspension and the tubing attached to it must be thicker for mounting.  
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The design matrix for this combination can be seen in Appendix C as Fig C.3. 
Contradictions appear between the frame sustaining loads versus the tube steel, the 
suspension interface versus the suspension material, and the ease of production versus 
both getting power from the motor to the wheels and the suspension material. 
Additionally, there were contradictions between both the suspension interface and ease 
of production versus the type of suspension, and between both ease of production and 
modularity versus the type of frame. 

 
3.4 Semi-Monocoque Frame with Multi-Link Suspension: 
The fourth preliminary conceptual design was very similar to the third design in that it 
used the same Semi-Monocoque frame; moreover, it interchanged the Dual A-arm 
suspension with a Multi-Link suspension.   

 
The design matrix for this combination can be seen in Appendix C as Fig C.4. 
Contradictions appear between the frame sustaining loads versus the tube steel, the 
suspension interface versus the suspension material, and the ease of production versus 
getting power from the motor to the wheels. Additionally, there were contradictions 
between the suspension interface versus the type of suspension  and between both 
ease of production and modularity versus the type of frame. There was not the same 
contradiction of the ease of production versus the suspension material because the links 
would be made from tube steel, the same material as the frame. Also, there was not the 
contradiction between ease of production and the type of suspension because the links 
would have been made by the team and could have been redesigned if needed. 

 
Although the Semi-Monocoque frame would have been lighter than a tube frame, it was 
much more expensive, much harder to produce, and much more complicated to mount 
components on it. Wherever engine components or body elements would have needed 
to be mounted, the carbon fiber tub needed to be reinforced, not allowing for easy 
change if a component needed to be moved somewhere else in the vehicle.  

 
It was decided that a McPherson Strut suspension would be better for our application 
than either of the suspensions outlined in the preliminary designs. A sample schematic 
of a McPherson Strut suspension can be seen in Fig 3.5.  
 



Team 3673: U of A Solar Car Vehicle Design  15 

 

 
Figure 3.5. Sample McPherson Strut. 8 

 
The Dual A-Arm suspension was much too heavy compared to the McPherson strut and 
much more complex. For the simple, slow speed the vehicle is predicted to race at, the 
Dual A-Arm would have been more than necessary. The modified McPherson Strut 
suspension involved only one A-arm, as opposed to two, reducing the weight.  

 
A Multi-Link suspension was much more complex than a McPherson strut suspension 
due to its multiple moving members and intricate mounting to the frame. Also, when 
the mounting becomes more detailed, the chance of failure due to poor mounting 
increases and the positioning influences the functionality of the suspension. 

 
3.5 Decision Matrix:  
The final design decision matrix was very large, considering the amount of functional 
requirements that needed to be fulfilled. To view the final design matrix, please refer to 
Appendix C Fig C.5. The matrix was decoupled, but not uncoupled, which was because of 
the relationship between strength and weight, two of the major constraints. An 
uncoupled design has no contradiction, while a decoupled design has some 
contradictions, but they will not cause failure of the total design. In order to increase 
the strength of the vehicle, the easiest solution was to increase the weight and mass, 
which contradicted the constraint of minimizing weight. A part becomes weaker due to 
stress when it is thinner, so increasing the mass increases the thickness and reduces 
chances of stress failure. Contradictions such as these were solved using TRIZ analysis.  
TRIZ is a Russian acronym meaning “the theory of solving the inventor’s problems”. It is 
a method of identifying problems in the design and offers numerous solutions to solve 
the problem.  

 



Team 3673: U of A Solar Car Vehicle Design  16 

 

Because the vehicle must be both hybrid and solar capable, the components must be 
able to be exchanged. The vehicle would exceed the Shell Eco-Marathon weight 
maximum if it were equipped with both hybrid and solar components. Also, it opposed 
the rules to be both solar and hybrid powered at the Shell Eco-Marathon. The initial 
concept was to have a rear subframe to the vehicle so that the subframe could be 
removed when components needed to be exchanged. It would be easier to remove the 
entire subframe, exchange the components and reinsert the subframe rather than try to 
perform this within the vehicle rear. However, the subframe would have added too 
much weight to be beneficial. Instead, the components will be mounted in the very rear 
of the vehicle, and the body will be broken down into several panels so the rear panel 
can be removed and the components easily switched. 

 
The preliminary designs were based on two types of suspension design, neither of which 
are part of the final design. Originally, there was an overemphasis on the importance of 
suspension because, as a design team, it would have been one of the most interesting 
components to design. The vehicle could have qualified for the Shell Eco-Marathon 
without a suspension system. However, the sponsors wanted suspension so the vehicle 
would be more similar to a production automobile, and the Chassis Team wanted to 
design it; so it was included. However, the suspension was simplified, and the emphasis 
on suspension was lessened by switching to a McPherson Strut suspension.  

 
By switching to a McPherson strut suspension, it reduced the weight and complexity of 
the suspension. The idea to switch to a McPherson strut suspension came from the 
sponsor, once they saw the preliminary suspension designs and believed them to be 
over engineered.  

 
One of the contradictions was the problem of fitting all the necessary components for 
the vehicle into the small space allowed, given the constraints of the Shell Eco-
Marathon Rulebook. This contradiction was solved using TRIZ analysis. By comparing 
weight of moving object to area of moving object, TRIZ analysis suggested stacking some 
of the components vertically. Per the Rulebook, the vehicle must leave a compartment 
for luggage. It was decided to place the luggage compartment behind the seat, attached 
to the sheet metal enclosing the driver. Additionally, TRIZ suggested eliminating parts 
unnecessary for permanent placement. Because the super capacitors would not be used 
during the race, they could be placed in the luggage compartment when hybrid mode 
would be used for street applications. 
 
3.6 Failure Modes and Effects Analysis (FMEA): 
FMEA is the process of analyzing the potential designs for the SolarCAT and determining 
what could fail, how it could fail, and how severe the failure would be.   

 
To start, one item of the frame was singled out for analysis.  The item was recorded, 
what its function was, and a method that it could fail.  The severity of this failure was 
then ranked on a 1-10 (10 worst) scale.  This severity ranking was based on how severe 
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the Chassis Team felt the impact of the failure would be.  The effect of the failure was 
also recorded along with potential causes.  The probability that this failure could occur 
was also ranked on a 1-10 scale.  The final part of FMEA was establishing the current 
control to ensure the failure did not occur.   

 
The time taken to evaluate the design for how it could fail provided insight into what 
areas of the frame design needed the most attention.  By looking at the failures that had 
a high severity and a high probability, failures of the design could be minimized. 

 
FMEA was performed on the final design for SolarCAT.  The results of which can be 
found in Appendix D.  FMEA provided valuable insight into places to focus design effort.  
FMEA provided the Chassis Team with a new way to look at and evaluate the designs.  
These designs were then modified to help reduce the possibility that the failures would 
occur.  One failure mode that was evaluated was the failure of the roll bar to sustain the 
70 kilogram load required to qualify for the Shell Eco-Marathon.  The importance of the 
failure would be severe because the roll bar would not be safe, and the car would not be 
allowed to compete in the Shell Eco-Marathon.  One potential failure mode that could 
cause this is weak tubing.  A control was put in place to use finite element analysis to 
ensure the tubing used was strong enough to support the load. 
 
3.7 Progression of Design: 
Because the Chassis Team worked with two other design teams to construct the vehicle, 
the chassis design had to be altered to work with their changes in design. The body 
design was greatly influenced by the decisions of the Solar Array Team and the motors 
of the Power Team influenced the frame.  
 
In design discussion there was a concept that was followed called Total Vehicle 
Architecture (TVA), which is a concept that made each of the teams contemplate their 
designs, and how it will affect the entire vehicle.  Every team needed to ask how their 
designs would affect the other two senior design teams.  Each group is in charge of 
several fields, but they have to mull over how they are going to interface with the two 
other teams.  

 
For example when making the body, the shape and surface area of the body is going to 
affect the solar arrays tracking array, and the body is going to affect the mounting points 
for the Power Teams wiring.  Good engineers work and collaborate to complete a solid 
working prototype.   
 
An Excel spreadsheet was maintained throughout the design to keep track of the 
estimated final weight of the components.  Appendix E shows this spread sheet. 
 
3.7.1 Body: 
The initial design of the body was dubbed the “Jeep” design because it resembled a 
traditional Jeep Wrangler. The design attempted to maximize top surface area while 
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resembling a production automobile and minimizing the draft coefficient. Also, at this 
point in the design, the solar array was to be many small square movable arrays. This 
body design would allow many of these small movable arrays to be placed on the hood 
and the roof. The individual array cells would each have a motor to move the solar array 
to move it in two different directions, maximizing their efficiency. Because the arrays 
would be relatively small, they would not interfere with the visibility of the driver while 
being on the hood. Figure 3.6 shows a model of this potential design.  

 

 
 

Figure 3.6. First Prototype of Body 
 

In order to make the body more aerodynamic, a second iteration of the body was 
designed, which was dubbed the “Bullet Train”. The second design placed all the arrays 
on the roof of the vehicle, allowing more space at the front of the vehicle to create 
curves, reducing the drag coefficient. This was also beneficial because it eliminated the 
array in front of the driver as a hindrance to visibility. At this point in the design, the 
array had been changed to a large disk with many small solar cells placed on it. These 
cells on the array were fixed at an angle to increase their efficiency, and the disks would 
rotate to face the disks towards the sun. Because the entire disk would rotate as 
opposed to many smaller cells moving, the motors needed to be larger. By mounting all 
the arrays on the roof, it allowed more room to inset the larger motors for the larger 
arrays to rotate. A representation of the second iteration can be seen in Fig 3.7.  

 



Team 3673: U of A Solar Car Vehicle Design  19 

 

 
 

Figure 3.7. Second Prototype of Body 
 

The Bullet Train was not the final body design either. The sponsor decided that they 
wanted a body that resembled more of a pick up truck than a bus. There would be a 
place in front of the driver where the rotational disk array would be inset to the hood, 
another above the driver, and a third in the “bed” of the truck. They also believed that it 
would be best to form the body once the chassis was completed, rather than designing 
the body in SolidWorks first. The body would be formed by placing chicken wire around 
the vehicle to shape the body and molded to fabricate the body. The advantages of this 
method were that the body would be well-fitted to the constructed chassis, and the 
Chassis Team would be able to make sure that the body covered all the mechanical 
components. The disadvantages were that the body would not be able to be started 
until the chassis was near completion and there would not be a set design of the body, 
leaving the final shape up for interpretation.  

 
3.7.2 Frame: 
The original frame design was overbuilt. It was much too heavy and had way too much 
strength for what was required of it. The design started by including the necessary 
elements like the roll bar and the constrained dimensions of the vehicle. From there, 
support points were added for the body and the driver compartment. The batteries 
would be placed near the driver’s feet in the front of the vehicle. The front of the frame 
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extended forward to be able to mount the necessary tow hook. Rails ran the entire 
length of the vehicle to add strength to the frame and to create mounting points for the 
seat in the driver’s compartment. The front and rear consisted of tubing cubes to create 
mounting points, increase the overall strength, and encase important car components. 
The rear of the vehicle was left fairly open because the final choice of the motors from 
the Power Team had yet to be made. The choices had been limited to an on-board 
motor or two in hub motors, and the frame needed to be able to mount either of these 
options. The rear allowed for mounting points of the motors, calipers, and the rear 
suspension while being flexible to their placement. The first frame is shown in Fig 3.8.  

 

 
Figure 3.8. First Iteration of the Frame 

 
For the second iteration, supporting beams were eliminated. The tubing encasing the 
driver was removed, the rear portion of the frame was no longer needed, and the front 
was minimized to mounting points for the front suspension and the body. The driver 
compartment was simplified because it was decided that the additional roof beams did 
not drastically increase the safety of the driver. The rear portion of the frame was cut 
because of the changes in the motor situation. The motors had been determined to be 
in hub motors. This meant that the frame did not need mounting points for an on board 
motor or the strong mounting points for the driveline and wheels. The necessary 
mounting points were reduced to just the rear suspension points. The leaner frame can 
be seen in Fig 3.9.  
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Figure 3.9. Second Iteration of the Frame 

 
The final design of the frame involved more polygons. The squares were triangulated to 
reduce the amount of tubing needed and to strengthen the design, as triangles are 
stronger than squares.  

 
3.8 Gantt Chart: 
The Gantt Chart of the progress of the design and fabrication of the vehicle evolved over 
the past year. Many modifications needed to be made due to underestimating the time 
required for parts to arrive. The wheels did not arrive until the day before the Shell Eco-
Marathon, causing extreme last minute fabrication. Additionally, because the Chassis 
Team was working with other senior design teams, some design decisions depended on 
the decisions of these groups and the arrival of their parts. To view the Gantt Chart, 
please view Appendix F.  
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4. Final Design: 
SolarCAT was designed to meet all of the functional requirements and constraints 
provided from the University of Arizona Solar Car Club, and the Shell Eco-Marathon 
Rulebook as seen in Appendix G.  The backbone of SolarCAT was a tube frame, made 
from lightweight chromoly tubing.  The suspension was simple, using trailing arms in the 
rear, and a single a-arm fixed spindle front suspension.  The overall car was designed to 
be a practical car that was capable of competing in the Shell Eco-Marathon. 
 
4.1 Frame: 
The frame of a vehicle was the basis which everything else was mounted, it had to be 
strong, and able to hold all of the required components, but at the same time had be 
light weight. 

 
The frame design for SolarCAT was started by determining the desired size.  The Shell 
Eco-Marathon provided a laundry list of size constraints.    These limits greatly 
determined the size of the frame.  The wheelbase was required to be at least 120 
centimeters long, with a front track width of at least 100 centimeters and a rear track 
width of at least 80 centimeters.  The overall vehicle’s width had to fall between 120 
and 130 centimeters, and the length between 220 and 350 centimeters. 

 
To maximize the surface area of SolarCAT, a large size was chosen. The body was 
designed to be 130 centimeters wide, 350 centimeters long, with a wheelbase of 175 
cm, with body.  The rolling chassis was designed to be 245 centimeters long, 118 
centimeters wide and 103 centimeters tall. 
 
Further dimensions were driven from the Shell Eco-Marathon.  The driver’s 
compartment was required to be at least 70 centimeters wide at the driver’s shoulders.  
Therefore the driver’s compartment was decided to be 71 centimeters wide.   This width 
would leave room for the driver, a seat, and room for a battery behind the roll bar. Two 
main bars were designed to run along the bottom of the frame at this distance apart.  
There length was designed to be 81.3 centimeters long; this was designed to be a 
comfortable distance for the dashboard location in relation to the seat.  It was necessary 
to connect these bars, and provide a mount for the rear suspension.  This was done with 
a bar connecting the backs of the front to rear bars, that extended 20.83 centimeters on 
the driver’s side, and 16.76 centimeters on the passenger side.  The disparity in lengths 
was due to the offset of the motors, discussed further in Section 4.4 Rear Suspension.  
Figure 4.1 shows these sections of tube. 
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Figure 4.1. Start of SolarCAT Frame 
 
Further rules required that the driver’s compartment be at least 88 centimeters tall and 
that a roll bar must extend five centimeters over the top of the driver’s helmet.  This 
was the next part of the frame designed. A roll bar was designed to be bent into a “U” 
shape and attached to the end of the main bars, as seen in Fig 4.2.  The roll hoop was 
designed to be 90.5 centimeters tall. 

 

 
Figure 4.2. Frame with Roll Bar 

 
The front suspension was the driving force behind the design of the frame in the front 
section.  The suspension needed to have room to operate, so the frame was made 
eleven centimeters narrower on either side.  This width allowed room for the front 
suspension, and maintained room for the driver’s feet.  Figure 4.3 shows this section of 
the frame.   
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Figure 4.3.  Top Front Section of Frame. 
 

Vertical bars were run as necessary to connect the upper and lower parts of the frame.  
It was necessary to have an upper and lower portion so that the suspension could be 
mounted on the top and bottom.  Figure 4.4 shows this section from a different view. 

 

 
Figure 4.4.  Front Section of Frame 
 



Team 3673: U of A Solar Car Vehicle Design  25 

 

The upper shock mounts were designed as an integral part of the frame by making the 
top bar extend past the end of the frame.  This extended tube was gusseted to the 
upright bar, and had tabs attached to mount the shock itself.  Figure 4.5 details how 
these parts fit together. 

 
 

Figure 4.5. Close-Up of Top of Front Suspension 
 

Additionally, a bar was attached across the frame at the front a-arm mounting point.  
This was designed to strengthen the frame at a point where the wheels want to pull the 
frame outward.  The bottom of the frame angles up to this point, this was done to 
greatly strengthen the a-arm mount by triangulating this section, and reduced weight, 
as can be seen in Fig 4.6.   

 

 
Figure 4.6. Lower A-Arm Mount Support 
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Another hoop was designed to be placed in front of the driver.  This bar served several 
purposes: to provide a mount for the dashboard, and steering wheel, and additionally to 
increase the strength of the frame.   This hoop can be seen in Fig 4.7. 

 

 
Figure 4.7. Front Hoop 

 
The front and rear of the frame had to be tied together to increase strength.  A bar was 
run from the front hoop to the back of the rear hoop.  This can be seen in Fig 4.8. 

 
Figure 4.8. Front to Rear Frame Tie-In 
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The roll bar then needed to be supported so additional bars were attached mid level 
and ran to the front to rear tie in bars.  They were attached mid level because this would 
provide the structural rigidity without adding extra length of going to the top.  The 
passenger side support connects at the front hoop; this was done to brace the roll bar 
with the front section of the frame.  This was not possible on the driver’s side though, 
because the driver needed easy ingress and egress, therefore the triangulated support 
connects to the front to rear tie-in bar at a point in line with the seat.   Figure 4.9 shows 
triangulated support of the frame. 
 

Figure 4.9. Roll Bar Triangulation 
 

A tow hook capable of withstanding 2000N traction force was required.  This was 
mounted to the front of the frame.  A one inch diameter bar was attached to the front 
of the frame, and then braced with ¾ inch bar.  The open end of the bar had threads for 
a tow hook.  Figure 4.10 shows how the tow hook interfaced with the frame. 
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Figure 4.10. Tow Hook 
 

The rear suspension required a location to mount the top of the spring.  In order to 
provide a mount for this, a bar was added from the end of the rear bar to the roll bar, as 
seen in Fig 4.11.  The mounts that were attached to this bar are also visible.  Also, the 
lower trailing arm mounts were braced with this bar. 

 

 
Figure 4.11. Rear Suspension Mounts 

 



Team 3673: U of A Solar Car Vehicle Design  29 

 

SolarCAT needed to be operated by a driver on board; therefore it required a place to 
put the driver.  Additionally, the Solar Car Club wanted this driver to be comfortable.  A 
light weight, padded carbon fiber seat from NRG was determined to meet these 
requirements, a seat already owned by the Solar Car Club for previous vehicles.  It only 
weighed thirteen pounds, had all the required accommodations for a five point harness, 
and was comfortable to sit in, as determined by the members of the design team. Figure 
4.12 shows this seat. 
 

 
Figure 4.12. NRG Carbon Fiber Seat9 

 
 Mounting the seat was accomplished by using the provided bolts in the sides of the 
seat.  Triangular brackets were designed to weld to the frame and mount the set.  These 
brackets can be seen in Fig 4.13.  Gussets were used to add lateral stability to the seat 
mounts.  To mount these brackets, ¾ inch tubing was attached across the frame.  Each 
bracket was designed with two mounting holes in it.  These holes were designed to 
provide adjustments in the seat location for shorter or taller drivers.    
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Figure 4.13. Seat Mounts 
 
In addition to considering how far back the driver sits, it was important to consider the 
angle that the driver sits.  First, this was important for the comfort of the driver. 
Secondly, it reduced the height of the driver compartment. It allowed a taller driver to 
occupy the driver compartment while not exceeding the minimum driver compartment 
height. This was important for the vehicle because a tracking solar array was to be 
placed above the driver compartment and its final thickness had yet to be determined.  
 
Constraining the driver into the seat was a Simpson five point harness, Fig 4.14.  This 
harness was chosen because it wrapped around the front bar under the seat, wrapped 
around the harness support bar, and bolted to the side of the seat.  Figure 4.15 depicts 
the harness support bar added across the roll bar to support the two shoulder straps. 
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Figure 4.14 Simpson Five Point Harness 10 

 
 

Figure 4.15. Rear Harness Mounting Bar 
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Tube sizes were determined using finite element analysis as discussed below in ANSYS 
Section 4.8 Finite Element Analysis.  The sizes were determined on the best balance of 
weight and strength, while maintaining a wall thickness to remain easy to weld.  
Welding thin materials was difficult to do, as the material was easier to melt and blow a 
hole through than to actually weld.  Additionally, welding dissimilar thickness materials 
adds difficulty to the welding process, and therefore time, because more heat has to be 
concentrated into the thicker material in order to have a strong joint.  The frame design 
and material choices were designed to minimize this, by using similar sized components. 
 
The frame of SolarCAT was made from 4130 chromoly tubing.  Two size tubes were used 
in the construction of the frame, the main structural sections were built with one inch 
0.058” wall tubing, while the remaining sections were built with ¾” 0.058” wall tubing.  
The ¾” tubing’s weight was 0.4287 lb/ft, and the 1” tubing’s weight was 0.5835 lb/ft.  
While mild steel would have the same weight as chromoly, the strength of the chromoly 
was much stronger, therefore allowing smaller tubing to be used, saving weight. 
Aluminum was also considered, but the manufacturing of aluminum would have posed a 
problem because welding aluminum was very difficult and the welding would have had 
to be contracted out.  
 
The geometry of the frame was designed to minimize weight and maximize strength 
using triangulation.  Triangulation is designing structural elements to use triangular 
shapes as opposed to square shapes.  A triangle provides greater stiffness for less 
weight.   Figure 4.16, shows the completed frame design, with triangulation. 
 

Figure 4.16. Triangulated Frame 
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To further driver safety, and to meet the requirements of the Shell Eco-Marathon, crash 
foam was designed to be placed in front of the frame.  The purpose this foam was to 
provide dampening for the front of the car in the event of an accident.  Per the 
rulebook, the crash foam had to be made from polyurethane, and have a density greater 
than 28 Kg/m3, and be at least five centimeters thick.  This foam was designed to be 
trimmed and then placed in front of the frame, attached to the vertical bars, using 
McMaster foam (Part Number (PN#) 85735K95).  Figure 4.17 shows the configuration of 
the crash foam. 
 

 
Figure 4.17. Crash Foam Mounting Location 
 
Per the Shell Eco-Marathon rulebook, the driver’s compartment must be completely 
enclosed.  To enclose the bottom of the car, sheet aluminum was designed to be riveted 
to the bottom of the frame rails.   The shape of this piece can be seen in Fig 4.18.  The 
remainder of the driver would be enclosed by the body. 
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Figure 4.18. Bottom Aluminum Plate 
 
 
4.2 Steering Design: 
According to the constraints from the Shell Eco-Marathon, the vehicle needed a turning 
radius of six meters. In order to achieve this turning radius, it was necessary to know, 
based on the car’s geometry, how much each wheel must turn. Based on the wheelbase, 
L, the average track width, t, and the limiting turning radius, R, the Ackermann angle for 
the inner and outer wheels, δi and δo respectively, can be determined. Figure 4.19 shows 
these quantities in relation to the vehicle. 
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Figure 4.19. Turning Geometry11 

 
The relationship between the turning angles and the geometric quantities is shown in 
Equations 4.1 and 4.2. 
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The assumed values for making steering calculations were the minimum values deemed 
by the Shell Eco-Marathon Rulebook.  The minimum wheelbase was  120 cm and 100 cm 
for the track width. From these equations, it was found that the inner wheel must turn 
at least 10.46 degrees and the outer wheel 12.31 degrees to meet the limiting turning 
radius.  

 
It was the job of the steering system to convert driver inputs to motion at the wheels.  
To accomplish this in SolarCAT, a rack and pinion unit from The Chassis Shop was used, 
(PN# C42-340).  This unit had the ability to move 4.5 inches with only 7/8 turns of the 
wheel.  It came with rod ends already attached, simplifying the tie rods.  This unit is seen 
in Fig 4.20. 
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Figure 4.20. Chassis Shop C42-340 Rack and Pinion12 

 
A rack and pinion unit accepts torsional force on its pinion gear and relays it to the rack, 
which translates side to side. 

 
To ensure that the minimum turning angles would be met, a steering arm of length five 
inches was determined.  A steering arm attaches to the wheel assembly, and creates the 
moment arm to cause rotation.  This can be seen in Fig 4.21.  These steering arms allow 
for a turning angle of up to 26 degrees. 

 
 

 
Figure 4.21. Steering Arm Attached to Spindle 
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The rack and pinion was designed to mount using two through holes in the unit.  To 
adapt this to SolarCAT flat pieces of steel were designed to fit on either side of the rack.  
Two bolts with nuts secured the rack and pinion unit to the frame.   These plates were 
then mounted to the frame via the tow hook bar.  Figure 4.22 shows how this was 
attached.  The rack was mounted 11.5 centimeters from the frame.  This distance allows 
the trailing arms to be parallel to the frame when the tires were pointed straight.  This 
distance keeps the links closer to parallel for a greater time then other distances would.  
Having the links parallel allows all of the translation movement of the rack and pinion 
unit to be directed to turning the wheels. 
 

 
Figure 4.22. Rack and Pinion Mounted on SolarCAT 
 
Tie rods were made from ½ inch 4130 Chromoly, with a 3/8 inch Heim joint on one end.  
The Heim joint was used to adjust the length of the tie rod, this allows for the toe of the 
wheels to be adjustable.  Jam nuts were threaded onto the Heim joints to hold them in 
place at the desired length.  The other end has a notched end with a through hole; this 
was designed to fit over the rack and pinions rod end.  The length of the tie rods was 
determined by measuring from the rack and pinion rod ends, to the steering arm bolt 
hole.  This can be seen in Fig 4.23.  The Heim joints were attached with tube adaptors.  
Tube adaptors attach to the end of a tube and have a threaded hole in them. 
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Figure 4.23. Tie Rod 
 
The heim joint on the tie rods was designed to be bolted directly to the steering arm 
and rack and pinion.  Fig 4.24 shows this. 
 

 
Figure 4.24. Tie Rod Attachment 
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In order to translate driver input to the rack and pinion unit, a steering shaft was used.  
Designing for safety and light weight, a carbon fiber steering shaft was chosen.  This 
steering shaft was designed to shatter, as opposed to a steel shaft which would rather 
remain a solid bar between the front of the car and the driver, which could seriously 
injure the driver in the event of an accident. To support this shaft on the frame, bearing 
plates were used.  One large support on the top frame rail and a smaller support near 
the bottom.  Figure 4.25 displays how this shaft looked once mounted to the car.  From 
the figure, a universal joint can be seen, as well as the mounting bearings.  A universal 
joint allowed the upper portion of the steering shaft to be at an angle to the lower 
portion, this was used to position the steering wheel at an angle that would be 
appropriate for driving; this angle was found by what the design team members 
deemed comfortable. 
 

 
Figure 4.25. Mounted Steering Shaft 
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NRG also provided a steering wheel for SolarCAT.  This wheel was picked to match the 
seat and additionally because it had two buttons. These buttons were used for the horn 
and radio communication.  To attach the steering wheel to the steering shaft, an 
adaptor was required.  This was accomplished with a flat plate attached to a tube that 
fit inside the steering shaft.  A bolt was then used to hold the adaptor to the shaft.  This 
wheel is pictured in Fig 4.26. 
 

 
Figure 4.26. NRG Steering Wheel9 

  
To create the steering system, the steering wheel was attached to one end of the 
steering shaft.  The other end was attached to the input of the rack and pinion.  The rack 
and pinion is then connected to the tie rods, which were attached to the wheel/tire 
assemble via the steering arms.  All of these components working together comprise the 
steering system.  Figure 4.27 shows how these parts fit together.  It was important to 
match these components to each other to ensure that the steering system responds to 
the driver’s inputs in a manner that was smooth and predictable. 
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Figure 4.27. Complete Steering System 
 

 
4.3 Front Suspension: 
Because SolarCAT was designed as a car that would be comfortable to drive on the 
street, a suspension system was needed for the car.  A single A-arm fixed spindle design 
was determined to best fulfill the front suspension requirement.  This suspension 
contained only one A-arm and a coil over shock.  This was lightweight and easy to 
produce.  A downside of this suspension type was that it produced big changes in 
camber throughout the suspension’s movement. However, for SolarCAT’s application, 
suspension travel was minimal, and the weight savings and ease of production 
outweighed this disadvantage. 

 
The front suspension design started with spindles.  The spindle served to provide the 
shaft, which the wheels spin about, and provide the pivot point for steering.  Spindles 
from The Chassis Shop (PN# C42-454), shown in Fig 4.28, were determined to suit the 
needs of SolarCAT.   
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Figure 4.28. Chassis Shop Spindle12 

 
These spindles were based off of a Ford Anglia design, and are popular on drag racing 
cars.  A pre-made spindle saved time and money, provided easy access to replacing 
worn parts, and provided a simple suspension design.  These spindles were designed to 
carry vehicles weighing ten times more than SolarCAT, ensuring that they were strong 
enough for SolarCAT loading. 
 
It was then required that he spindles have a method of mounting to the frame.  The 
spindle boss, the part of the pivot that does not pivot, was welded onto lengths of ¾” 
0.059” 4130 chromoly tube. The lengths of these were designed to set the front track 
width at 105 centimeters.  To attach the shocks to the A-arms tabs were attached.  The 
location of these tabs was limited by the short length of the a-arm, the tabs were 
pushed as far out on the A-arms in order to angle the shocks slightly inward, this 
ensures that the arc of motion of the A-arm follows the shock as close as possible.   
Figure 4.29 shows what the front A-arms look like. 
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Figure 4.29. Front A-Arm 
 
The angles that the spindle was attached to the A-arm affected the handling of 
SolarCAT.  These angles involve caster and camber.  The caster angle was set at three 
degrees, in order to help SolarCAT to track straightly, and have the wheel return to 
center after turning.15  Fig 4.30 depicts caster 
 

 
Figure 4.30. Caster13 

 
 The camber angle at ride height was set at two degrees negative camber.  Camber 
affected how the tire contacts the road, and was a factor in how well a car handles.     
Due to the nature of the fixed spindle, negative camber increases with displacement of 
the suspension, because SolarCAT was an efficiency car, that drove at low speeds, this 
was not critical to the handling.  Figure 4.31 depicts what camber. 
 



Team 3673: U of A Solar Car Vehicle Design  44 

 

 
Figure 4.31. Camber13 

 
 The A-arms were attached to the frame using Heim joints with jam nuts.   3/8” Heim 
joints were chosen because they can withstand the loading of the suspension.  Heim 
joints allowed the length of each individual link to be adjusted.  This was necessary 
because they would only mount to the frame at one exact length.  Heim joints allow for 
adjusting incase of imperfections in manufacturing.  Figure 4.32 displays how they are 
mounted to the frame. 
 

 
Figure 4.32. Heim Joint and Mounts 
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To provide dampening for the front end of the car, Marzocci Roco TST R shocks were 
used, Fig 4.33.  These shocks are originally intended for extreme mountain bike use, but 
easily adapt for SolarCAT.  The shocks were 8.75 inch long, and have springs which could 
be replaced with several different spring rates.  400 lb/in was specified for the front 
suspension, but could be changed if the user wanted a different spring rate in the 
future.  400 lb/in were determined by a simplified 2D static analysis.  The shocks should 
settle approximately ½ inch with the weight of the car placed on them.  This allowed the 
car to handle better because the suspension had ½ inch extra to rebound from a bump.  
This created a smoother more controlled ride.  Using this knowledge, the 400 lb/in 
spring rate was determined to give the proper ½ inch settling. 

 
Figure 4.33. Marzocci Roco TST R Shocks  
 
The ability to tune the suspension was important for any car, but especially important 
for a car maximizing efficiency.  These shocks had several key adjustments: 
compression, rebound, spring preload, end travel compression, and spring rate.  They 
also featured a larger remote reservoir to ensure that the shock oil stays cool and the 
shock performed consistently throughout a drive. 
 
Figure 4.34 depicts how all the front suspension components are combined.  The lower 
shock mount tabs can be seen in this picture, which were made of chromoly plate and 
attached to the A-arm. 
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Figure 4.34. Assembled Front Suspension 
 
It was necessary to have an interface between the spindle and the wheels.  The Chassis 
Shop sells an aluminum hub (PN# C42-590) with 5x4.5”, 4x4.75” and 5x5” bolt patterns, 
designed to be used with their spindles.  They also sell the appropriate bearings and 
races (PN# C42-592), rear seal, and dust cover (PN# C42-624).  These parts were all 
designed to work together, and saved design and machining time, and can be seen in Fig 
4.35.  Multiple bolt patterns provided flexibility in wheel selection, and gave the Solar 
Car Club many options for the future use of the hubs. 
 

 
Figure 4.35. Chassis Shop Hubs12 
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Special 95-80-R16 tires were made available by Michelin for the Shell Eco-Marathon.  
These tires were designed to fit the required section width of 90 mm and fit on a sixteen 
inch rim, as the rulebook required.  These tires were light weight and had a low rolling 
resistance to maximize efficiency by reducing rolling resistance.  In Fig 4.36, the tires can 
be seen. 
 

 
Figure 4.36. Michelin Eco-Marathon Tires 
 
 Off the shelf rims were not readily available that would fit these tires.  Several spare tire 
wheels may have worked, but had considerable weight.  Custom wheels were made by 
Kodiak Motorsports to the specifications provided by the design team.  These 
specifications can be found in Appendix H. 
 
These wheels were custom three piece wheels; they consisted of two 1.5” wide outer 
shells, connected to a custom center section.  The center section was drilled to accept 
5x4.5” and 5x5” bolt patterns, this was done incase future users wanted to use a 
separate bolt for the brakes and a stud for the wheels.  Notice the hole in the center of 
the wheel, because this car was so light, the wheels could be lug centric, and have the 
center cut out larger than the hub’s diameter for weight savings. Figure 4.37 shows the 
final rim.  The outside surface of the wheels was flat for aerodynamics, while the inside 
had a web design cut out to reduce weight, Fig 4.38. 
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Figure 4.37. Outside of Kodiak Front Wheels 
 

 
Figure 4.38. Inside of Kodiak Front Wheels 
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Open ended lug nuts mounted the front wheels.  These were standard 60 degree 
straight cut 1/2”-20 lug nuts with open ends. 
 
4.4 Rear Suspension: 

 
The rear suspension was designed to be simple, lightweight, and able to mount the hub 
motors chosen by the Power Design Team.  They picked a hub motor from a bicycle, Fig 
4.39; this required that the suspension encapsulate both sides of the motor.   A trailing 
arm was determined to fill the needs of a rear suspension.  
 

  
Figure 4.39. Hub Motor 
 
Before the actual trailing arm could be designed, the hub motor-wheel assembly had to 
be designed.  Mounting regular wheels to these hub motors was a challenge because 
they were originally designed for a spokes of a bicycle wheel.  The hub motors came 
with a lip on either side that contained the holes for the spokes.  These holes were 
designed to be enlarged to 1/8” so that bolts could be used to hold a wheel on one side, 
and a brake rotor on the other side.  Figure 4.40 displays this set-up.  These wheels were 
also custom made by Kodiak Motorsports. 
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Figure 4.40. Hub Motors with Wheels Mounted 
 
The trailing arm had to mount these motors and not interfere with the rotation on the 
wheels and tires.  The frame was designed to mount the trailing arms low on the frame; 
therefore the trailing arms had to go up to the midpoint of the wheels.  This was 
accomplished by angling the first part of the trailing arm. 
 
Further dimensions were driven by the geometry of the wheels and tires, and shock.  
The length of the railing arm was kept short to minimize the mechanical advantage that 
the tire held over the wheels.  The straight section of the trailing arm was designed to 
be 28 centimeters long so that it would have one inch clearance in front of the tire.  The 
length of the angled section was based off of the length of the shock mounted at a 45 
degree angle to horizontal.  As the rear suspension compressed, this angle decreased, 
causing the effective spring rate to increase, providing a progressive spring rate. Figure 
4.41 shows this basic geometry. 
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Figure 4.41. Start of Trailing Arms 
 
A straight section of tube could not be used to mount the passenger side of the motors 
because the tire stuck out further then the motor.  This required that the passenger side 
have a kink in it.  This can be seen in Fig 4.42. 
 

Figure 4.42. Kink in Trailing Arm 
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The torsional stiffness of the trailing arm was important to ensuring proper suspension 
function.  The motion of the suspension needed to move in plane with the shock.  
Triangulation was once again used here to increase the strength of the trailing arm. This 
was done by attaching another one inch diameter tube from the frame end, to the 
motor mount end.  Additionally, the design calls for one inch chromoly tubing.  Figure 
4.43 shows the design for the trailing arms.  Because the motors only spin one way, and 
the brakes can only be mounted on one side, the right and left trailing arms were the 
same design. 
 

Figure 4.43. Trailing Arm Design. 
 
Mounting to the frame was accomplished with 3/8” Heim joints with jam nuts, Fig 4.44.  
This allowed adjustment to ensure that the motor and tire assembly was parallel to the 
car.  If the motors were not parallel, they would waste power and create rolling 
resistance.  Heim joints were attached to the trailing arm using tube adaptors. 
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Figure 4.44. Trailing Arm Mounts 
 
Mounting to the other end of the trailing arm was the hub motor.  The motors slid into a 
notch and were clamped in place by the nuts on the motor shaft.   The mount was made 
of 0.25” thick 4130 chromoly plate.  Figure 4.45 shows how this fits together. 
 

 
Figure 4.45. Hub Motor Mount 
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Damping the motion of the rear suspension was left to the same shocks as the front, 
Marzocci Roco TST R .  As seen on the front, these shocks were chosen for their light 
weight, adjustability, and ease of mounting.  For the rear, a stiffer spring was used, 
550lb/in.  The stiffer spring was required due to the weight balance of the car towards 
the rear, and the mechanical advantage that the rear tire had over the shock from the 
long trailing arms.  This spring weight was designed so that when the driver got into the 
car the front and rear suspension would deflect equally.  Figure 4.46 shows the 
mounting details of the rear shocks. 
 

 
Figure 4.46. Rear Shocks Mounted 
 

 
4.5 Braking System: 
 
The braking system was design to not only satisfy the Shell Eco-Marathon Rulebook, but 
to also provide brakes that would work well on the street.  The braking test needed to 
qualify for the Shell Eco-Marathon was to maintain the vehicle stationary on a twenty 
degree slope.  During the race brakes were only used for the three mandatory stops.  
From the braking pedal to the rotors, every component was selected from commercially 
available parts.   
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Per the Shell Eco-Marathon Rulebook, the braking system had to be a four wheel 
hydraulic disc brake system.  Starting at the driver interface a Wilwood brake pedal (PN# 
340-1289) was implemented.  Figure 4.47 shows this part.  This pedal assembly was light 
weight, easily mounts to Wilwood master cylinders, had several vehicle mounting 
options, and had a pedal surface greater than the five centimeter squared area required 
by the rule book. 
 

 
Figure 4.47. Wilwood PN# 340-1289 Brake Pedal14 

 

The brake pedal was a top mounted pedal, with two holes on the top, and 2 mounting 
holes where the master cylinder bolted on. The pedal was to be mounted using only the 
first bolt hole on the top, and the front mounting holes.  For the amount of pedal force 
needed in SolarCAT, it was determined that the additional front hole was not needed.  
Figure 4.48 shows how the mounting plate was attached to the frame. 
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Figure 4.48. Brake Pedal Mounting Plate 
 
The brake calipers were also sourced from Wilwood (PN# right 120-5453, left 120-5456).  
The calipers were a small, lightweight caliper perfect for an application on SolarCAT.  
These were used on all four corners.  They were dual pot calipers that provide plenty of 
stopping power considering the light weight of SolarCAT.  These units weighed only 
0.93lb each.  
 
Working with the calipers in the front were ten inch brake rotors from Porterfield Racing 
(PN# 160-1602) . These rotors were picked because they were a flat plate rotor with a 
5”x5 hole pattern that fits with the hubs.  The ten inch diameter allowed the caliper to 
have a larger moment arm on the wheel; these rotors were calculated to provide 
sufficient braking force. Figure 4.49 shows these rotors with the caliper sitting on them.  
 

 
Figure 4.49. Caliper and Rotor 
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In order to make these rotors compatible with existing hubs and calipers, they were 
designed to be modified from 0.25” thick to 0.19” thick.  This thickness was chosen 
because the calipers were designed to work with a rotor thickness between 0.15” and 
0.20”.14  0.19” was designed to be slightly smaller than the maximum thickness to make 
installation easier, yet was designed to remove a minimum of material to prevent 
warping the rotor.  Additionally the bolt holes on the rotors were designed to be 
enlarged to ½”.  
 
Using dimensions from Wilwood, shown in Fig 4.50, and dimensions of the hub and 
spindle, it was determined that the brake rotors needed to be spaced away from the 
hub so that the caliper would not hit the wheels.  This was accomplished with individual 
aluminum spacers.  These were machined precisely in order to not warp the rotor, and 
are light weight. Appendix I depicts the rotor spacers. 
 

 
Figure 4.50. Wilwood Caliper Dimensions14 

 
The front wheels and rotors were mounted on a common stud.  An ARP ( PN# 100-7704) 
stud was used to hold the rotors to the hub, and provide a stud to go through the 
wheels.  Figure 4.51 depicts this relationship.  ARP fasteners are high quality, and 
offered the dimensions needed in a wheel stud.  

 
Figure 4.51. Hub/Rotor Assembly 
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The location of the caliper on the brake rotor effected how the suspension responded to 
the brakes being applied.  The front brakes were attached on the back side of the rotor.  
Figure 4.52 shows where the calipers were attached in relation to the car.  By attaching 
the calipers here the brakes cause an upward force to be applied to the front 
suspension, this causes it to compress slightly, and transfers more weight to the front 
wheels, assisting braking further, by pressing down the front tires.   
 

Figure 4.52. Front Brake Caliper Position 
 
The rear brake rotors had to be different from the front due to the use of hub motors.  
These brake rotors were sourced from a motorcycle.   These rotors fit the motor 
dimensionally, but required new mounting holes.  They were designed to mount to the 
existing six bolts that held the motor together. Figure 4.53 shows the rear brake set up.  
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Figure 4.53. Rear Brakes 
 
From the Shell Eco-Marathon Rulebook, two separate fluid circuits must be used in the 
vehicle.  To satisfy this requirement, a dual chamber master cylinder from Wilwood was 
chosen (PN# 260-7563).  This particular model was chosen because of its ability to 
provide the proper volume of fluid to the four calipers, light weight, dual chambers, and 
ability to mount to the pedal.  Figure 4.54 shows the mounted master cylinder, with 
brake lines run. 
 
 

Figure 4.54. Master Cylinder and Brake Routing 
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To  get brake fluid from the master cylinder to the calipers, hard brake line was designed 
to run along the frame.  The brake circuits were split front and rear.  This line was run 
from the master cylinder to the frame near the suspension mounts on all four corners.  
Figure 4.55 shows a schematic of the brake lines.  From this hard line, stainless steel flex 
line from Earl’s Plumbing was run to the individual calipers.  Stainless steel line was 
chosen for its durability and for its appearance over a standard rubber line.  DOT 3 brake 
fluid was to be used for the braking system. 
 

 
Figure 4.55. Brake System Schematic 
 
 
4.6 Body: 
The body of SolarCAT served multiple purposes: covered all mechanical components, 
provided a mount for solar cells, enclosed the driver, and resembles an actual car. 
 
Fiberglass was the material chosen to build the body.  Fiberglass was lightweight, and 
strong, and most importantly easy to manufacture into custom shapes.  Carbon Fiber 
was considered, but it cost significantly more than fiberglass for little added benefit.  
 
While the body served a very functional aspect, the sponsors wanted a car that was 
visually appealing, one that they could use for promotional purposes, both for the Solar 
Car Club, and their financial backers. 
 
More than normal cars, SolarCAT required a special body.  The body was designed to 
encapsulate rotating solar cells designed by the Solar Array Design Team.  They had to 
sit down into the body so that the wind would not would not catch the cells and put 
undue stress on them.  Additionally, these assemblies had motors sticking out from the 
bottom which the body had to provide room for.  Figure 4.56 shows the design of these 
arrays. 
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Figure 4.56. Rotating Solar Array 
 
Driver visibility was a big safety issue, and one the Shell Eco-Marathon rule book does 
not overlook.  A windshield and side windows were required, as are rearview mirrors on 
either side of the car. 
 
Because SolarCAT contains a driver a door was required for access.  Per the Eco-
Marathon rulebook, the door opened up the side of the car, no higher than ten 
centimeters above the bottom of the body and ten centimeters from the top of the car.  
The door was able to open from the inside and the outside.  This door helps to ensure 
that the driver can get out of the car in less than ten seconds.  
 
Unlike the rest of the frame, the body was designed to be free formed over the finished 
frame.  Free forming the body allowed the design team and sponsors to actually see the 
body as it was formed and create shapes and curves that would have been difficult to 
CAD model, and had an appealing shape.   

 
 

4.7 SolidWorks Modeling: 
 
Throughout the entire design process, CAD modeling was used, this was done using 
Solidworks 2008©.  CAD modeling was performed for several important reasons; to 
prevent build issues, check component weight, save time, and facilitate future changes. 
 
Accurate models were critical to designing parts that would be able to interface with 
each other.  When available, manufactures CAD models were utilized to save time in 
modeling, and to ensure modeled dimensions were as intended by the manufacturer.  
Figure 4.57 shows one of the manufacture created models utilized, the Wilwood brake 
calipers.   
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Figure 4.57.  Wilwood PS-1 Brake Caliper CAD Model14 

 
Many of the components used to build SolarCAT did not have readily available CAD 
models, or were custom parts designed by the Design Team; therefore they had to be 
drafted based of dimensions from the actual parts.  The front hubs and spindles from 
the Chassis Shop were great examples of this.  Figure 4.58 shows the models of the 
parts modeled by the design team, and Fig 4.59 shows what the actual parts look like.  
Through Solidworks© material properties could be applied to the parts, 4130 chromoly 
for the spindles, and aluminum for the hubs, this was used to verify that the part models 
weighed the same as the actual parts, and was used to determine the weight of the car 
in CAD. 
 

 
Figure 4.58. CAD Modeled Chassis Shop Hub and Spindle 
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Figure 4.59.  Actual Chassis Shop Hub and Spindle12 

 
Many components were required to interact when building a car.  CAD modeling was 
crucial to ensuring that all components would fit together, especially when mounting 
hardware interacts with surrounding parts.  Figure 4.60 shows the tight clearance 
between the brake rotor bolts, and the steering arm.  CAD modeling was able to solve 
many interference issues well before actual parts were made.   
 

 
Figure 4.60. CAD Model of Front Hub Assembly Clearance 
 
 
The wheels for SolarCAT were custom built by Kodiak Motorsports to Team 3673’s 
specifications.  CAD modeling, along with specifications for the Michelin tires were used 
to determine the proper dimensions of these wheels.  CAD Modeling was used to 
determine the proper backspacing of the wheels, and where the calipers should be 
mounted to avoid contact with the wheels. Figure 4.61 removed the tire, and made the 
wheel transparent so the caliper to wheel clearance could be observed.  
 



Team 3673: U of A Solar Car Vehicle Design  64 

 

 
Figure 4.61. Clearance from Caliper to Wheel 
 
Weight was a huge consideration while designing every component of SolarCAT.  
Through CAD models the weight of the designed components could be checked.  This 
was a great tool that was used to re-design parts in order to reduce their weight.  As 
previously mentioned the frame went through several iterations.  By using solid 
modeling, the weight of a particular frame design was quickly found.  The effect on 
weight of changes to the frame, and any component, could quickly be found.  
Solidworks predicted that the frame weighed 29lb. 
 
Throughout the design process, it was important to be able to share the progress of 
design with the Capstone class, and with the project sponsors.  CAD models were a very 
efficient way to show what 3-D objects will look like. By having CAD models, it was quick 
and easy to create professional looking pictures for reports and presentations.  
Exploded models and video of the design could were also utilized for presentations.  
 
CAD models allowed future iterations of the vehicle to have a launching point.  CAD 
models will allow future engineers to quickly and easily create new parts for the existing 
car. 
 
The use of CAD models saved countless hours throughout this project.  The time saved 
preventing problems as discussed above was worth the efforts to CAD model parts 
alone, let alone the time savings when simple, or even complex changes needed to be 
made. 
 
Solid Models of all components of the car can be found in attached CD, Appendix O. 
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4.8 Finite Element Analysis: 
Finite Element Analysis (FEA) was perform to analyze stresses and strains in the frame 
and model any deforamtion in the frame.  An academically licensed FEA software, 
ANSYS version 11.0, was used for all of the FEA analysis.  Many of the features in ANSYS 
were customized to imitate the physical properties of 4130 chromoly stainless steel.  
The analysis that was computed in ANSYS determined the Von Mises stresses and 
strains resulting from a 3G impact, 70kg static load on the roll bar, driver loading, and 
torsional effects due to loadings located at each individual wheel with a safety factor of 
three.  The safety factor of three was determined by having multiplied the forces acting 
at the wheel by three.  The sponsors requested a safety factor of threes, as they 
deemed it important to know weak areas in the frame.  The Von Mises stress was a 
scalar stress value that was used to predict the onset of yield in the chromoly tubing.   
 
FEA was initially used to select the size and thickness of chromonly tubing that would be 
optimal in regards to strength vs. weight.  Three different outer diameter (OD) tubes 
were analyzed with similar weight per foot to select the best strenght to weight tube.  A 
mocked tube frame was analyzed for different tube dimensions.  The first tube frame 
analyzed was a 0.5 inch tube with thickness of 0.095 inches and weight of 0.4109 lb/ft.  
ANSYS calculated a maximum deflection of 0.45 inches for a testing load of 300lb 
applied to the drivers compartment.  Figure 4.62 displays the deflection for using 0.5 
inch tubing. All of the figures in ANSYS are enhanced throughout the section to display 
deformation.   

 
Figure 4.62.  Deformation on 0.5 Inch Chromoly Tubing 
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The second size tube analyzed was a 0.75 inch chromoly tubing with wall thickness of 
0.058 inches and weight of 0.4287 lb/ft.  Having applied the same testing load as the 
previous frame, the maximum deflection for this frame was of 0.246 inches.  Figure 4.63 
displays the deformation of the frame for a 0.75 inch tubing.   

 
Figure 4.63.  Deformation on 0.75 Inch Chromoly Tubing 
 
The third size tube analyzed was a 1.0 inch chromoly tubing with wall thickness of 0.058 
inches and weight of 0.5835 lb/ft.  The maximum deflection for the 1.0 inch tube frame 
was 0.138 inches for the same loading as the previous two tube frames.  Figure 4.64 
displayed the deformed frame for 1.0 inch tubing.   
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Figure 4.64.  Deformation on 1.0 Inch Chromoly Tubing   
 
In performing FEA for the three different types of tubes, the program displayed higher 
deformation for smaller outer diameter (OD) tubing with a thicker wall and lower 
deformation for larger OD with a thinner wall for similar weight per foot.  Since the 
inertia was higher for a larger OD tube, it was capable of withstanding more forces.  
Using the preliminary results from ANSYS, 1.0 inch OD chromoly tube with 0.058 inch 
thickness was chosen for the bottom longitudinal bars and the roll bar, and 0.75 inch OD 
chromoly tube with 0.058 inch thickness was chosen for the rest of the composition of 
the frame.   Chromoly specifications can be seen in Appendix J. 
 
Using keypoints for each intersection of tubing in the frame created the modeled frame 
in ANSYS.  After each point was created, lines were used to connect the keypoints and 
the frame was created.  Figure 4.65 illustrates the lines and keypoints that make up the 
frame.  After the frame was finalized, 4130 Chromoly stainless steel properties were 
given to a created beam in ANSYS.  
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Figure 4.65. Frame Constructed from Keypoints and Lines 

 
Element BEAM4 was chosen as the element to represent the tube element.  BEAM4 was 
chosen it was a uniaxial element with tension, compression, torsion, and bending 
capabilities.  The element had the required six degrees of freedom at each node, which 
included translation in the x, y, and z direction and were able to rotate about the x, y, 
and z axis.  Figure 4.66 depicts the degrees of freedom of BEAM 4. 
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Figure 4.66. Degrees of Freedom of BEAM4 Used for Analysis [1]15 

 
To further increase the safety factor, 3/4 inch tubing with wall thickness of 0.058 inches 
was chosen to perform the analysis over one inch tubing, since ¾ inch tubing showed 
larger stresses and strains.  Properties introduced into ANSYS were the area of the tube 
and its moment of inertia.  The area of the tube and moment of inertia were calculated 
through equation 4.3 and 4.4 respectively. In these equations, Do is the outer diameter,  
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A                     Equation (4.3) 

 

    trI  3                                    Equation (4.4) 
 

Di is the inner diameter, r is the outer radius, and t is the tube thickness.  The area 
calculated was 6.568x10-2 in2 and the moment of inertia was 9.775x10-3 in4.  The weight 
per inch property for the tube used was .03572 lb/in and was also implemented into 
elemental properties of the tube. 
 
The final properties implemented for Chromoly steel was Young’s Modulus which was 
equal to 3x107 psi and its Poisson ratio was 0.29.  After the final properties of element 
BEAM4 were set, the frame was meshed. 
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Applying a fine mesh continued the meshing process.  Elements of 0.5 inches where 
chosen to give the most accurate analysis while not increasing computational time.  A 
fine mesh was chosen instead of a course mesh because a courser mesh would not 
display higher stress concentration points on the frame.  In order to have meshed the 
frame, all the lines in the frame were selected and divided into 0.5 element segments.  
Elements were divided into 0.5 inch segments to increase stress and strain resolution.   
Figure 4.67 shows the frame divided into 0.5 inch line segments and Fig 4.68 shows the 
frame after it had been meshed. 
 

 
Figure 4.67. Frame Divided into 0.5 Inch Line Segments 
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Figure 4.68. Meshed Frame 
 
Having the frame model finalized and meshed in ANSYS, several scenarios were 
analyzed to show deformation and stress concentration on the frame.  The following 
conditions were analyzed: 3G frontal impact, 70kg static load on roll bar, driver weight 
deformation on the frame, and frame deformation at each wheel due to torsional 
loading.  
 
The 3G force impact was first analyzed for deformation and points of failure due to 
stresses and strains.  In order to analyze this condition, the frame was constrained at the 
rear wheel mounting location.  Keypoints 24, 25, 32, and 33, which corresponded to the 
rear wheel mounting locations on Fig 4.65, had all of their degrees of freedom 
constrained to zero displacement and rotation.  This condition prevented the frame 
from translating with the force or rotating.  To have simulated the 3G impact force, a 
load force of 1500 lb was implemented on the front of the frame.  The resulted image 
from the constraints and loading is shown in Fig 4.69. 
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Figure 4.69. 3G Impact Force Simulation    
 
After the program ran, ANSYS revealed the maximum deflection of the frame to be 
2.639 inches at the front of the vehicle.  The large upward deflection was in turn caused 
since only the rear end of the frame was constrained in all degrees of freedom while the 
front was more likely to move upwards.  Figure 4.70 shows an isometric view of the 
deflection while Fig 4.71 shows the upwards deflection of the 3G impact.   
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Figure 4.70. Isometric View of Deflection 

 
Figure 4.71. Side View of the Deflection Due to 3G Impact Force  
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The stress and strain analysis of the 3G impact force demonstrated important stress and 
strain points in the chassis that might fail due to large stresses. Generally, 4130 
Chromoly tubing has a maximum yield stress of 75000psi, meaning that any value less 
than the maximum yield stress is safe. The Von Mises stress distribution was used in our 
calculations, as it is more precise in its calculations throughout the analysis.  For the 3G 
impact force, the maximum stress was of 74101 psi.  This maximum stress occurred 
where the frame was constrained, but it did not occur in the driver’s compartment 
where any failure could have been a hazard to the driver.  In real life, this high stress 
would not have occurred in this location since the frame would have not been 
constrained.  This stress is close to the yield stress; nevertheless, it did not failed under 
normal conditions.  A contour model of the stress analysis is displayed in Fig 4.72.  The 
resulted maximum strain for this analysis was of 0.00247.  The maximum strain for the 
frame resulted in the rear of the frame where it was constrained from movement.  
Figure 4.73 displays the contour plot of the strain on the frame. 
  

 
Figure 4.72. Von Mises Stress Analysis for 3G Impact 
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Figure 4.73. Strain Analysis for 3G Impact 
 
The next step of analysis was having a 70kg static load applied to the roll bar.  Since the 
analysis consisted in testing the 0.75 inch 4130 Chromoly tube instead of the actual one 
inch 4130 Chromoly tubing used to fabricate the roll bar, the results are an 
overestimation of actual results.  Figure 4.74 shows the 70kg load applied to the center 
of the roll bar.  Keypoints 1, 5, 6, 8, 24, 25, 32, and 33, which correspond to the location 
where the wheels intersect on from Fig 4.65 were constrained to have zero degrees of 
freedom during the analysis. 
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Figure 4.74. 70kg Force Applied to Roll Bar 
 
The solution showed a maximum deflection of 0.0877 inches at the center of the roll 
bar, which is negligible.  Figure 4.75 depicts an exaggerated view of the deflection 
caused by the 70kg load. 
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Figure 4.75. Enhanced View of 70kg Deflection 
 
ANSYS provided the stress and strain analysis results yielded from the 70kg loading.  The 
program computed a maximum stress of 24618 psi at the center of the roll bar.  This 
indicated that the roll bar was far from having reached the yield stress of Chromoly 
tubing.  A contour Von Mises stress plot of the 70kg loading is displayed in Fig 4.76. 
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Figure 4.76. 70kg Loading Von Mises Stress Contour Plot 
 
The maximum strain resulting from the 70kg load occurred in the center of the roll bar 
with a value of 0.000821.  This value was fairly low and did not exceed the maximum 
strain of 0.001 set by our sponsors.  Figure 4.77 displays a contour strain plot of the 
strains along the frame.  ANSYS provided a useful method of proving that the roll bar 
was capable of handling large static loads. 
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Figure 4.77. 70kg Loading Strain Contour Plot 
 
The next finite element analysis modeled the deflections, stresses, and strains resulted 
from a 300 lb person sitting on the frame.  A 300lb person was chosen as it was one of 
the highest average weight a person weighed.  An equivalent of 75 lb was applied to the 
four mounting locations of the seat in the frame since these are the locations in the 
frame where a force act on.  In order to constrain the frame, keypoints 1, 5, 6, 8, 24, 25, 
32, and 33, which are the locations of the wheels on from Fig 4.65 where constrained in 
all of the degrees of freedom.  Figure 4.78 displays the forces applied to the frame as 
well as the constrained points.   
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Figure 4.78. 300lb Driver Deflection of Frame 
 
The maximum deflection obtained was 0.1425 inches.  The deflection is an acceptable 
value since it was fairly low when compared to the dimensions of the frame and is not 
exceeding 0.5 inches, a set maximum deflection value.  The deflection would have been 
less, since part of the driver’s weight would have been concentrated in the legs and feet 
and weighted less than 300 lb.  Figure 4.79 displays an isometric view of the deflection 
while Fig 4.80 displays the side view of the deflection.  Both of the deflections in these 
figures were enhanced to show frame bending.    
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Figure 4.79. Isometric View of Deflection Due to 300lb Driver 

 
Figure 4.80. Side View of Deflection Due to 300lb Driver 
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ANSYS supplied the distribution of stresses and strains on the frame due to the 
equivalent of a 300lb person seated in the driver’s seat.  The maximum Von Mises stress 
due to the 300lb weight was 27847 psi.  This was a low maximum stress value that 
would not affect the frame, as it was far from reaching the maximum yield stress for 
Chromoly tubing.  Figure 4.81 displays a contour plot of the Von Mises stresses on the 
frame.   

 
Figure 4.81. Von Mises Stress Contour Plot for 300 lb Driver 
 
The program computed a maximum strain value of 9.28x10-4, which was very small for 
this case.  In all, the frame was able to support a 300lb.  Figure 4.82, demonstrates a 
contour plot of the strains resulting from the 300lb loading.        
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Figure 4.82. Strain Contour Plot for 300lb Driver 
 
The continued sets of analysis were in finding the deflections, stresses, and strains 
caused by the forces acting at each wheel.  The sponsor wanted to verify that the forces 
acting at each wheel could endure a safety factor of three.  In order to have met with 
this requirement, the weight distributed at each wheel was multiplied by three and 
analyzed.  These analysis examined torsion applied from each wheel.  Torsion was the 
twisting the frame experience due to the applied forces at each wheel.  
 
The first wheel analyzed in this series was the front left wheel of the vehicle.  The 
loading at this wheel was 57 lb, which was equivalent to 171 lb for a safety factor of 
three.  According to the angles and dimensions of the front suspension, the force was 
broken down into its x, y, and z components according to the manner in which this force 
interacted with the frame.  Figure 4.83 displays the forces applied to the front left 
portion of the vehicle as well as the constrained keypoints.  The constrained keypoints 
for this analysis were 1, 5, 24, 25, 32, and 33, which where the location of connection of 
the other wheels on from Fig 4.65.  These keypoints were constrained in all of their 
degrees of freedom.  
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Figure 4.83. 171lb Loading on Front Left Portion of the Frame 
 
The maximum deflection obtained from this analysis was of 0.125 inches, which was 
relatively small for a safety factor of three.  Figure 4.84 displays the deflection plot of 
the loading.  This Fig was enhanced to show bending of the frame.  
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Figure 4.84. Deformation of Frame Due to Front Left Loading 
 
The stresses caused by the application of the 171 lb force are displayed in Fig 4.85.  The 
maximum Von Mises stress caused by the loading was of 23479 psi on the front right 
end of the frame.  From this Fig, the analysis showed that most of the stresses in the 
frame remained in the front portion of the frame as the rest of the frame experienced 
little or no stress.   
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Figure 4.85, Von Mises Stress Contour Plot Due to Front Left Loading 
 
The maximum strain achieved from this analysis was of 7.83x10-4.  This was a very small 
strain magnitude and was negligible.  As demonstrated from Fig 4.86, most of the strain 
occurred in the front end of the frame with most of the higher strains having occurred in 
the corners.  Higher stresses occurred at the corners due to stress concentration at 
sharper angles.   
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Figure 4.86. Strain Contour Plot Due to Front Left Loading   
 
The next analysis was the front right loading of the frame.  The weight measured in this 
wheel was equal to 66 lb, which was equivalent to 198 lb for a safety factor of three.  In 
order to have performed this analysis, keypoints 6, 8, 24, 25, 32, and 33, which belong 
to the locations of the rest of the wheels on from Fig 4.65, where constrained in all 
degrees of freedom.  The 198 s load was applied symmetrically to the loadings applied 
in the front left wheel.  Figure 4.87 displays the loading and constraints in this analysis.   
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Figure 4.87. 198 lb Force Distribution on Front Right Portion of Frame 
 
The maximum deflection for this loading was 0.1167 inches.  This displacement was very 
close to the displacement analyzed previously.  The deflection for this loading is 
displayed in Fig 4.88. 
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Figure 4.88. Deformation Due to Front Right Loading 
 
The maximum Von Mises stress obtained from this loading was 23932 psi, which was 
very similar to the loading obtain from the left side; equaled to 23479 psi.  This 
confirmed that both of these loadings are almost symmetrical.  Figure 4.89 displayed a 
Von Mises stress contour plot of the loading and Fig 4.90 displayed a closer view of the 
stressed area.  The closer view of the stresses contour plot displayed in greater detail 
the stress distribution in the frame.  This loading was very far from having reached the 
yield stress of chromoly tubing.  The maximum strain obtained from this loading is 
7.98x10-4 and is displayed in Fig 4.91.   
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Figure 4.89. Von Mises Stresses Contour Plot Due to Front Right Loading 

 
Figure 4.90.  Close up of Von Mises Stress Contour Plot Due to Front Right Loading 



Team 3673: U of A Solar Car Vehicle Design  91 

 

 
Figure 4.91. Strain Contour Plot for Front Right Loading 
 
The next torsional set of analysis included the deformation, stress, and strain in both of 
the rear wheel loadings.  The loading at the left rear wheel was 75 lb, which was 
equivalent to 225lb for a safety factor of three.  In order to integrate this force into the 
rear portion of the vehicle, the load was separated into its x and y components through 
simple static calculations.  The constrained keypoints in this analysis were 1, 5, 6, 8, 24, 
and 25, which belong to the interference locations of the rest of the wheels illustrated in 
Fig 4.65.  The loading and constrained keypoints are displayed in Fig 4.92.  From the 
analysis, the maximum deflection due to these forces was 0.665572 inches.  Figure 4.93 
depicts the deflection due to the loading. 
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Figure  4.92. 225 lb Loading on Rear Left Portion of Frame 

 
Figure 4.93. Deformation Due to Rear Left Loading 
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From the plots generated by ANSYS, the maximum obtained Von Mises stress was 73276 
psi.  The stress concentration was ratter large, but it was validated by its low use of 
triangulation on that side of the frame and inappropriate connection from the front end 
of the frame to the rear end.  The inappropriate connection in this side of the frame was 
in part because of the free area needed for vehicle ingress and egress.  As shown from 
the figure, most of the stress concentrations occurred on the left side of the frame.  
Figure 4.94 displays the contour plot of the Von Mises stress while Fig 4.95 displays the 
location of the maximum stress on the bottom surface of the frame.   

 
Figure 4.94. Von Mises Stress Contour Plot for Rear Left Loading 
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Figure 4.95.  Bottom View of Maximum Von Mises Stress Location 
 
The relative strain displayed for this analysis was equal to 2.44x10-3.  This was an 
acceptable level of strain for this design.  The contour plot of the strain distribution was 
demonstrated in Fig 4.96.    
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Figure 4.96. Bottom View of Strain Contour Plot 
 
The next torsional analysis of the vehicle was the rear right loading.  The obtained 
weight at the rear right wheel was 56 lb, which was equivalent to 168 lb for a safety 
factor of three.  Using the same static loading distribution of the load into the frame, the 
deflection, stresses, and strains were calculated.  The keypoints that were constrained in 
all of their degrees of freedom were 1, 5, 6, 8, 32, and 33, which belong to the 
interference locations of the rest of the wheels as illustrated in Fig 4.65.Figure 4.97 
illustrates the loading of forces on the rear right and the constrained keypoints.   
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Figure 4.97. 168 lb Loading on Rear Right End of Frame 
 
The maximum deflection obtain from this loading was equal to 0.433 inches.  The 
decrease in deflection when compared to the previous loading scenario is due to the 
manner in which the front frame is connected to the rear roll bar.  The right and left 
sides of the frame are composed of a different geometry due to vehicle ingress/egress   
The deflection due to these loads is displayed in Fig 4.98.  A rear view of the 
deformation is demonstrated in Fig 4.99.  This deformation view was exaggerated in 
order to have a clear view of deformation.    
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Figure 4.98.  Isometric View of Deformation Due to Rear Right Loading 
 

 
Figure 4.99. Back View of Deformed Frame 
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ANSYS calculated a maximum Von Mises stress of 54633 psi for the 168 lb loading.  The 
reason why the maximum stress concentration was lower than the rear left side, was 
because there was a better connection between the roll bar (where most of the loading 
was acting) and the front end of the frame.  A Von Mises stress contour was 
demonstrated in Fig 4.100.  At the right side of the frame, a chromoly tube connected 
the middle section of the roll bar to the mid-section of the front end of the frame were 
as in the left side, a smaller chromoly tube connected the mid-section to a lower section 
of another tube connected to the front frame.  As seen in the figure, the stresses 
resulted from the rear right loading almost entirely spread to the right side of the frame.   
 

 
Figure 4.100. Von Mises Stress Contour Plot for Rear Right Loading  
 
The obtained maximum strain from this analysis was of 1.82x10-3.  This value could also 
be correlated to the left side loading and was negligible.  Figure 4.101 illustrates a 
contour plot of the strains due to loading.    
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Figure 4.101. Contour Plot of Resulting Strains From Rear Right Loading 
 
In general, FEA was a paramount method of analyzing the frame for deformation, 
stresses, and strains.  It displayed the critical areas prone to failure due to several 
loading conditions.  The software allowed in verifying if the frame would be able to 
withstand a 3G impact force, which was shown to perform at high expectations.  The 
software also helped verify if the roll bar would be able to withstand the deformation 
and stresses due to a 70kg static load, which was crucial to have passed in order to 
qualify for the Shell Eco-Marathon.  The frame was able to withstand a 300 lb driver 
successfully with negligible deformation.  The four wheel load cases with a safety factor 
of 3 helped our sponsor understand the geometry of the frame and the ability to 
withstand loads.  In all, ANSYS was a useful tool in the engineering design of the 
SolarCAT’s frame.  ANSYS Log files can be found in Appendix K. 
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5. System Build: 
The sponsor provided two chief engineers that would assist with the manufacture of the 
SolarCAT prototype. Without these vital additions to the team a prototype would have 
been unable to be completed with in the allotted time period.  
 
The two sponsors provided experience in the fields of manufacturing and knowledge of 
the procedures to build a race car.  The design teams were supplied with a lab off 
campus for space availability.  The space allowed for several manufacturing tools, and 
the manufacturing room that aided the build of SolarCAT.   
 
5.1 Process of Building:  
Before any manufacturing was started, a welding table was built for simplicity and 
accuracy. The table was built out of several two by fours, four by fours, and pieces of 
plywood. The table is a level surface that allowed jigs to hold various parts into place for 
assembly.  A jig is a piece of wood that would hold the tubing in place when welds were 
being performed. The table can be seen in Fig 5.1. 
 

  
Figure 5.1. Jig Table 

 
The construction of the jig table was various two by fours that were nailed to the 
parameter of a piece of plywood. Some two by fours were nailed across the center for 
stability. Then various eight foot long four by fours were cut into three equal lengths, at 
32 inches each.  Some hardware was purchesed and screwed into the wood to hold the 
legs into postion. A level was used at multiple spots on the table to verify that the 
surface was completely flat.  
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5.1.1 Frame:  
The build of the frame began with taking the dimensions of the design, and marking the 
tubing a little longer than dimensions indicated. A standard black marker and tape 
measure were used in the process of dimensioning the tubing. Once the tubing was 
marked it was placed into a chop saw, and a scrap piece of wood was placed under the 
opposite end, so the tubing would be cut straight.  
 
The design plans were sketched onto the jig table and various pieces of wood were 
nailed to the table to hold the tubing in position. There were two welders used in the 
manufacturing of the frame. A square waving tig welder (model: Lincoln Electric 175) 
that used mild steel filler (Lincoln ER07S-2), and argon gas was primary used for the 
4130 chromoly stainless steel tubing.  A Millermatic 200 Mig welder was also used with 
argon gas, and this type of welder is best for making various tack welds. Tack welds are 
tiny welds that will connect the pieces, but tends to be burly with the type of metal 
being used. The tig welder would be used to fill in the gaps for a nice clean weld.  Figure 
5.2 is an image of the tig welder. 

 

 
Figure 5.2. Square Waving Tig Welder 
 
Before any welding was being performed the process called fish-mouthing was put into 
action. Fish-mouthing is the reason why the tubes were cut longer than designed. The 
term fish-mouthing is a process of grinding the ends of the tubing down to a shape that 
would fit flush around the other tubing. After fish- mouthing, the tubes fit the 
dimensions of the design.   
 
The mig welder was used to tack weld the tubing into place where the tig welder 
allowed for nice clean weld for visual aesthetics, stability, and simplicity. In Fig 5.3 is an 
image during the process of constructing the frame. 
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Figure 5.3. Frame Construction   
 
When the frame was being triangulated, various tubing were cut and welded according 
to the frame design. A protractor, straight edge, tape measure, grinder, grinding wheel, 
and extra assistance to holding the tubes in place were used to weld the tubing. 
 
For safety and to qualify for the Shell Eco-Marathon, there needed to be a roll bar above 
the driver’s head. The Chassis Team had a company bend the tubing into a u-shape for 
strength.  The U-shape tube was manufactured to the design dimensions.  Raw tubing 
was taken to Crossed up Off-Road LLC for professional bending of the tube, and the end 
result would be a clean professionally made roll bar.  Figure 5.4 is an image of the roll 
bar 
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Figure 5.4. Roll Bar 
 
The driver orientation is a vital part of building SolarCAT.  The procedure was to build 
the driver’s compartment around the suspected driver.  The driver was typically one of 
the smallest people on the team. A McMaster book was used to angle the seat back for 
comfortable driving conditions. The driver was asked to reenact a driving position that 
was comfortable for them.  When the driver indicated a comfortable position the jig 
table was marked and two mounting bars were measured, fish-mouthed, and welded to 
the base bars of the frame.   
 
For practicality, various drivers wanted to driver the car and some members of the team 
were taller than the driver, so pieces of 1095 steel were cut with the die grinder and 
made into a right-angled triangle.  Holes were drilled out to fit the driver’s position on 
the ninety-degree portion of the plate. Another hole was marked at a level distance to 
make equal measurements to adjust the seat farther back.  These positions were 
marked and drilled onto the plate.  The triangle plate was fish-mouthed at the bottom 
of the plate to increase the surface area for the welds.  Figure 5.5 shows the process of 
the driver’s orientation. After the welds were filled the chair was bolted in and tested.  
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Figure 5.5. Orientation of the Seat 

 
5.1.2 Front Suspension and Hub Assembly 
The front suspension needed to be securely fastened onto the frame for complete 
performance. The front end had a lot of off the shelf components like the hubs, shocks, 
rack and pinion, and the brake calipers. The design indicated locations where the 
mounting points were located on the frame.   
 
The front suspension contained the fusion of shock and a single A-arms suspension.  The 
shocks were purchased with various springs that could be adjusted for support, so 
accessibility was vital to the manufacturing.  The single A-arms were built out of 4130 
chromoly stainless steel tubing, which were marked and measured as speculated on the 
design. 
 
The solid tubing was used to build the heim-joint assembly, which was cut into small 
sections and fit inside the tubing. A hole was drilled into the solid tubing and tapped. 
Tapping is term, which a tool is used to make threads that are chiseled out of the drilled 
hole. Figure 5.6 shows the mounting tabs for the shocks and the manufactured A-arms 
for the front suspension.  Place the manufactured piece into the hollow tubing and weld 
the piece flush to the tubing. Thread the adjustable heim-joint system to the welded a-
arm assembly.   
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Figure 5.6. Constructed Front Suspension System 
 
Various aluminum tabs were drilled and attached to flat steel plates located on the 
frame. A bolt was placed through the a-arm’s heim joint eye, allowing room for traveling 
purposes.  The a-arm was welded to the steering arms. 
 
The front spindle system was lightweight because of the off the shelf aluminum hubs. 
The inner and outer bearings needed to be pressed into the hub assembly.  The press 
was used to carefully jam the bearings into the hub assembly by placing the hub in 
position to the press. The bearing had an equal diameter tool, which was placed 
between the press and bearing. An applied pressure was operated to the handle of the 
press until the bearings were flush to a proper position.  
 
With a proper alignment of the wheels, tires, spindles, suspension and the hubs will 
allow the vehicle to perform on efficient tire patch.  Figure 5.7 is an image of hub 
assembly being greased for easy rotation. Greasing the hubs is a technique that is used 
to reduce friction. The entire bearing is greased well enough for rotary motion. The 
spindle is placed through the hub for easy rotation of the front wheels.  The wheels are 
bolted with studs to the hub assembly and a rotation test was performed.  
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Figure 5.7. Greasing the Hub Assembly 
 
5.1.3 Steering: 
The design indicated a steering system that contained a steel steering rod that would 
transfer the steering controls from the driver to the wheels.  Figure 5.8 is an image of 
the steering system that consists of a steering wheel, steering column, rack and pinion, 
tie rod ends, and steering arms. After the physical analysis the system was designed to 
contain a steel rod aiming at the driver’s chest or face, and if the SolarCAT was in an 
accident, the team would not want to have this rod to endanger the driver. 
 

 
Figure 5.8. Complete Steering System 
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The previous car had a light and safe component for a steering column. The steering 
column was being manufactured by implementing a carbon fiber rod shown in Fig 5.9. 
Several holes were drilled into the steering column and bolts were secured into the 
holes.  If an accident occurs, the shaft will shred into pieces before it hits the driver.  
 

 
Figure 5.9. Carbon Fiber Steering Column 
 
A U-joint was added to the steering system to allow for the steering column angle to 
adjust for the proper function of the rack and pinion. Figure 5.10 is an image of the u-
joint. 1095 steel plating made various brackets to secure the off the shelf components 
to a very light rack and pinion mechanism. 
 

 
Figure 5.10. Steering U-Joint 
 
Taking 4130 chromoly stainless steel tubing and grinding down an edge in a “U” shape 
manufactured tie-rod ends. A hole was drilled out of solid tubing and welded flush in the 
tube.  A bolt was inserted into rack and pinion heim-joints, capable for adjusting the 
steering system. The tie-rod ends connected to the steering arms for complete steering 
control of the front wheels. The steering arms were welded to the A-arms. Figure 5.11 is 
an image of the manufactured tie-rod ends.  
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Figure 5.11. Manufactured Tie-Rods 

 
5.1.4 Braking: 
After receiving the brake calipers, rotors, master cylinder, pedal, and brake lines from 
manufacturing companies, the Chassis Team discovered that the rotors were too thick 
for the calipers to function correctly.  The rotors were taken to Becksted Machine, Inc. 
to be professionally milled down, so that the rotors would function with the calipers.  It 
was decided that it was best to have a professional machinist mill the rotors down 
because there is the risk of warping the rotors if the Chassis Team had tried to mill 
them. If the rotors had warped, they would not have functioned. 
 
The front and rear caliper mounts were made out of 1095 steel plating.  A triangular 
piece was cut and grinded down to fit around the calipers to have enough room for 
mounting holes.  The calipers were rehearsed around the rotors to determine a proper 
place for the mounting holes.  The mounting holes were marked and drilled out. Bolts 
were placed to secure the plate to the calipers. The plate was then ground down to fit 
the contour of the frame to increase the surface area for the welds. Figure 5.12 is an 
image of the manufactured brackets to hold the floating calipers.  
 

 
Figure 5.12. Brackets that Hold the Brake Calipers 
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Brake lines were tied down with zip ties and placed in an “x” formation across the 
frame.  The term “x” formation was taking the brake line and securing it to the frame 
every specified distance from the front left brake caliper to the rear right, and the front 
right to the rear left.  The brake lines are not to hinder anything, and are secured to the 
contour of the frame.  
 
The master cylinder was attached a steel bracket that had mounting holes which were 
drilled for the specialized hardware. The larger hole in the mounting bracket was to fit 
the pedal assembly into the master cylinder. Figure 5.13 is a picture of the master 
cylinder with various brake lines in the background. 
 

 
Figure 5.13. Master Cylinder for Braking System 
 
Brake line fluid was placed in the master cylinder, and the brake lines were bled out to 
remove the unwanted air in the brake lines. Fluid was added to the master cylinder, and 
a member was needed to sit in the driver’s compartment. The driver was needed to 
pump on the brake pedal a couple of times and hold. Another member was at an 
individual caliper releasing some of the unwanted air from the line.  Some fluid was 
removed during this process.  

 
5.1.5 Harness: 
To follow the rules and regulations for safety, the Chassis Team purchased a five-point 
harness that was wrapped around the frame for mounting purposes. Each harness 
component corresponded with the chair by fitting in a designated aperture. When the 
harness was being mounted to the frame, extra mounting bars were manufactured and 
placed in specific height for proper use of the harness.  Three harness points are 
mounted to the frame by wrapping around the tubing, while the other two points are 
bolted to the chair.  Figure 5.14 shows the harness mounted to the seat.  
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Figure 5.14. Triangle Seating Mount Bracket and Harness 
 
The driver sat in the chair while another measured and marked a position that would be 
a comfortable and in a safe position for the proper use of the harness.  Figure 5.15 is an 
image of the driver securely strapped in by the harness. 4130 chromoly stainless steel 
tubing was cut and measured to be fish- mouthed to fit in between the roll bar behind 
the driver’s seat.  
 
 

  
Figure 5.15. Driver Being Fitted for Harness 

 
5.1.6 Tires and Wheels: 
The tires were mounted onto the wheels by pulling the valve core out, allowing the tire 
to center the bead.  The valve core of the tire has easy accessibility to inflate the tire 
around the wheel. Figure 5.16 is an image of the tire and wheels located on the front 
spindles.  Miniature tire spikes caused the tire to not fully stay inflated; so verify that 
they are pulled out from the rim for proper use of the tire and rim.  
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Figure 5.16. Tires and Wheels 

 
5.1.7 Pedals: 
The brake pedal came with the master cylinder system from Wilwood. The brake pedal 
had sufficient amount of surface area and adequate distance for the driver to properly 
operate the pedal.  The pedal was mounted at the top to allow the pedal to hang for 
proper use, and available room to function.  The throttle pedal was integrated with the 
Power Team because various amounts of pressure were applied to the pedal for the 
range of speed.  The Chassis Team mounted the petal to the frame and verified that 
there was accessibility for the pedal.  The pedal assembly is shown in Fig 5.17. 
 

 
 Figure 5.17. Throttle and Brake Pedal 
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5.1.8 Aesthetic Frame Touch Ups 
The Chassis Team had a meeting on the decision of color that was going to be used on 
the frame.  A final check was done on the welds to verify that all were filled in and not 
just tack welded. Figure 5.18 is filling all the unwanted gaps on with the mild steel.  On a 
trip to Home Depot several cans of black and red paint were purchased.  Painting steel 
was difficult because there were material debris on the steel that needed to be 
removed before painting.  
 

 
Figure 5.18. Filling the Welds 

 
Removing all of the components from the frame and separating everything that needed 
to be painted was accomplished. Sand paper was used to remove debris from the frame, 
and a light rub down with Acetone was applied. Red cherry paint was applied to the 
frame and the various manufactured brackets.  

 
5.1.9 Floorboard: 
The floorboard was made out of thin sheets of aluminum that were cut to fit around the 
frame.  The Chassis Team flipped over the vehicle and gently placed it on the jig table. 
The floorboard was c-clamped to the frame and holes were drilled out of the aluminum 
and frame. After the holes were drilled, a rivet was placed in the hole and clamped 
down with a rivet gun.  The rivet gun was placed around the nail portion of the rivet and 
pumped.   The other side of the rivet will mushroom, and the rivet gun will cut off the 
excess rivet. Figure 5.19 is a picture of the manufacturing of the floorboard.  
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Figure 5.19. Riveting the Floorboard 
 
After the rivets secured the floorboard down, a rubber mallet was applied to the excess 
lip hanging over the frame and bent down, reducing the sharp edges.  In Fig 5.20, a 
member was verifying that floorboard was bent to the contour of the frame.  
 

 
Figure 5.20. Bending the Floorboard 

 
5.1.10 Tow Hook: 
A tow hook was necessary and located in the front of the vehicle.  The manufacturing 
process for the tow hook was to take a nut and notch it down on various points. Placing 
the nut into the tubing and verifying that it fit within the tube, a hammer was applied to 
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the end to crush the tube to be flush against the nut. Then the nut was welded into the 
tubing. 
 
5.1.11 Rear Suspension: 
The rear suspensions consisted of a hybrid between trailing arms suspension, and a 
McPherson strut suspension.  The trailing arms were built out of 4130 chromoly 
stainless steel tubing and were measured and marked to be fish-mouthed and welded 
together. Heim-joints were also manufactured to function with the trailing arms. Solid 
tubing cut and tapped, holes were drilled, and the device was welded to the trailing 
arms.  Figure 5.21 is an image of the trailing arms. The trailing arms were manufactured 
identical instead of mirrored because of the rotation of the hub motors.  
 

 
Figure 5.21. Trailing Arms for Rear Suspension 
 
Although the rear suspension was designed, minor complications and time constraints 
caused the Chassis Team to cut the existing trailing arms and move the left one to the 
right and vice versa.  Brackets were made to weld onto the trailing arms to hold calipers 
in position to the rear rotors.  Holes were drilled and calipers were bolted to the floating 
bracket.  Tabs were made on the trailing arms and from the frame to attach the 
McPherson strut suspension.  
 
5.1.12 Hub Motors: 
The hub motors were integrated with the Power Team. Brackets were manufactured to 
secure the hub motors to the trailing arm system. The brackets were made out of 1095 
steel plating and 4130 chromoly stainless steel tubing. The hub motors attached to the 
rear suspension can be seen in Fig 5.22. 
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Figure 5.22. Hub Motors 
 
The Power Team had various electrical components that needed to be secured to 
SolarCAT.  The battery pack needed a place that would be flat and easy to secure down. 
An electrical panel had tabs made to hold on the roll bar behind the driver’s seat.  A 
dashboard was made of aluminum plating with various holes drilled out for the Power 
Team’s electrical switches.  The Power Team requested the switches and ignitions be 
easily accessible.  Figure 5.23 is a picture of the dash with several components defined 
clearly.  
 

          
Figure 5.23. Dash Board and Electrical Components 
 
The battery plate was made out of steel square tubing and a 1095 steel plate. The 
square tubing was cut to specifications and then c-clamped to the steel plate. The steel 
plate and the tubing had holes drilled, and rivets were placed to hold the plate into 
place.  The battery was secured with bungee cords.  

 
5.1.13 Body: 
The original process for building the body was taking chicken wire and covering the 
chassis components. The chicken wire was going to be formed to the contours of the 
desired body. Spray foam was going to cover the wire, and time was permitted for 
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drying purposes. The chicken wire was going to add rigidity to the body, and the foam 
was going to be shaved down to the desired contours.  
 
Unfortunately, when attempting the chicken wire process, the wire was so flimsy that it 
would not make a strong enough mold for the body. The spray cans were expensive and 
had the capabilities of spraying past the chicken wire and onto the components. The 
process was changed when members decided to use Styrofoam to mold the body.  
 
Preparations were made to manufacture the body after the frame was mostly 
completed.  Styrofoam was purchased, and various amounts of foam were stacked in 
the front of the frame. If the Styrofoam overlapped the jig table, supports were added 
to stabilize and level the Styrofoam. Styrofoam was stacked in precise places to cover 
the frame. Figure 5.24 is an early stage of body production.  
 

 
Figure 5.24. First Stage of the Body 
 
The Chassis Team had work with the Solar Array Team on how to shape the body 
around the tracking array. When the body was being built a template was made out of 
cardboard as seen in Fig 5.25. The tracking array was going to be embedded with in the 
body. This cardboard was used for shaping the body around the template.  
 



Team 3673: U of A Solar Car Vehicle Design  117 

 

 
Figure 5.25. Tracking Solar Array Template 

 
Spray foam was used to cover all of the crevices to make smooth surfaces.  When the 
body was being made, parts of the Styrofoam were unable to stick together and create 
completely smooth surfaces.  
 The spray foam was applied into the desired crevices and allowed time to dry, which 
took a couple of hours.  
 
The foam body was sawed down when big sections were going to be dismissed from the 
body. This occurred often since at the beginning, the body was a giant block. Saws were 
used to chisel the surface. Figure 5.26 is an image of excessive foam being chiseled from 
the body.  
 

 
Figure 5.26. Sawing Off Excess Foam 
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The Styrofoam was then shaved down to the contours of the body. It was a very messy 
process using the sanders, sandpaper and saws to shave the Styrofoam. Figure 5.27 is an 
image of the Styrofoam body being shaved down to specified contours.  

 
Figure 5.27. Shaving Down the Styrofoam 
 
 After completion of the Styrofoam a vacuum bag was made to cover the entire body. A 
filament was placed onto the body and a fiberglass was vacuum bagged to remove all 
the unwanted air. The bag formed around the body after all the air was sucked from the 
bag. The vacuum bag process created wrinkles to form over the body.   
 
Again sanding occurred to attempt to remove all the unwanted creases and wrinkles, 
but when sanding the fiberglass unwanted holes started to appear.  A putty substance 
was placed over the vehicle. After the putty dried another round of shaving and sanding 
was performed. Figure 5.28 is an image of the putty covered body.  
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Figure 5.28. Putty Covered Body 
 
Some interior shaving of the Styrofoam was needed to have sufficient amount of room 
for the wheels to turn, and other components that might rub against the body. The rear 
tires were hidden behind the fiberglass but the wheel well was Styrofoam, and was 
removed.  Some Styrofoam was left on the body for stability and rigidity. After 
completing the sanding and shaving a black coat of primer and paint was added to the 
body. Figure 5.29 is an image of the body freshly painted black.   
 

 
Figure 5.29. Working on the Fiberglass Covered Styrofoam Body 
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5.1.14 Door: 
Door and trunk compartments were manufactured to make the car look like an every 
day vehicle. Painting tape was placed on the body to form an outline of the door and 
trunk. A saw-zaw was used to cut the outline of the door off to the body.  Figure 5.30 is 
an image of the door being swung outward.   
 

 
Figure 5.30. Driver’s Door 
 
The pivot point of the door had a 1095 steel plate that was cut and placed in between 
the foam and fiberglass. Various holes were drilled and the rivets were placed in the 
holes to hold the plate in place. The rivets also hold the two hinges for the door.  Then a 
similar 1095 steel plate was placed between the fiberglass and Styrofoam. More holes 
were drilled out and rivets were secured in the holes to hold the other side of the 
hinges. Thus the body would incorporate a door that open and closes.  
 
The door was unable to remain shut for safety purposes a request was made for the 
door to have a handle that could be accessible from both the exterior and interior of the 
body. An old aluminum bar was found that was suitable to be cut and fit over the body’s 
lip.  1095 steel plating was inserted in between the fiberglass and Styrofoam, and a hole 
was drilled out of the plate and also the door handle. A long bolt was inserted into the 
holes and the handle could hinge to hold the door closed, or capable to swivel out of the 
way to open the door.  

 
5.1.15 Roof: 
The roof was manufactured out of lexan, which is a clear hard plastic material. The 
process of bending the lexan took two members to perform. Lines were drawn on the 
plastic covering indicating where the bends were going to be. A two by four and sand 
bags were used to hold the lexan while a member bent the plastic.  Bending this 
material was a tedious task because a heat gun device that looks like a hair dryer was 
applied to the bending portion. The heat gun emitted an incredible amount of heat, and 
the heat caused the plastic to become malleable, which could be shaped to the desired 
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bending angle.  After the completion of all of the bends, multiple holes were drilled and 
rivets held the tabs together.  Figure 5.31 is an image of the windshield and the roof 
apparatus. 
 

 
Figure 5.31. Roof 
 
5.1.16 Luggage Compartment: 
 The painters’ tape also outlined the luggage compartment. A small saw was used to 
begin the cut, and once there was enough room for the saw zaw, the rest of the trunk 
door was cut off the body.  A chicken wire basket was formed to fit various items under 
the trunk door. Rivets were too small, so the edge of the chicken wire was placed 
between the fiberglass and the Styrofoam. The rest of the chicken wire was bolted 
down to the fiberglass.  
 
5.1.17 Mirrors: 
Mirrors were purchased at a local automobile convenience store and shaved down to fit 
a flat surface. Holes were drilled and rivets were inserted to hold the mirrors onto the 
body.  
 
5.1.18 Crash Foam: 
Polyurethane foam was acquired from the shop and had the correct specifications 
stated in the Rulebook. The foam was cut down to a five centimeter thick block, to fit in 
between the front portion of the frame. The foam was placed between the driver’s feet 
and the front of the vehicle for possible frontal collision. Holes were drilled out of the 
foam and zip ties were applied through the holes and around the frame to hold the 
foam in place. Figure 5.32 is an image of the foam.  
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Figure 5.32. Polyurethane Foam 
 
5.1.19 Fire Extinguisher: 
A two-pound fire extinguisher was requested to be placed in the driver’s compartment. 
A quick release mounting system was purchased with the fire extinguisher. The 
mounting bracket was used as a template to mark holes on the floorboard between the 
seat and door.  Holes were drilled out of the aluminum floorboard, and several rivets 
were used to secure the quick release. Figure 5.33 is an image of the quick release, fire 
extinguisher and the spot where it was mounted.  
 

 
Figure 5.33. Fire Extinguisher 
  
5.2 Bill of Materials: 
Due to the complexity of the design and the numerous components involved in building 
a vehicle from scratch, the University of Arizona provided the budget allocated for the 
entire vehicle and the Solar Car Team covered the rest.  The University of Arizona 
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allocated $2,000 dollars to help build the vehicle and this was spent on steering, 
braking, and suspension components.  The rest of the vehicle components were funded 
and provided by the Solar Car Team and include everything from the chassis tubing to 
body materials.   
 
From the $2,000 U.S. budget provided by the University of Arizona, the fund was spent 
in seven different purchases.  Table 5.1 shows a detailed summary of the components 
purchased.  The total spending came to $1,996.52, with the most expensive component, 
the custom wheels.    
 
Table 5.1. Bill of Materials 

  
The steering components purchased were the steering shaft kit and steering wheel from 
GoKartParts.com and Next Level Motoring respectively.  Some other steering 
components are the tie rod and tie rod ends from The Chassis Shop and McMaster Carr.  
The total for the steering components came to $382.46.  The only braking component 
purchased was the rotors from Porterfield Racing Brake Pads, who summed up to 
$381.22.  The final two suspension/wheel components were the bushings from Lee’s 4-
Wheel Drive, Inc. and Kodiak Motorsports.  The two front custom wheels alone were 
$1,161.60. These wheels were necessary since it was the only way to fit our design and 
meet all the specifications and rules in the Shell-Eco Marathon Rulebook. 
 

Item  Source  Amount  

Rotors Porterfield Racing Brake Pads $ 381.22 

Bushings Lee's 4-Wheel Drive, Inc. $ 71.24 

Steering Shaft Kit  gokartparts.com $ 35.49 

Tie Rod Ends  The Chassis Shop $ 164.05 

Tie Rods  McMaster Carr $ 63.96  

Steering Wheel  Next Level Motoring  $ 118.96 

Custom Wheels Kodiak Motorsports $1,161.60 

Total  $ 1,996.52  
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6. Vehicle Testing: 
It was important to test the vehicle in order to assure that function requirements were 
met. The verification plan showed the strength of the design, and the validation plan 
demonstrated that the prototype met expectations. 
 
6.1 Verification Plan: 
The functional requirements, along with a description of the requirement, the expected 
target value, and its determination method, were listed in the Verification Table. Due to 
the nature of many of the functional requirements of the project, the testing method of 
the functional requirement was the manufacture’s specifications of the weight of the 
component.  Because one of the main constraints of the project was the weight 
maximum, all the components needed to be as light as possible while still performing. 
Additionally, alterations could be simply made to the final product if the target value 
was not met. For example, metal shafts that are too large or heavy could have been 
placed on a lathe to reduce their size and weight. 

 
The functional requirement number from the design matrix, the functional requirement, 
the design parameter, the determination method, the target value, and the success of 
determination are shown in Table 7.1 in the Section 7.1 Verification. 
 

The functional requirements met the sponsor needs and were verified by the 
determining methods. The results of the Verification can be found in the Design Results 
section.  

 
6.2 Validation Plan: 
The SolarCAT Chassis Team conducted multiple tests to verify if the vehicle was capable 
to compete in the Shell Eco-Marathon. The Chassis Team conducted tests to verify the 
vehicle completed the necessary functional requirements.   

 
The first test was to validate that the brakes were capable of stopping the car.  Placing 
the car on a twenty-degree incline and applying the brakes to ensure that the car would 
remain static tested this.  After this test was passed, several low speeds stopping test 
were be performed, starting at five miles per hour and ramped up to ten and fifteen 
mph.  
 
Steering is vital to any car and the steering of the vehicle had to be validated.  The 
steering wheel was turned completely in both directions and the vehicle turned 180 
degrees.  The turning diameter was recorded and compared to the Shell Eco-Marathon 
Rulebook restrictions on steering radius. 

 
Driver safety was very important to validate. Per Shell Eco-Marathon rules, applying a 
static seventy kilogram load to the roll bar, where any deflection was recorded, tested 
the roll bar.  Additionally, the exit time from the vehicle was critical. Exit times were 
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recorded for the how long it takes the driver to get out of the car.  It ensured that the 
time was less than ten seconds as required by the Shell Eco-Marathon Rulebook. 

 

For all the results of all the validation testing, please refer to Table 6.1. 
 

Table 6.1. Validation Tests 
 

Braking Tests 

St
at

ic
 

2
0

 d
eg

 

 

5
 m

p
h

 Trial 1  

Trial 2  

Trial 3  

1
0

 m
p

h
 Trial 1  

Trial 2  

Trial 3  

1
5

 m
p

h
 Trial 1  

Trial 2  

Trial 3  

Steering Tests 

R
ad

iu
s 

Te
st

 

Left Turn  

Right Turn  

Safety Tests 

R
o

ll 
b

ar
 

Te
st

 

 

Ex
it

 T
im

e 
Te

st
 

 



Team 3673: U of A Solar Car Vehicle Design  126 

 

7. Design Results: 
The design results of the vehicle verify and validate the functional requirements and 
constraints of the design. The verification results showed that the components that 
were chosen and designed fit their purposes and that the vehicle as a whole functioned 
properly. The verification and validation also exposed any flaws in the design that 
needed to be addressed.  
 
7.1 Verification:  
Prior to the manufacturing of the vehicle, the vehicle’s design was verified in order to 
meet with all of the targets set in the verification table.  Table 7.1, displays the 
functional requirements that must be met in order to start the manufacturing of the 
vehicle.  The functional requirements were broken down into design parameters and a 
method of determining if the functional requirement was met.  Every determining 
method had a targeted value that must be satisfied in order for the design parameter 
and functional requirement to be fully met.  All of the functional requirements satisfied 
the targeted values in the design.  
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Table 7.1. Verification Table 

 

FR # 
Functional 
Requirement Design Parameters 

Determining 
Method Target Value Met Target  

1.1 User Controlled 
Steering, brakes, 
throttle Visual Check 

Has human interface for all 
controls Passed 

1.2 Accept Power Frame  

3d modeling to ensure 
proper room. >.5" clearance around motor Passed 

Finite Element Analysis 0.5” deflection <0.43” 

1.3 Minimize frame weight Frame 
Solidworks Weight 
analysis <30lb 29lb 

2 
Decelerate vehicle on 
command Brake systems Brake Force Calculations Vehicle static on 20 deg hill Passed 

2.1 User Controlled Brake Pedal Area measurement 5cm x 5cm pedal 5cm x7cm 

2.1.1 
Convert driver motion 
to braking force 

Willwood Dual Chamber 
master cylinder Brake Force Calculations Vehicle static on 20 deg hill Passed 

2.1.1.1 
Distribute braking 
forces Front and Rear split Brake Force Calculations Decelerate from 15 to 0 mph 

177.8lb Front 
76.2 lb Rear 

2.2 Slow vehicle Braking System Brake Force Calculations Decelerate from 15 to 0 mph  Passed 

2.2.1 
Pressure applied on 
front wheels 

Front Hydraulic Brake 
Assembly Brake Force Calculations <50.00psi <45.01psi 

2.2.2 
Pressure applied on 
rear wheels 

Front Hydraulic Brake 
Assembly Brake Force Calculations <50.00pis <19.29psi 

3 Steer vehicle Steering systems Measure turn radius Turn radius of 6m Passed 

3.1 User Controlled 
Polished Aluminum 
Butterfly Specificied Dimensions Diameter under 12m Passed 

3.1.1 
Constrain Driver 
motion Seating Solution 

3d modeling to ensure 
proper room. 

Visual check with ergonomic 
model. Passed 

3.1.1.1 
Maintain proper driving 
position 

NRG Carbon Fiber 
Bucket Seat 

Manufactures 
specifications Maximum of 15 lb 13 lb 

3.2.1 
Translate motion to 
wheels Steering Knuckles Steering calculations 

Ensure wheel motion capable 
of rotating  wheels Passed 

4.1.1 
Control Yaw pitch and 
roll Suspension 3d modeling 

Center of gravity within 8” of 
bottom of frame. Passed 

 
4.1.2 

 
Tunability 

 
Coilover Shocks 

 
Are they adjustable 

 
>4 way adjustable 

 
Passed 

4.2 
Frame with stands 
loads 

Roll bar 

Finite Element Analysis 
155lb load in middle of 
roll bar Negligible deflection (<0.1") 0.087” 

Frame 
Finite Element Analysis 
3G front impact 

Drivers compartment not 
deformed 

No deformation driver 
compartment 

4.3 
Self contained power 
system Frame 

3d modeling to ensure 
proper room. >.5" clearance around motor Passed 

4.4 Enclose Vehicle Body 
3d modeling to ensure 
proper room. 

No mechanical components 
from all sides except bottom Passed 

4.4.2 
Facilitate driver ingress 
and egress Body, Frame 

3d modeling to ensure 
proper room. 

Visual check obstructing driver 
from exiting, room for average 
size drivers show to get to 
pedals Passed 

4.4.3 
Contains luggage 
compartment 

Frame, luggage 
compartment 

3d modeling to check for 
proper space 40x50x20cm compartment Passed 
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In order to verify all of the requirements, visual checks, modeling, and mathematical 
calculations were implemented to have met the targeted values.  For functional 
requirement 1.1, Fig 7.1 showed the type of human interface used for controlling 
steering, brakes, and the throttle.  Figure 7.1 (a) shows the human interface between 
steering and the driver, while Fig 7.1(b) show the brake pedal and acceleration pedal, 
the human interface between breaking and accelerating.   
 

                
(a)                                                                        (b) 

Figure 7.1. Interface Device for Steering (a), Braking and Accelerating (b) 
 

Finite element analysis (FEA) and Solidworks modeling was used to verify functional 
requirement 1.2.  Figure 7.2 showed a maximum deflection from the acceleration forces 
of the motor to the frame of 0.43 inches for a safety factor of 3.  Since the deflection 
was less the targeted value of 0.5”, the frame passed acceleration forces.  Figure 7.3 
displayed the 0.5” clearance around the motor allowing the targeted values to be met. 
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Figure 7.2. Deflection Due to Acceleration Forces 

 

 
Figure 7.3. Clearance Around the Motor 
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Functional requirement 1.3 was verified using a weight feature in the Solidworks 
modeling software. The chassis had an approximated weight of 29 lb, which was below 
the maximum-targeted value of 30lb.  Figure 7.4 shows a screen image of the weight 
image in SolidWorks. 

 

 
Figure 7.4.  Weight Feature Used in SolidWorks   

 
The second functional requirement and its subsections included verification of the 
braking system.  All of the subsections of the braking system were met and analyzed 
through the use of mathematical calculations. In order to find the force needed to break 
the vehicle from fifteen mph to zero, the mass of the vehicle was split to 70% of the 
mass acting on the front of the vehicle and 30% on the rear.  The distribution of mass 
was considered acceptable, as most of the braking would take place in the front two 
wheels.  The equivalent of 70% of the mass was divided into the left and right wheel 
equally with a total mass of 88 lb distributed at each wheel.  Equation 7.1 was used 
along with equation 7.2 to find the pressure require to brake the vehicle from a speed  
of 15mph.   
 

amF                                                         Equation (7.1) 
 

AFP                                                        Equation (7.2) 
 
Having used a deceleration rate of 43.33ft/s2 and braking pad dimensions, the total 
pressure required to stop the vehicle was 45.01 psi.  Obtained information from the 
specifications of the calipers, brake pads, and master cylinder illustrated in Fig 7.5, 7.6 
and 7.7 respectively was used to compute the required force on the brake pedal to 
brake the vehicle.  The amount of forced needed to brake the vehicle was 39.27 lb.  The 
brake force required to be applied to the brake pedal was deemed reasonable and met 
the requirement.  
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Figure 7.5. Caliper Specifications14 

 

 
Figure 7.6. Brake Pad Specifications14 

 

 
Figure 7.7. Master Cylinder Specifications14 

 
The third functional requirement and its subsections included verification of the steering 
system. The turning radius of the vehicle was verified through mathematical calculations 
of the turning angle of the steering components.  Based on the vehicle’s geometry, it 
was determined how much each wheel could turn.  Using the wheelbase, the average 
track width, and the limiting turning radius, the Ackermann angle for the inner and 
outer wheels, δi and δo respectively, where determined.  Relating back to Section 4.2 
and Fig 4.19, the turning angles were found through the vehicle’s geometry and 
Equation 4.1 and 4.2 on the steering design section. 
 
Using a wheelbase of 120cm and a 100cm track width, values deemed by the Shell Eco-
Marathon Rulebook, the inner wheel must turn at leat 10.46 degrees and the outer 
wheel must turn 12.31 degrees in order to meet with the limited turning radius of 6 
meters. 
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Functional requirement 3.1.1 was to have the driver constrained from motion and 
maintained in a proper sitting position.  The targeted values were met by having allowed 
enough space in the driver compartment for a seat.  Solidworks modeling was used to 
ensure a seat could have been placed in the driver compartment and could be seen in 
Fig 7.8.      

 

Figure 7.8. Driver Seat Space 
 

The final set of verifications for the vehicle were to ensure tunability, withstanded loads, 
self-power space, frame cover, vehicle ingress/egress, and luggage space.  3-D modeling 
was used to ensure suspension tunabiltiy while shock tunability was verified through 
four coil springs with different spring constants.  FEA was used to analyze deformation 
for a 70kg static load on roll bar and 3G frontal impact.  The deformation of the static 
load and 3G impact was 2.649 inches and 0.087 inches respectively which were 
negligible and met the targeted values.  Both analysis are depicted in Figs 7.9 and 7.10.   
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Figure 7.9. 70kg Static Load on Roll Bar 

 

 
Figure 7.10. 3G Impact Deformation 
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SolidWorks modeling was utilized to verify self-power space, vehicle ingress/egress, and 
luggage compartment volume with specified dimensions of 40cm x 50cm x20cm, and 
are shown in Figs 7.11,7.12, and 7.13 respectively.  To ensure a covered frame space, a 
preliminary preview of the body is displayed in Fig 7.14.  This body verified that the 
frame would be covered completely. 

 

 
Figure 7.11. Self-power Space 

 

 
Figure 7.12. Vehicle Ingress/Egress Space 
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Figure 7.13. Luggage Space 
 

 
Figure 7.14. Preliminary Body Used to Enclose Frame 
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7.2 Validation: 
Much of the validation was completed at the Shell Eco-Marathon, because the car was 
not completed until race day. The validation testing should have been done before the 
race to identify any possible problems and troubleshoot them, but there was not time. If 
these tests had been performed before the race, the vehicle may have faired better at 
the race.  
 
7.2.1 Body: 
The body was not completed properly. After numerous designs, the sponsors wanted 
the Chassis Team to form the body around the chassis once it was far enough along to 
visualize the body. Due to delays in the chassis creation, the body was started two 
weeks before the race. The process for creating the body involved placing Styrofoam 
over the chassis, carving the Styrofoam to create a mold, removing the mold, covering 
the mold with layers of fiberglass, resin, and nomex to create the body, removing the 
body, applying a layer of bondo, and sanding it smooth.  
 
There were many problems in forming the body. First, the Styrofoam was more difficult 
to carve than anticipated. The carving involved hot gluing numerous layers of Styrofoam 
and then applying a sander to shape the curves of the body. The little bits of foam 
spread everywhere and required safety equipment to keep from inhaling it and for 
protecting eyes. Secondly, the mold became damaged at one point when one of the 
Chassis Team members accidentally fell on it, causing the mold to need repair. Thirdly, 
the Chassis Team was under the impression that the Solar Car Club was proficient at 
working with fiberglass. The body was not thick enough in places and was not laid flat. 
The fiberglass rippled and wrinkled, looking very unprofessional. The wrinkling was so 
severe that it could not be properly sanded out without removing the entire thickness of 
the fiberglass on certain spots on the body.  
 
Because the sponsors were not happy with the finished body, especially after the solar 
cells were mounted, they decided that the Solar Car Team should not bring the body to 
the race, citing it did not best represent the team and the financial sponsors of the Solar 
Car Club. After the Shell Eco-Marathon, the sponsors decided that they would take 
responsibility for completing the body and would have it professionally made. Because 
the car could not qualify for the Shell Eco-Marathon without a body, the officials of the 
race let the car be driven as an Exhibition Car in the Urban Concept Series. The car, 
without a body, would also not have any solar cells to power the vehicle, so it ran off the 
fully charged battery. The vehicle ran as an electric plug in vehicle.  
 
7.2.2 Braking: 
Two types of braking tests were done: static and dynamic. This was an important 
distinction because the brakes must be able to work using both the static and kinetic 
coefficients of friction.  
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The static braking was tested by placing the vehicle on a 20-degree slope and making 
sure that the car does not move. This was validated at the Shell Eco-Marathon by 
placing it on their standard 20-degree slope, braking the car, then moving the car to 
make sure that the brakes had not locked up and could be released. Figure 7.15 shows 
this test. 
 

 
Figure 7.15. Static Brake Testing 
 
In addition to the static testing, dynamic testing was important to validate that the 
braking system was appropriate to slow the vehicle. Three different velocities were 
tested to confirm the vehicle had proper functioning at the ranges the vehicle would 
operate. Because the vehicle could only reach speeds of 20 miles per hour occasionally, 
as the motors were not reliable enough to do it consistently, 5, 10, and 15 mph were 
tested with three trials each. The results of these trials can be seen in Table 7.2 and an 
image of the trials can be seen in Fig 7.16.  
 
Table 7.2. Dynamic Brake Testing Results 
  Distance (in) 

  #1 #2 #3 Average 

S
p
e

e
d

 5 mph 17 12.5 17.5 15.6 

10 mph 60 21 82 54.3 

15 mph 117 159 127 134.3 
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Figure 7.16. Dynamic Brake Testing. 
 
All of the stopping distances were deemed reasonable. The longest distance, at the 
fastest velocity, was still less than twice the length of the vehicle. An unreasonable 
stopping length was determined to be four times the total length of the vehicle, about 
40 feet. Although the distances were valid, the brakes did show that they do have the 
potential to lock up and for the car to skid if the driver is not careful when braking. 
Because the system was manual, non-assisted hydraulic brakes, the possibility for lock 
up was always present.  
 
As the velocity of the vehicle increases, it takes a longer distance to stop the vehicle; the 
relationship is not linear. The relationship can be seen in the graph of Fig 7.17.  
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Figure 7.17. Braking Distance Versus Speed 
 

7.2.3 Steering: 
Given the constrained turning radius from the Shell Eco-Marathon, it was important to 
show that the vehicle could meet these requirements. First, calculations were run on 
the dimensions of the vehicle designed to see if the wheels could turn enough to meet 
the radius. The value of the angle must at least be 12.31 degrees. The results of the 
calculations can be seen in Table 7.3.  
 
Table 7.3. Calculated Steering Angles 

Average Track width (m) 0.9779 

Wheelbase (m) 2.032 

Outer Angle (deg) 17.39 

Inner Angle (deg) 20.24 

 
Additionally, the steering wheel was turned the maximum to the left and to the right 
and the angle of the tire from vertical was recorded. These values, as shown in Table 
7.4, showed that the tire could actually turn the estimated values. This test showed that 
the tires could turn more than the estimated values.  
 
Table 7.4. Tire Turn Testing Results 

Wheel Angle Maximum Steering Angle (deg) 

Inner Left 35.1 

Outer Left 24.6 

Inner Right 30.3 

Outer Right 37.3 
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There was also a test of the turning radius measurement for both a left and right turn. 
The test involved the driver turning the steering wheel as sharp as possible and turning 
the vehicle 180 degrees. The vehicle needed to be parallel but facing the opposite 
direction of its initial position. The distance was then measured from the initial position 
of the center of the vehicle to the final position. An image of this trial being conducted 
can be seen in Fig 7.18.  
 

 
Figure 7.18 Turn Radius Testing 
 
As a result of this testing, it was found that for left hand turns, the vehicle had a turning 
radius of 5.79m, meeting the 6m requirement. However, the turning radius for the right 
hand side was 7.01m, failing to meet the turning requirement. Through further testing, 
it was discovered that the failure was not due to the front wheels and the turning 
system, however. It was a failure of the rear wheels and the rear suspension set up. The 
wheels that the sponsors purchased failed to be made to their specifications and they 
interfered with the rear suspension, causing the turning radius to be larger than 
expected. The motors needed to be offset on the wheels, in the same direction on both 
wheels. This offset and the lack of symmetry about the center axis of the vehicle caused 
the turning radii to be different. The offset in the rear wheel can be seen in Fig 7.19. 
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Figure7.19. Offset Wheel 
 
The failure to meet the six meters turning radius in the right hand direction was not an 
issue at the Shell Eco-Marathon, however, because their method of testing the radius 
was a Figure Eight test around a cone set up to prove that the vehicle was capable of 
turning. Because the car could complete the Figure Eight, it was deemed safe for 
steering. An image of the Figure Eight test can be seen in Fig 7.20. 
 

 
Figure 7.20. Figure Eight Test.  
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7.2.4 Shell Eco-Marathon: 
A majority of the testing on the vehicle was done by the Shell Eco-Marathon officials 
because of the conditions deemed safe to drive on the track. A full list of tests that were 
needed to pass safety can be seen in Appendix L as Fig L.1.  
 

One of the tests the Shell Eco-Marathon ran was the weight of the vehicle. The vehicle 
was placed on four scales and the weight of each corner and the total weight were 
recorded. The weighing process with the scales at each wheel can be seen in Fig 7.21.  
 

 
Figure  7.21. Vehicle Weighing 
 
From the weight budget that was being estimated throughout the design, the chassis 
weight came very close to the estimated total weight minus the body and array. With 
the body, the vehicle should have been able to still fall under the 352 lb weight 
maximum. The results can be seen in Table 7.5.  
 
Table 7.5. Vehicle Weights 

Weight Location Weight (lb) 

Left Front 57 

Left Rear 75 

Right Front 66 

Right Rear 56 

Total Weight 254 
 

In addition to the weighing, the officials tested the strength of the harness and it’s 
mounting. The test involved strapping in the driver, attaching a nylon loop to the 
harness and to a lifting bar, and having two race team members pull up the lifting bar 
until the force measurement was twice the driver’s weight. The harness passing this test 
can be seen in Fig 7.22.  
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Figure 7.22. Harness Test 
 

Once it was proven that the harness could secure the driver, it was also necessary to 
show that the driver could exit the harness and the vehicle quickly in case of emergency. 
The officials secured the driver and timed the exit. This was significantly easier for the 
driver than anticipated because the car was without a body, meaning no door for the 
driver to navigate through. The driver was able to exit the vehicle with a time of six 
seconds, under the maximum of ten seconds.  
 
The strength of the roll bar was not tested as analytically as initially intended. The plan 
was to place a 160 lb weight on the bar and watch for a deflection. Due to lack of time, 
instead of finding a 160 lb weight, one of the biggest members of the race team sat on 
the roll bar and there was no visible deflection, so it was deemed passable. The Shell 
Eco-Marathon officials did not do a quantitative test. They merely asked the team if the 
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roll bar was strong enough to support a 70 kg load and the tests that had been run on it 
were explained to the officials.  
 
Initially, the car did not pass safety inspection because it was missing the side mirrors, 
which had been mounted to the body, the horn, which was not working properly, and 
the crash foam, which had been removed in an attempt to fix the horn. Once additional 
mirrors were purchased and attached to the dash, the crash foam reinstalled, and the 
horn rewired so that it worked, the car was run through inspection again and passed. 
The initial failure and subsequent passing of the vehicle explained the initialed parts of 
the inspection sheet in Fig L.1 in Appendix L. Once it passed safety, a sticker was placed 
on the vehicle to show that it was suitable to race on the track. The stick can be seen in 
Fig 7.23.  
 

 
Figure 7.23. Safety Inspection Sticker 
 

Once the vehicle passed safety, it was safe for the vehicle to complete laps around the 
Urban Concept track. Because it had taken longer than expected to get the car to the 
raceway and pass safety inspection, there was only one chance for the vehicle to run the 
course. The car at the starting line is shown in Fig 7.24.  
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Figure 7.24. SolarCAT at the Starting Line 
 
The car completed 1.5 of the 7 laps around the 1.45 mile track, completing 2.175 miles. 
The motors gave out in the car because the motors could not handle torsional loading. 
Because the rear suspension did not have the rigidity as designed, when the vehicle 
turned, the motors became torsionally loaded. The torsional loading caused the 
resistance of the motors to increase, causing the amount of current drawn from the 
battery to increase. When the current draw was too much and dangerous, the 
protection circuit from the battery shut off the battery. The motors failed at a point with 
significant turning, as marked on the Course Map in Fig M.1 of Appendix M.  
 
Even though the vehicle failed to complete, the recording of the laps and the equivalent 
miles per gallon were recorded by the Shell officials. The equivalent miles per gallon was 
determined by attaching a joule meter to the batteries and recording the amount of 
power the motors required. This amount of power was then converted to the equivalent 
power from gasoline. Based on the amount of power the car used, it could run 410 miles 
per gallon, which was on par with the other energy uses of 438 and 150 mpg of the 
other Urban Concept competitors. Also, the estimate of 410 mpg was probably lower 
than the maximum efficiency of the vehicle. Because the vehicle was drawing out so 



Team 3673: U of A Solar Car Vehicle Design  146 

 

much power before it failed, this probably increased the amount of total power, causing 
the efficiency to decrease. The times of each portion of the track can be seen in Fig 7.25.  
 

 
Figure 7.25. Lap Times 
 

The Chassis Team was very satisfied with the results that were achieved. A rolling 
chassis was constructed that was deemed safe enough to run the Shell Eco-Marathon 
Urban Concept course. The frame had the strength to support the necessary 
components, including the driver, the suspension system, and the power systems. The 
vehicle was the only vehicle with suspension in the entire Shell Eco-Marathon, allowed 
for a comfortable ride, and had the rear wheels not interfered with steering, the 
steering radius would have met the requirements. Although the team was disappointed 
that the body was not completed in time due to circumstances beyond prediction, the 
sponsors took blame for the body not coming together properly and were proud to have 
a chassis that was able to compete.  
 
The functionality of the system is satisfactory. The vehicle operates, the chassis is strong 
enough to meet its functional requirements, the braking system properly slows the 
vehicle, the front suspension properly dampens the vehicle ride, but the steering and 
rear suspension leave much to be desired. When designing the steering system, the 
interference from the rear wheels was not considered, so the flaws in the rear wheels 
interrupted the correct steering radius. The rear suspension, because it was not 
manufactured to the design, was not strong enough to sustain the torsional stresses of 
turning. Once the rear suspension is built properly, the amount of problems the vehicle 
experienced should greatly decrease.  
 
7.3 Media Coverage: 
The design and manufacturing of SolarCAT not only captured the attention of the 
engineering college, but of the entire university and the Tucson community.  There was 
an article on the Daily Wilcat that headlined on March 26, 2009 with the title of Runnin’ 
on Sun.  The article comments on the vehicle to be “the first of its kind in the 2009, Shell 
Eco-Marathon.”  It summaried the vehicle’s purpose of qualifying into the Urban 
Concept category as well as several of its constraints and major objectives.  The entire 
Wildcat article is available as Fig N.1 in Appendix N.   
 
The Daily Wilcat was not the only media source who brought the vehicle’s construction 
to the university community.  The Arizona Daily Star wrote a great report on SolarCAT 
on April 2, 2009.  The article entitled UA’s Solar Car Tracks the Sun, was headlined in the 
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Business section of the newspaper.  The article contained several of the major 
objectives on which the the entire vehicle was based. This included many objectives:  
from entering the Shell Eco-Marathon Urban Concept category, to car features such as 
innovating rotating dynamic solar cell panels, which would increase solar energy 
efficiency by 50%, average vehicle appearance, and a future planned biodiesel engine 
alternative.  The article developed into the race, where the goal was to have broken last 
years 3000 miles per gallon efficiency record and raced eight laps around a speedway 
with an average speed of fifteen miles per hour.  The vehicle’s net worth was estimated 
at $75,000 US dollars and had a future plan of driving across the country to our nations 
captial, Washington D.C., for the Solar Decathlon event on October.  The full report is 
available as Fig N.2 in Appendix N. 
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8. Conclusion and Recommendations: 
The solar car rolling chassis design was able to meet all the functional requirements 
outlined in the design of the vehicle.  The vehicle was able to acclerate/decelarate, steer 
and integrate with the power team.  The team was not able to integrate with the array 
team, since their array components were not finalized by the time of the Shell Eco-
Marathon race.  Not having the array components and body finalized, the vehicle did 
not qualify for the Urban Concept category in the Shell Eco-Marathon race. 
Nevertheless, the vehicle met all of the safety requirements and passed the safety test.  
This allowed the vehicle to race in the Shell Eco-Marathon.   
 
The vehicle was able to accelerate up to 15 mph with fully charged batteries and a 
cooled motor.  The vehicle was also able to decelarate from 15 mph with an average 
braking distance of 134 inches which was deemed by our sponsors as an acceptable 
stopping distance.  The steering tests showed a left hand turn of 5.79 m, which was 
below the 6m turning radius limit, and a right hand turn radius of 7.01 m, which passed 
the 6 m turning radius limit.  The failure of the right hand turn was due to the rear 
suspension setup.  The vehicles weight was 254lb which was far below the 352lb limit 
constraint. 
 
Performaing finite element analysis, the frame was able to withstand a 3G impact.  The 
resulting stress concentrations from the 3G impact were below the yeild stress for 
chromoly tubing.  The 70kg static loading had a negligible deflection of less than 0.087 
inches, and the frame was able to withstand torsional effects with a safety factor of 
three. 
 
Overall, the rolling chassis was able to perform at high standards with a few faults in the 
design.  It is recommended to redesign the rear suspension and rebuild the body to be 
stronger and ligher.   
 
8.1 Future Car Designs: 
As any true engineer will agree, a design is never done; there are always changes that 
could be made, and things that would be done differently if there were only more time 
and money.  SolarCAT is no exception.  As a first attempt at a brand new type of racecar 
for the University of Arizona Solar Car Club, SolarCAT was very successful in the race, 
and will provide a great advertising role for the club. 

 
However, there are improvements that could be made.  For street use of the car, the 
battery pack would have to be much bigger, which would require a bigger place to put 
the batteries.  Regular street use would also require a bigger inboard motor, one 
capable of higher speeds, which would require a different rear suspension of the car.  
Trailing arms would no longer be practical.  An extension of the frame with room to 
mount the bigger batteries and bigger motor would be required.  A new suspension that 
attaches to this frame section would also be required.  This was,  however, taken into 
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consideration when SolarCAT was designed.  The rear trailing arms are easily removed 
allowing a different, heavier motor system to be attached. 

 
The design of SolarCAT was a balance between building a racecar for the Shell Eco-
Marathon, and building a comfortable streetcar.  If all out efficiency is demanded, many 
of the comforts of SolarCAT could be removed, or conversely, if participation in the Shell 
Eco-Marathon was not an issue, the dimensions of the car could be vastly altered. 
 
The front spindles are much bigger than SolarCAT needs.  This was an unfortunate side 
effect, needing a solution that worked and could be purchased off the shelf quickly.  
Future Iterations of SolarCAT could benefit from looking into Motorcycle wheels and 
tires, and their associated spindles.  These components would be lighter, and the wheels 
are more readily available then the custom Kodiak wheels.
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11. Appendices 
Appendix A: Report Roles 
Introduction       Carolyn Hutchins 

System Requirements     Trevor Lee 

Conceptual Designs     Carolyn Hutchins 

Final Design      Dan Gurney 

 Finite Element Analysis   Albert Arvayo 

System Build      Trevor Lee 

Vehicle Testing     Carolyn Hutchins  

Design Results      Carolyn Hutchins & Albert Arvayo 

Conclusions and Recommendations   Albert Arvayo & Dan Gurney 
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Appendix B: Constraints 

1.  Track Rules and Regulations 
1.1 Driver: 

1.1.1 Each group is allowed one primary driver and one reserve driver. 

 

1.2 Track Access Conditions: 

1.2.1 When the vehicle enters the track, it must contain all of the team’s competition 

numbers, partner streamers, and Shell logos. 

1.2.2 Organizers will provide the Shell logos upon entry of competition.  

1.2.3 For each side and the front of the vehicle: Shell logo 20 x 20cm 

1.2.4 For each side and the front of the vehicle: racing numbers, containing different 

colors for each energy class, 20 x 26cm. 

1.2.5 For each side the lower part of the body: partner’s streamers, 90 x 6cm  

1.2.6 A mandatory 10cm space must be left free on all four sides of the Shell logos.  

1.2.7 Any other sponsors logos must be smaller than the Shell logo and must fit with in 

a surface of 400cm
2
. 

1.2.8 Drug and alcoholic sponsor’s logos are prohibited.  

 

1.3 Timekeeping 

1.3.1 All vehicles will be supplied with an electromagnetic transponder at the circuit 

that will be fitted after the inspections. 

 

1.4 Penalties  

1.4.1 Teams will be disqualified if teams are showing an unfair advantage from the 

official rules or are a hindrance to other participants  

1.4.2 Teams will be disqualified if teams are non-compliant of safety and driving rules 

and regulations. 

 

2.    Safety Rules 
2.1 Driving Rules 
2.1.1 Only the designated driver and reserve driver are allowed to drive the vehicle.  

2.1.2  When driving on the track, the driver must be fully aware and attentive of other 

vehicles.  

 

2.1   Accessing to the Track and Test Safety 

2.1.1 Vehicle must pass safety specifications before accessing the track. 

2.1.2 For practice runs, only vehicles that have the stickers stating they have passed 

inspections are allowed on the track. 

2.1.3 For the competition, only vehicles that have passed the safety and technical 

requirements are allowed on the track. 

 

2.2    Pushing the Vehicle 

2.2.1 Pushing the vehicle is prohibited at any time. 

 

2.3   Competition Directions  

2.3.1 The vehicle is not allowed to go in reverse or against the normal race direction.  



Team 3673: U of A Solar Car Vehicle Design  154 

 

 

2.4   Radio Communication 

2.4.1 Hand held radios are prohibited from the race, but hands free radios are allowed 

in the vehicle.  

 

2.5    Breakdowns and Other Incidents 

2.5.1 Intentional stopping is prohibited at anytime. 

2.5.1.1 The Driver is allowed 30 seconds to attempt to restart vehicle within the driving 

position, and if unsuccessful, the driver must wait of to the side until track 

marshals arrived. 

2.5.1.2 It is forbidden to do repair on the track and will not be granted a new start. 

 

2.6    Off Track Vehicle movements 

2.6.1 When off the track, the vehicle must move without use of the engine. The vehicle 

must be pushed or pulled.  

2.6.2 Test driving in the paddock area is prohibited.  

 

3 Driver Equipment 
3.1    Driver’s Weight 
3.1.1 The driver’s weight should exceed 50kg in full driving gear. 
3.1.2 If driver is below the minimum weight, the vehicle must contain a ballast system 

to fill the weight requirement.  
 

3B-Urban Concept Group 
To design and build a vehicle that is efficient in its fuel consumptions in a stop 

and go environment.  

 

4 Vehicle Design 
4.1    Definition 

4.1.1 Design and build a fuel-economy vehicle that appears similarly to an everyday 

vehicle.  

 

4.2    Energies 

4.2.1 All authorized types of energy are permitted. 

4.2.2 The combination of internal combustion engine and electric motors are allowed. 

4.2.3 Solar panels are not allowed for hybrid vehicles. 

4.2.4 Regenerative energy braking system is allowed. 

4.2.5 It is not permitted to preheat the engine after commencement of the fuelling 

operations for the attempt.  

 

4.3    Vehicle Design  

4.3.1 When designing, construction, participating, and planning for the competition, the 

team is responsible of paying attention to all aspects of safety: driver safety, 

safety of other competitors, and spectator safety.  

4.3.2 Vehicle must compete in a required feature of “stop and go” driving. 
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4.3.3 Aerodynamic appendages that will change the shape due to wind when the vehicle 

is in motion are not allowed. 

4.3.4 Vehicle must not have dangerous objects attached to the vehicle to harm others.  

4.3.5 The interior of the vehicle must not have dangerous objects that can harm the 

driver if in an accident.  

  

4.4    Dimensions 

4.4.1 The total height must be between 39.4in [100cm] and 51.2in [130cm]. 

4.4.2 The total width needs to be in between 47.2in [120cm] and 51.2in [130cm]. 

4.4.3 The total length of the vehicle needs to be in between 86.6in [220cm] and 137.8in 

[350cm]. 

4.4.4 The track width must be at least 39.4in [100cm] for the front axle and 31.5in 

[80cm] for the rear axle.  

4.4.5 The wheel base must be at least 47.2in [120cm].  

4.4.6 The drivers compartment must have a minimum height of 34.6in [88cm] and a 

minimum width of 27.6in [70cm] at the drivers shoulders. 

4.4.7 There must be a clearance of 3.9in [10cm] off the ground. 

4.4.8 The maximum vehicle weight, excluding the driver, of 352lb [160kg]. 

 

4.5    Vehicle Body 

4.5.1 The body must cover all mechanical parts from every view of the vehicle. 

4.5.2 The wheels must be cover from the above view. 

4.5.3 From the front view, the body must cover the wheels down to the ground 

clearance of the vehicle. 

4.5.4 Wings and fenders must be an integral part of the body and not only attached to 

the wheel axle. 

4.5.5 It is prohibited to use commercial vehicle body.  

4.5.6 The vehicle must be equipped with a side door, enabling easy access.  

4.5.6.1 The door must be easy to open from both inside and outside of the vehicle.  

4.5.6.2 The side door opening must extend from a maximum height of 3.9in [10cm] 

above the ground clearance to a minimum height of 3.9in [10cm] below the total 

vehicle height.  

4.5.7 The vehicle must have a roof covering the driver’s compartment. 

4.5.8 The vehicle must contain a windshield. 

4.5.9 Luggage space must be available for an object with the dimensions of 19.7in x 

15.7in x 7.9in [50 x 40 x 20 cm]. 

4.5.10 The vehicle must not have any sharp edges on the exterior. 

4.5.11 A towing hook or ring is mandatory on the front of the vehicle. The hook or ring 

must resist a traction force of 2,000N. 

 

4.6    Body/Chassis Solidity 

4.6.1 The team must ensure that the vehicle shell and/or chassis are solid.  

4.6.2 The cockpit must be equipped with an effective roll bar that extends in width 

beyond the shoulders of both authorized drivers.  
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4.6.3 The roll bar must be included in the body/chassis and also extend 2in [5cm] above 

the top of the driver’s helmet in the normal driving position with the seatbelt 

securely fastened.  

4.6.4 The roll bar must be capable of withstanding a 154lb [70kg] static load applied to 

its center without bending.  

4.6.5 All sides of the compartment must be sufficient to protecting the driver from 

lateral or frontal shocks. 

4.6.6 A 2in [5cm] thick layer of polyurethane foam with a minimum density of 

[28kg/m
3
] must be placed on the inside wall of the front of the vehicle body in 

order to protect the driver’s feet in the event of a frontal collision.  

 

4.7    Engine and Fuel System Isolation from the Driver 

4.7.1 A permanent, rigid, fire resistant bulkhead must be mounted between the engine 

compartment and the cockpit, preventing any manual access to the engine 

compartment by the driver.  

4.7.2 The whole fuel system, from the tank to the engine, must be placed behind the 

bulkhead or in a compartment completely separated from the cockpit.  

 

4.8    Fire Extinguisher 

4.8.1 Each vehicle must be fitted with a fire extinguisher. 

4.8.2 The fire extinguisher must have a minimum capacity of 2lb [1kg], be full and 

must have a certificate of validation, manufacture’s number, the date, and the 

expiration date.  

4.8.3 Hand held extinguishers must be located within the cockpit and must be 

accessible to the driver once they have vacated the vehicle.  

 

4.9    Visibility  

4.9.1 The driver must have complete arc of visibility (ahead, and to) 90˚ on each side of 

the longitudinal axis of the vehicle.  

4.9.2 The field of vision must be seen without any aid of  optical and electronic devices, 

such as mirrors, prisms, periscopes, etc. 

4.9.3 Movement of the driver’s head within the confines of the vehicle body to achieve 

a complete arc of vision is allowed.  

4.9.4 The vehicle needs to be equipped with a rear-view mirror on each side of the 

vehicle. Surface area of the mirrors need to be 4in² [25cm²]. 

4.9.5 An inspector will check the visibility in each vehicle in order to verify the on-

track safety. The inspector will check good visibility with seven 23.6in [60cm] 

high blocks spread out every 30˚, with a 196.9in [5m] radius in front of the 

vehicle.  

 

4.10 Safety Belts 

4.10.1 The driver’s seat must be fitted with an effective safety belt having at least five 

mounting points.  

4.10.2 The fifth point must be designed and fitted to prevent the driver from slipping 

forward in case of a frontal accident. 
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4.10.3 The belts must be firmly attached to the vehicle’s main structure and be fitted into 

a single buckle.  

4.10.4 The buckle and attachment must be made out of metal. 

4.10.5 The safety belt must withstand a force of at least 1.5 times the driver’s weight. 

 

4.11 Vehicle Access 

4.11.1 It is imperative for the drivers to be able to vacate the vehicle at any time without 

assistance in less than 10 seconds. 

4.11.2 The release mechanism for the door must be easily operable from inside. 

4.11.3 The outside must have an indication that is clearly marked by a red arrow and 

must not require any tools to open.  

4.11.4 It is not allowed for any attachments or reinforcements to the door with adhesive 

tape.  

 

4.12 Steering 

4.12.1 Vehicle steering must be achieved by means of a steering wheel. It must be 

precise, with no extra play. The turning diameter must be less than 472in [12m]. 

 

4.13 Wheels 

4.13.1 The rims must be 16 or 17 inches in diameter. 

4.13.2 The wheels must be located inside the vehicle’s body and must not be accessible 

to the driver.  

4.13.3 Bicycle tires are not permitted and all of the wheels and axles must be of a size 

appropriate for the application.  

 

4.14 Tires 

4.14.1 All tires types are allowed as long as they fit the type and size rims that are being 

used.  

4.14.2 The tire/ rim must have a minimum width of 3.5in [90mm], measured from 

sidewall to sidewall.  

 

4.15 Lighting 

4.15.1 The vehicle must have a light system in proper working order for on-road use, 

including: 

4.15.1.1 Two front headlights 

4.15.1.2 Two front turn indicators 

4.15.1.3 Two amber rear turn indicators 

4.15.1.4 Two read break indicators lights in the rear 

4.15.1.5 Two red rear lights (may be combined with the break lights) 

4.15.1.6 The center of each headlight beam must be located at least 11.8in [30cm] 

to each side of the longitudinal axis of the vehicle.  

4.15.1.7 The mandatory red indicator light for the self start operation must be 

separate from any of the above 

 

4.16 Horn 
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4.16.1 Each vehicle must be equipped with the authorized horn that can be purchased on 

the Shell Eco-Marathon website. 

 

4.17 Vehicle Handling and Driver Position 

4.17.1 A vehicle handling course may be set up in order to verify the following when the 

vehicle is in motion: turning radius, steering precision, and the driver’s position 

inside the vehicle. 

 

4.18 Braking  

4.18.1 The vehicle must be equipped with four-disc hydraulic brake system 

4.18.2 The vehicle must be equipped with a pedal that has a minimum surface area of     

2 x 2in [5 x 5cm] 

4.18.3 The brakes must operate independently on the front and rear axles or in an “X” 

pattern. (i.e. Right front wheel with left rear wheel, and left front wheel with right 

rear wheel.) 

4.18.4 A single master cylinder may be used, provided that it has a dual circuit (two 

pistons and dual tank). 

4.18.5 The effectiveness of the braking system will be tested during vehicle inspection 

for both of the authorized drivers.  

4.18.6 The vehicle must remain immobile when it is placed on a 20% incline with the 

main brake in place. A dynamic inspection may be performed on the vehicle-

handling course.  

4.18.7 Inspectors may check the brakes prior to the start of the race.  

 

4.19 Clutch and Transmission 

4.19.1 Vehicles with internal combustion engines must be equipped with a clutch system 

so that they can be immobilized on the starting line without any outside 

assistance.  

4.19.2 The fitting of chain guard is mandatory. 

 

4.20 Exhaust System 

4.20.1 The exhaust gases must be evacuated outside the vehicle body. 

4.20.2 The exhaust pipes must not extend beyond the rear of the vehicle. 

 

4.21 Sound Level 

4.21.1 The sound level for the vehicle must not exceed 90dB when measured 4m away.  

 

4.22 Emergency Shut-Down Mechanism 

4.22.1 An emergency shutdown mechanism, accessible from the exterior, must be 

installed on all vehicles.  

4.22.2 A red arrow at least 10cm long and 3cm wide at the widest point must be 

positioned on the vehicle body to indicate clearly where the emergency shutdown 

mechanism from the exterior. 

4.22.3 The system must stop the engine and isolate the battery. 

 

 



Team 3673: U of A Solar Car Vehicle Design  159 

 

Appendix C: Design Matrices 
 

 
Figure C.1. Design Matrix for Tube Frame with Dual A-Arm 
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Figure C.2. Design Matrix for Tube Frame with Multi-Link 
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Figure C.3. Design Matrix for Semi-Monocoque Frame with Dual A-Arm 
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Figure C.4. Design Matrix for Semi-Monocoque Frame with Multi-Link 
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Figure C.5. Final Design Matrix 
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AppendiX D. FMEA Analysis 
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Appendix E. Excel Weight Budget Estimate 

 

Input: 
kg 

Input: 
lb 

Output: 
lb 

 

TOTAL 
MASS Allowed Over 

 Frame   35 35 
 

315 353 -37 
 Shocks (4)   6 6 

     seat   13 13 
     harness   2 2 
     4 wheels   22 22 
     4 tires   20 20 
     Battery pack   15 15 
     front 

suspension   7 7 
     rear suspension   7 7 
     motor 13.6   29.95354 
     Electronics   25 25 
     hardware   15 15 
     master cylinder   2 2 
     steering   7 7 
     body   60 60 
     Sollar array   20 20 
     Wiring   2 2 
     Sheet aluminum   10 10 
     Crash Foam 2   4.404932 
     Rear brakes   7 7 
     Front brakes   6 6 
     

         

         

         

         not our team 
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Appendix F: Gantt Chart  
 
Albert Dan Carolyn Trevor All Completed

1/18-1/24 1/25-1/31 2/1-2/7 2/8-2/14 2/15-2/21 2/22-2/28

Compile Order List of Production Parts

Pick & Order Rear Wheels

Project Plan

Test Plan Package Order Steering Components

Peer Review Memo (2-3) Essay (2-24)

Meet with Power Design Day Info (2-26)

Pick & order front wheels

Design Steering System

January February

Determine Chassis Material

Design Braking System

Design Front Suspension System

Perform Finite Analysis

Design Body

Driver Compartment

Order fabrication materials

 
 

3/1-3/7 3/8-3/14 3/15-3/21 3/22-3/28

Build front suspension

Modify Brake Rotors

Design Rear  Suspension

Attach suspension to frame

Peer Review Memo (3-10)

March

Build frame

Project Status Presentation (3-10 3:30)

 
 

May

3/29-4/4 4/5-4/11 4/12-4/18 4/19-4/25 4/26-5/2 5/3-5/9

Race Design Day

Build Rear Suspension Design Poster

Fabricate Rear Hub

Gas Pedal Practice Presentation

Crash Foam

Attach wheels

Attach Body

Enclose driver

Install Steering

Luggage compartment

April

Final Design Report

Preliminary Final Design Report

Build Body
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Appendix G: Shell Eco-Marathon 
Rulebook
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Appendix H: Wheel Specifications 
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Appendix I. Brake Spacer Drawing  
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Appendix J: 4130 Airframe Tubing 
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Appendix K: Finite Element Code 

/COM,ANSYS RELEASE 11.0SP1 UP20070830       17:51:04    04/23/2009 
/input,menust,tmp,'',,,,,,,,,,,,,,,,1    
/GRA,POWER 
/GST,ON 
/PLO,INFO,3 
/GRO,CURL,ON 
/CPLANE,1    
/REPLOT,RESIZE   
WPSTYLE,,,,,,,,0 
/COM,ANSYS RELEASE 11.0SP1 UP20070830       08:26:23    04/22/2009   
/input,menust,tmp,'',,,,,,,,,,,,,,,,1    
/GRA,POWER   
/GST,ON  
/PLO,INFO,3  
/GRO,CURL,ON 
/CPLANE,1    
/REPLOT,RESIZE   
WPSTYLE,,,,,,,,0 
/PREP7   
K, ,-8.5,6.75,4.25,  
K, ,0,0,4.25,    
K, ,-8.5,15.75,4.25, 
K, ,0,13,4.25,   
K, ,-8.5,15.75,1.25, 
K, ,-8.5,6.75,14,    
K, ,-12,6.75,14, 
K, ,-22.5,6.75,14,    
K, ,-8.5,15.75,26.75,    
K, ,-8.5,15.75,23.75,    
K, ,-8.5,6.75,23.75, 
K, ,0,13,23.75,  
K, ,0,0,23.75,   
LSTR,       1,       6   
LSTR,       6,      11   
LSTR,      11,      10   
LSTR,      10,       3   
LSTR,       3,       1   
LSTR,       3,       5   
LSTR,      10,       9   
LSTR,       6,       7   
LSTR,       7,       8   
LSTR,      11,       7   
LSTR,       7,       1   
LSTR,      10,       8   
LSTR,       3,       8   
LSTR,       3,       4   
LSTR,       1,       2   
LSTR,      11,      13   
LSTR,      10,      12   
LSTR,      12,       4   
LSTR,      13,       2   
K, ,0,7,23.75,   
K, ,0,7,4.25,    
LSTR,      13,      14   
LSTR,      14,      12   
LSTR,       2,      15   
LSTR,      15,       4   
K, ,11,0,0,  
K, ,11,10.5,0,   
K, ,11,16.25,0,  
K, ,11,19.25,3,  
K, ,11,19.25,25, 
K, ,11,16.25,28, 
K, ,11,10.5,28,  
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K, ,11,0,28, 
K, ,24,0,0,  
K, ,24,0,28, 
K, ,35,0,0,  
K, ,35,0,28, 
K, ,31.74,3.69,28,   
K, ,43,0,-8, 
K, ,43,0,0,  
K, ,43,19,0, 
K, ,43,32.65,0,  
K, ,43,35.65,3,  
K, ,43,35.65,25, 
K, ,43,32.65,28, 
K, ,43,19,28,    
K, ,43,0,28, 
K, ,43,0,36, 
LPLOT    
/PNUM,KP,1   
/PNUM,LINE,0 
/PNUM,AREA,0 
/PNUM,VOLU,0 
/PNUM,NODE,0 
/PNUM,TABN,0 
/PNUM,SVAL,0 
/NUMBER,0    
/PNUM,ELEM,0 
/REPLOT  
KPLOT    
LSTR,      16,      17   
LSTR,      17,      18   
LSTR,      18,      19   
LSTR,      19,      20   
LSTR,      20,      21   
LSTR,      21,      22   
LSTR,      22,      23   
LSTR,      23,      16   
LSTR,      23,      13   
LSTR,      16,       2   
LSTR,      17,       4   
LSTR,      22,      12   
LSTR,      16,      24   
LSTR,      24,      26   
LSTR,      26,      30   
LSTR,      23,      25   
LSTR,      25,      27   
LSTR,      27,      37   
LSTR,      24,      25   
LSTR,      26,      27   
LSTR,      30,      31   
LSTR,      31,      32   
LSTR,      32,      33   
LSTR,      33,      34   
LSTR,      34,      35   
LSTR,      35,      36   
LSTR,      36,      37   
LSTR,      37,      30   
LSTR,      30,      29   
LSTR,      29,      31   
LSTR,      17,      30   
LSTR,      31,      17   
LSTR,      22,      28   
LSTR,      28,      37   
LSTR,      28,      36   
LSTR,      36,      38   
LSTR,      38,      37   
LPLOT    
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ET,1,BEAM4   
!R,1,.0656875,0.0097745256, , , , ,  
R,1,.0656875,0.0097745256, 0.0097745256, 0.75,0.75 , ,   
RMORE, , , , , ,.035725, 
MPTEMP,,,,,,,,   
MPTEMP,1,0   
MPDATA,EX,1,,3e7 
MPDATA,PRXY,1,,.29   
SMRT,6   
SMRT,5   
SMRT,1   
FLST,5,60,4,ORDE,2   
FITEM,5,1    
FITEM,5,-60  
CM,_Y,LINE   
LSEL, , , ,P51X  
CM,_Y1,LINE  
CMSEL,,_Y    
LESIZE,_Y1,.5, , , , , , ,1  
FLST,2,60,4,ORDE,2   
FITEM,2,1    
FITEM,2,-60  
LMESH,P51X   
FINISH   
/SOL 
FLST,2,4,3,ORDE,4    
FITEM,2,1    
FITEM,2,11   
FITEM,2,30   
FITEM,2,37   
/GO  
DK,P51X, , , ,0,ALL, , , , , ,   
FLST,2,1,3,ORDE,1    
FITEM,2,8    
FLST,2,1593,1,ORDE,2 
FITEM,2,1    
FITEM,2,-1593    
DDELE,P51X,ALL   
FLST,2,38,3,ORDE,2   
FITEM,2,1    
FITEM,2,-38  
DKDELE,P51X,ALL  
FLST,2,5,1,ORDE,5    
FITEM,2,116  
FITEM,2,1242 
FITEM,2,-1243    
FITEM,2,1579 
FITEM,2,1593 
/GO  
D,P51X, , , , , ,ALL, , , , ,    
FLST,2,1,1,ORDE,1    
FITEM,2,42   
/GO  
F,P51X,FX,-114   
FLST,2,1593,1,ORDE,2 
FITEM,2,1    
FITEM,2,-1593    
DDELE,P51X,ALL   
FLST,2,1593,1,ORDE,2 
FITEM,2,1    
FITEM,2,-1593    
FDELE,P51X,ALL   
FLST,2,1,1,ORDE,1    
FITEM,2,42   
/GO  
F,P51X,FZ,-114   
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FLST,2,1,1,ORDE,1    
FITEM,2,22   
/GO  
F,P51X,FZ,114    
FLST,2,2,1,ORDE,2    
FITEM,2,22   
FITEM,2,196  
/GO  
F,P51X,FY,99 
/STATUS,SOLU 
FINISH   
/PREP7   
FINISH   
/SOL 
FLST,2,1593,1,ORDE,2 
FITEM,2,1    
FITEM,2,-1593    
FDELE,P51X,ALL   
/CWD,'E:\ANSYS'  
/SHRINK,0    
/ESHAPE,1.0  
/EFACET,1    
/RATIO,1,1,1 
/CFORMAT,32,0    
/REPLOT  
FLST,2,1,3,ORDE,1    
FITEM,2,8    
/GO  
FK,P51X,FX,1500  
FLST,2,4,3,ORDE,4    
FITEM,2,29   
FITEM,2,-30  
FITEM,2,37   
FITEM,2,-38  
/GO  
DK,P51X, , , ,0,ALL, , , , , ,   
/FOC,1,0.3,,,1   
/REP,FAST    
/FOC,1,,-0.3,,1  
/REP,FAST    
/FOC,1,,-0.3,,1  
/REP,FAST    
/FOC,1,,0.3,,1   
/REP,FAST    
GPLOT    
solve    
FINISH   
/POST1   
PLDISP,1 
/VIEW,1,,,1  
/ANG,1   
/REP,FAST    
/FOC,1,-0.3,,,1  
/REP,FAST    
/VIEW,1,1,2,3    
/ANG,1   
/REP,FAST    
/DIST,1,1.08222638492,1  
/REP,FAST    
/FOC,1,,-0.3,,1  
/REP,FAST    
PLESOL, S,EQV, 0,1.0 
SAVE   
PLESOL, EPTO,EQV, 0,1.0  
PLESOL, EPTO,EQV, 0,1.0 
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Appendix L. Safety Inspection Sheet 

 
Figure L-1. Safety Inspection Sheet 
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Appendix M: Course Map 

 
Figure M-1. Course Map 
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Appendix N: Media Coverage 
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Figure N.1. Daily Wildcat Solar Car Coverage 
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Figure N.2. Arizona’s Daily Star Media Coverage on SolarCAT 
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