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Abstract

As a Senior Design Capstone project, four students from the University of Cincinnati
participated in the Parker Chainless Challenge. During this challenge, students were required
to build a human assisted green energy vehicle. It was necessary for students to design and
build their drive systems for their vehicles. This is a competition that challenges engineering
students from different universities across the United States. The competition requires a team
of engineers from each university to design a vehicle that is driven by either hydraulic or
pneumatic components. To promote innovative designs, Parker Hannifin has eliminated the
use of chains for transferring power to the drive system. This allows for creative thinking and
encourages engineering students to develop new ways for transferring power to the hydraulic
or pneumatic systems.

During the preliminary design stages, research was performed on former Chainless Challenge
vehicles, and tasks were assigned to the appropriate personnel. Brandon Randall, the team
leader for this project, focused on braking and steering. Chris Clark and Maxton Lown
focused on the hydraulic system and Nick Macaluso focused on the frame. The recumbent
tricycle design will utilize a hydraulic system and incorporate accumulators to store energy
which will assist a rider during acceleration.

The competition, fully sponsored by Parker Hannifin, is held in Irvine, California. Parker
Hannifin provided all the necessary funds and hydraulic components to make this project
possible. The competition demonstration focuses on three main categories: speed, efficiency
and endurance.

This report will cover the initial research, design, fabrication, assembly and the testing of the
vehicle. The main focus of this report will be the explanation of how regenerative braking
was incorporated into the vehicle’s design.

vii
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Introduction

BACKGROUND

In 2004, Parker Hannifin Corporation started a competition known as the “Parker Chainless
Challenge.” This is a competition that challenges engineering students from different
universities across the United States. The competition requires a team of engineers from each
university to design a bicycle that is driven by either hydraulic or pneumatic components. To
promote innovative designs, Parker Hannifin eliminated the use of chains for transferring
power to the drive system. This allowed for creative thinking and encouraged engineering
students to develop new ways for transferring power to the hydraulic or pneumatic systems.

The Parker Chainless Challenge competition for 2012/2013 was held in Irvine, California at
The Great Park. All competing bikes were judged in the following events: a sprint race, a
time trial race and an efficiency challenge. Design teams could consist of up to 5 students
and one professor. This year’s challenge was made up of 12 competing universities (1).

The University of Cincinnati’s team consisted of Brandon Randall, working on the braking
and steering, Chris Clark and Max Lown working on the drive train, and Nick Macaluso
working on the frame. The focus of this design project was to build a safe and efficient
hydraulic system that incorporated regenerative braking.

TECHNICAL REQUIREMENTS

Must be human powered

No chain connections

Single rider per vehicle design

Must use bio-degradable fluids

All designs must comply with appropriate safety codes
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Research

INTERVIEWS

In 2012, the University of Cincinnati had two teams that participated in the Chainless
Challenge. There was a ME and a MET design team. Both of these teams were contacted for
interviews to gain insight about some of the design flaws that were observed.

Figure 1- 2012 MET's Bike Figure 2 - 2012 ME's Bike

In last year’s competition, the ME and MET teams took similar design approaches. As seen
in figures 1 and 2, both teams used standard two wheel bicycles. The MET’s bike used a belt
drive, whereas the ME’s used a chain drive to supply power to the hydraulic system. In this
year’s competition, chains are strictly outlawed from being used. Both teams faced similar
design issues. Both teams had extra slack in the chains and belts, which caused them to slip.
This slipping reduced the overall efficiency of the hydraulic system (2).
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CLEVELAND STATE UNIVERSITY

Cleveland State University has participated in this competition multiple times allowing them
to gain experience in producing successful designs. The design in figure 3 shows the use of a
recumbent bicycle. This hydraulic system used a radial piston pump which allowed the
hydraulic fluid to flow more evenly. This even flow made the overall system more efficient.
Incorporating lightweight components into the design, helped keep the weight of the bicycle
down and the pressures high. High pressures help the systems performance and efficiency

).

Figure 3 - Cleveland State Recumbent Trike
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RECUMBENT TRIKE

In the 2012 Parker Chainless Challenge, the utilization of recumbent trikes proved to be
successful. The design in figure 4, is an example of a recumbent trike with a large
accumulator located at the rear of the bike. The hydraulic system in this design achieved 85%
efficiency for RPM input supplied from the crank. This trike took first place in the efficiency
challenge and took second place in the overall competition. The only major downfall for this
design is that it used a chain to transfer power. Finding an alternative mode of transferring
power, other than a chain, while maintaining an equivalent efficiency will result in a
successful design (4).

Figure 4 - Recumbent Trike with Large Accumulator
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UNIVERSITY OF MICHIGAN

The University of Michigan’s design used a two wheeled, upright bike. As seen in figure 5
below, the design focused on regenerative braking. A fluid accumulator allowed the storage
of energy which enables regenerative braking. When the brakes were applied, energy was
stored in the accumulator. The energy could then be released to assist in acceleration. Power
was transferred through the hydraulic system with a chain from the pedals to the pump. Since
chains are outlawed this year, a new way of transferring power will have to be established

(5).

Figure 5 - University of Michigan's Bicycle

Through research on previous Chainless Challenge designs the team was able to reflect on
some of the positives and negatives factors in previous designs. By doing research and going
over the challenge rules and requirements, our team came up with a list of product objectives
and ranked them in order of importance.
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Product Objectives

Based on the Parker Chainless Challenge competition requirements and research, a list of
factors were generated by the group to produce the most successful design. These features
are ranked in a list of importance with weighted percentages. The correlating percentages

will help determine the most important aspects and what should be focused on during the

design process.

1. No chain connections 12%

a. Alternative method of transferring energy
2. Light-weight 12%

a. Lessthan 175 Ibs
3. Human powered 12%

a. Human input supplies power to the system
4. Reliable 11%

a. Reliability of component life and proper design criteria specified in the following
spec sheets:
I Brakes spec sheet
ii. Wheel spec sheet
iii. Frame spec sheet
iv. Hydraulic system spec sheet
5. Stable 10%
a. Use 3 wheel recumbent trike
b. Low center of gravity
6. Operated by one person 9%
a. Design for a single seat application
b. Rider with weight less than 220 Ibs

7. Conservation energy design 9%
a. Incorporate energy storing system
b. Regenerative Braking
8. Safe 8%
a. Guards that protect the rider from moving components
b. Components rated for system pressures and speed
c. Design braking for parking, speeds and weight
d. Meets all Parker Chainless Challenge competition safety requirements
e. Maximum cruise speed range of 45 mph
9. Affordable 7%

a. Less than $3500
10. Bio-degradable fluid 5%

a. Design for a system that utilizes bio-degradable fluids
11. Easy to mount 5%

a. Use 3 wheel recumbent trike
b. Adjustable seat
c. Less than 25 inches from seat to ground
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Alternate Vehicle Design Concepts

After extensive research, it was determined that a recumbent style tricycle would be used as
the design vehicle for the 2012-2013 Parker Chainless Challenge. There were many benefits
to incorporating this type of vehicle into our design. Firstly, using a recumbent trike in the
design offered good stability when charging the accumulator. A trike also offered a lot of
storage room for holding the hydraulic components. The TerraTrike Rover | is the recumbent
trike that was decided upon. (For a more detailed explanation for how this recumbent trike
was chosen, please reference Nick Macaluso’s Parker Chainless Challenge report).

During this year’s Parker Chainless Challenge, Parker eliminated the use of chains for
transferring power. Because of this, the main differences in our group’s concept designs were
the mode of transferring energy throughout the hydraulic system. Therefore, in all cases, the
accumulator is being placed behind the seat of the recumbent trike, the motor will be attached
to the rear hub, and the reservoir will be place on a bike rack above the back tire.

DRIVE SHAFT DESIGN CONCEPT

The idea of using a drive shaft as a mode of transferring energy came about during our initial
research phase. There are currently companies that sell two wheeled, upright, bicycles that
use drive shafts instead of chains and sprockets. As seen below in figure 6, a drive shaft
would run the length of the bike and be connected to the pedals and the pump. As the pedals
are rotated, bevel gears will rotate the drive shaft and transfer power to the pump. The
downside of this design was that length of the shaft would add a lot of weight to the overall
system. However, because the pump was so close to the motor, hose lengths and the amount
of hydraulic fluid would greatly decrease.

Drive | Accumulator | | Pump | I Motor I Reservoir

Shaft

Figure 6 — Drive Shaft Design Concept Trike
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THROUGH SHAFT DESIGN CONCEPT

The next design concept utilized a through shaft pump as a mode of energy transfer. As seen
below in figure 7, using a through shaft pump allows for the pedals to be connected directly
to the shafts protruding from the pump. As the rider pedals, energy would be transferred
through the pump to the rest of the hydraulic system. The advantage of this design was that
the power would be inputted directly into the pump. However, a disadvantage of this design
was longer hoses would be needed to run from the pump to the motor. Another downside of
this design was that most of these pumps are built for industrial purposes which are not
appropriate for the Parker Chainless Challenge’s application.

Accumulator

Through Shaft Pump

&
¥

Figure 7 — Through Shaft Design Concept
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GEARBOX DESIGN CONCEPT

The third design concept used a gearbox for transferring power to the pump. As seen below
in figure 8, the gearbox would be connected to the pump. The gearbox would have pedals
connected to the two input shafts and the output shaft would be coupled with the shaft on the
pump. An advantage of this design was that a pump that was more appropriate for our
application could be utilized unlike the through shaft design. Due to the application of the
Parker Chainless Challenge, this design was selected. It allowed for a smaller pump to be
used and power could be inputted directly into the pump.

| Reservoir

Accumulator

Gearbox

Figure 8 — Gearbox Design Concept
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Braking System Design

ORIGINAL BRAKING SYSTEM

The TerraTrike Rover | was equipped with Zoom Mechanical Disc brakes. Disk brakes have
a rotor that spins on the wheel. A brake cable runs from the brake handle to a set of calipers
which squeeze the rotor when the brakes are applied. The friction between the caliper and the
rotor slows and eventually stops the vehicle. The harder the brake lever are applied the more
friction that is created, making the vehicle slow faster. Initial braking tests were conducted
with the standard Zoom Mechanical Disc brakes before any of the hydraulic components
were added. Please reference the braking system analysis section for further detail or
Appendix E for all the detailed braking calculations.

Although the original brakes were effective, the hydraulic vehicle incorporated regenerative
braking into its design.

REGENERATIVE BRAKING

Regenerative braking is process that captures the kinetic energy produced when the
braking system is applied in a vehicle. Vehicles without regenerative braking use friction
between the brake pads and rotors to stop a vehicle. This friction dissipates the kinetic energy
as heat. In regenerative braking, when the brakes are applied, the vehicle’s motor begins
running backwards which slows and eventually stops the vehicle. When the motor is running
backwards, it acts as a generator which produces electricity which is collected in the vehicles
batteries. “Momentum is the property that keeps the vehicles moving forward once it’s been
brought up to speed. Once the motor has been reversed the electricity generated by the motor
is fed back into the batteries, where it can be used to accelerate the car again after it stops.

(6)”

HYDRAULIC REGENERATIVE BRAKING

Hydraulic Regenerative Braking is another form of regenerative braking. When the
brakes are applied, the vehicles kinetic energy is used to power a reversible pump. This pump
reverses and sends hydraulic fluids from a low pressure accumulator to a high pressure
accumulator. “The pressure is created by nitrogen compressed as the fluid is pumped into the
space the gas formerly occupied.” This process slows and eventually stops the vehicle.
However, the fluid remains pressurized in the accumulator until the driver reinitiates the
accelerator. Once the accelerator is initiated, the pump reverses and uses the stored
pressurized fluids to help accelerate the vehicle again (6).

10
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High Pressure
Accumulator

Braking
_,!‘Vi H
¥ | Reversible ||
Pump

Low Pressure
Accumulator

Figure 9 — Regenerative Braking During Braking (7)

11



Chainless Challenge 2012/2013 — Braking and Steering Brandon Randall

Braking System Analysis

INITIAL BRAKE TESTING — ORIGINAL BRAKING SYSTEM

The Terra Trike Rover | is equipped with Zoom Mechanical Disc Brakes Series DB450. The
following performance testing was conducted on the stock brakes to evaluate their initial
performance:

1. Choose a parking lot as a testing location that was very flat and level.

2. Drew a line where the rider would begin to firmly grasp the brakes and come to a
stop.

3. The rider approached the line at a speed between 5 and 10 mph. As the front tires
of the trike crossed the line, the brakes were applied firmly without causing the
tires to skid.

4. An observer used a radar gun to determine the speed of the rider as they crossed
the line.

5. Another observer recorded the distance that was needed for the bicycle to come to
a complete stop.

6. Steps 3-5 were repeated fifteen times.

7. After the data was recorded, an excel spreadsheet was used to calculate the
distance in inches that was required to stop the moving bicycle at a given speed.

This above testing procedure was conducted again after the hydraulic system’s components
were added to the bicycle. Upon completion of this testing, we could determine if better
brakes should be added to overcompensate for the added weight. See appendix E for
collected data and braking calculations.
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ORIGINAL BRAKING SYSTEM RESULTS

Average Distance to bring the bicycle to a complete stop: 52.1 inches
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Figure 10 - Stock Brake Testing: Distance Required to Stop Bicycle
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Figure 11 - Stock Brake Testing: Deceleration of Bicycle
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Regenerative Braking Design Analysis

FLUID CIRCUIT DESIGN

During the hydraulic system design, the first step was to develop a system schematic. The
schematic shows the major compenents of the system. During the design phase several
factors had to be considered: fluid circuit operations, size and weight of components,
efficiency of power, and the limited space available. These factors were weighed in every
decision during the circuit design.

MODES OF OPERATION

The hydraulically assisted vehicle’s fluid circuit had several different operations. The five
modes of operations consisted of direct drive, pre-charge, coasting, discharge and
regenerative braking. In the direct drive circuit, all valves are open so that the pump could

provide a direct flow of fluid to the motor. During pre-charge, all valves will be closed and

allow the pump to draw fluid from the resevoir to pre-charge the accumulator. The coasting
circuit will allow the motor to short cycle itself in a closed loop. In the discharge circuit, all
valves will open and release the stored energy in the accumulator. (For more information on
the direct drive, pre-charge, coasting and discharge circuits please reference Chris Clark and
Max Lown’s Parker Chainless Challenge report) In the final circuit, regerative breaking, the

motor will draw fluid from the resevoir and act as a pump to supply the accumulator with
fluid pressure.

One schematic was decided upon for the hydraulic assisted vehicle as seen in figure 12.
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Figure 12 — Flow Chart of Hydraulic System Schematic

14



Chainless Challenge 2012/2013 — Braking and Steering

Brandon Randall

)

D
Y
J

I
=
-

Figure 13 — Direct Drive Schematic

D
)
v

L

(A

a2 -/ (}

N
- T >

(A

A ) Z

&)

< - 4 . N

| |DM
Figure 14 — Coasting Schematic

N
/

J’
—CL
A
A
A
AN

Iz 3
® <
g . ®
y
f'\

Figure 15 — Pre-charge Schematic
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e
H Accumulator
\—g
E[J B:IE Normally Open Valve
Y
\ « m 3-way Selector Valve
@
™M [e} One-Way Check Valve
s « — .
m:] E‘ A ’:?) Fixed Displacement Pump
A,
™ ivjw Fixed Displacement Motor
|:| Fluid Reservoir
Iy
|Dﬁu‘\ Pressure Relief Valve

Figure 16 — Discharge Schematic

REGENERATIVE BRAKING SCHEMATIC
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Figure 17 — Regenerative Braking Schematic

The regenerative braking schematic is used when the rider wants to store kinetic energy that
would be normally lost as heat during “regular” braking. When the brakes are applied in the
regenerative braking circuit, three electronic valves are engaged. The first two electronic
values that are triggered are the normally open valves. When the brakes are applied, these
normally open valves move to the closed position cutting off fluid flow from the pump. The
third electronic valve that is engaged is a 3-way selector valve. When the brakes are applied,
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this electronic valve will switch to the third port directing the fluid towards the accumulator.
At this time, the motor will start to act as a pump. It will start pulling hydraulic fluid from the
reservoir and pump it into the accumulator creating fluid pressure within the accumulator.

This process will take the kinetic energy out of the bike, slowing and eventually stopping the
bike. The pressure that is built up in the accumulator during braking can be used for
accelerating. When accelerating, the pump will reverse and use the pressure built up in the
accumulator to accelerate the vehicle forward.

Steering system design

The TerraTrike Rover | was chosen as the vehicle that would be modified for the Parker
Chainless Challenge. Therefore, it was decided upon that the steering and frame would be
kept the same. You can see the steering setup for the recumbent trike below in figure 18.

Handle Bar —

Handle Bar — Right Side

Left Side

Brake Lever —
Right Side

Brake Lever —
Left Side

Figure 18 — Terra Trike Rover | Steering Setup

The rider uses the left and right side handle bars to steer the vehicle. A tie rod connects the
two front wheels together which allows for the wheels to move together when the handle bars
are moved. It also allows for straight coasting. For example, when the right side handle bar is
pulled towards the rider, the left handle bar moves away from the rider. This resulting
motion causes the vehicle to make a right turn. Because the tie rod connects the wheels, the
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wheels will both turn to the right causing the vehicle to turn right.

Vehicle Fabrication

SPECIAL COMPONENT FABRICATION

Once the specials components needed for connecting the required pumps and motors were
determined, a plan for manufacturability was implemented. Materials and machining
processes were decided upon in order to produce high quality parts at a reasonable price. The
two materials decided on were steel, for anything that would need to be welded, and
aluminum, for all other components to keep weight to a minimum. In order to manufacture
the special components the team needed a lathe, a mill, a press break and a wire EDM
machine.

GEARBOX TO PUMP BRACKET

The gearbox to pump bracket was made out of three pieces. Two of the pieces were laser cut
to size and bent into place with a press break. The third piece was a piece of rectangular
tubing that was sawed to size. Once these three pieces were obtained, they were welded
together.

Figure 19 - Gearbox to Pump Bracket
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REAR HuUB

The rear hub was manufactured with three different machining operations. First, the
aluminum bar stock was turned to size on a CNC lathe machine. After its outer diameter was
turned to the appropriate dimensions, it was set up in a v-block fixture to be machined with a
CNC milling machine. During the milling process, all the holes for the spokes were drilled
and the center was bored out for the motor. The last operation for finishing off this hub was
to wire EDM the key way slot for the hydraulic motor.
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HOSING AND FITTINGS

When it was time to fabricate the hydraulic system, it was decided that the most efficient and
practical way to put it all together was to take it to the Parker Hannifin Hosing and Fitting
store. Before the build, the team had all of the main components positioned on the vehicle so
all that was needed was to cut the hoses to length and attach the correct fittings. With the
help of the staff at the Parker store, the team spent a few hours laying out and attaching the
hydraulic hosing. After leaving the store the vehicle was ready for its first test.

CHARGING THE ACCUMULATOR

In order for the accumulator to work properly in the hydraulic system, it needed the correct
pre-charge. To determine the right pre-charge the minimum working pressure had to be
found. This is the lowest system pressure needed to move the vehicle forward. This minimum
working pressure was determined to be around 1000 psi in a test trial. A nitrogen gas pre-
charge was then set for the accumulator at 750 psi because the pre-charge needed to be set to
25% of the minimum working pressure.
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Vehicle Assembly

After all components were manufactured, the vehicle was ready for assembly. By taking
these individual components and the modified TerraTrike frame, the team was able to use
different fasteners to assemble the individual components into one functioning vehicle.

GEARBOX TO PUMP BRACKET

The gearbox to pump bracket was connected to the frame with a U-Bolt. The U-Bolt’s
threads were cut to down to size. A cover was placed over the coupled spot of the bracket to
increase the rider’s safety. (Please note: the cover has been removed in figure 23 for clarity
purposes).

Pump

Coupling

U-Bolt

Gearbox

Figure 23 - Gearbok toPump Bracket Assembly
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REAR WHEEL HuB

The two bearings were connected to the rear hub to allow for a smoother rotation. Two metal
brackets were welded to the rear frame of the vehicle. These metal brackets were threaded so
that the bearings, rear hub and motor could all be connected together with the proper
fastening hardware.

Rear
Wheel

Hub Bearing

Bracket

Motor
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ACCUMULATOR

The accumulator was located on the seat behind the rider. U-Bolts were used to connect the
accumulator to the bars running across the back of the seat. The angle of the accumulator was
equal to the angle of the seat.

Accumulator

Figure 25 - Accumulator Assembly
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RESERVOIR

Instead of using bungee cords or tape to hold down the reservoir, a machined bracket was
used to provide a better set up for this attachment. This also prevented any leakage from the
reservoir because it was less likely to move or tip.

Reservoir

Bracket

Figure 26 - Reservoir Assembly
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Prototype Testing

For the testing phase of this project the team needed to test the vehicles performance in the
following categories: maneuverability, speed, accumulator efficiency and regenerative
braking.

MANEUVERABILITY

Due to the nature of a trike’s design, three wheels are in contact with the ground at all times
allowing for a very stable and balanced ride. However, there was over 100 pounds of
hydraulic components added to the vehicle changing its inertia. Even with all the extra
weight, the vehicle’s maneuverability was not compromised. The vehicle had no issues when
making sharp turns, even when traveling at top speed.

SPEED

Testing the speed of the prototype was important for multiple reasons: the team needed to see
how it compared to the calculations, the vehicle had certain expectations of speed, and the
team needed to see how well the vehicle could potentially do in the challenge. Before the
hydraulic system was added, the vehicle traveled at about 15 miles per hour with its chain
and sprocket. This was a benchmark value that the team tried to reach with the system. Once
tested, the vehicle traveled at a top speed of 8 miles per hour, even though the calculations
predicted performances of around 20 miles per hour. The decrease in speed could be
contributed to a few reasons. Because of all the extra weight added, the RPM’s needed to
reach the 20 miles per hour could not be reached and the overall efficiency for the system
was lower. This extra weight was not considered in the initial calculations. Even with the
added weight, once the pressure was built up, the vehicle had no problem traveling smoothly.
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ACCUMULATOR EFFICIENCY

The accumulator efficiency challenge was one of the tasks for Parker Hannifin’s competition.
For this challenge, an accumulator must be charged to a certain pressure and then this built
up pressure must be used to propel the vehicle as far as possible. Equation 1 below is the
equation used by the judges to determine the winner for the efficiency challenge. This
equation was implemented to in order to account for the different sizes of team’s
accumulators, weights, and total distances traveled.

Total Weight (lbs) X Total Distance (in) T

Precharge Pressure (lbs/in®) ¥ Accumulator Volume (in?) T

Equation 1 - Competition Score

Our vehicle’s accumulator was charged to 2500 psi which propelled it 656 feet. Using
equation 1, with the weight of the rider and vehicle estimated at 300 pounds and a volume at
90 in®, our vehicle scored 10.496.

Efficiency Challenge Result

Total Weight 300 Ibs.
Total Distance 656 ft.

Pre-charge Pressure 2500 | psi

Accumulator Volume 90 in"3
Score 10.496

Table 1 - Efficiency Challenge Results
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REGENERATIVE BRAKING

After the vehicle was fully assembled, the same braking test was conducted on the new
regenerative braking system. This allowed the team to evaluate the new braking systems
performance. With the added weight of the hydraulic components and eliminating the use of
disk brakes, the team expected the deceleration of the vehicle to be lower.

Average Distance to bring the vehicle to a complete stop: 100.2 inches.

Distance Required to Stop the
Bicycle
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Figure 27 - Regenerative Brake Testing: Distance Required to Stop Vehicle
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Average Deceleration of vehicle while braking: 40.1 in/s® or 0.10g.
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Figure 28 - Regenerative Brake Testing: Deceleration of Vehicle

The regenerative braking system functioned properly and brought the vehicle to a stop. The
performance of the regenerative braking system relied heavily on the amount of fluid that
was inside the accumulator. The more fluid that was in the accumulator, the faster the vehicle
would stop. Likewise, when the accumulator had less fluid, the vehicle took longer to stop.

Although the regenerative braking system worked properly, by reversing the direction of the
motor causing it to act as a pump, the team didn’t see any noticeable gains in pressure within
the accumulator. The system did however keep the pressure within the accumulator the same
during braking, allowing for a pressure loss of zero.

Overall, the team felt that the regenerative braking system would be more effective if higher

rates of speeds were achieved. If the vehicle were traveling faster, it would take more energy
to slow it down, making the motor work harder generating more pressure in the system.
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Competition

The Parker Chainless Challenge competition consisted of three main events. The first event
was the sprint race. During this event all the competing Universities race their vehicles 200
meters and the fastest time won. The second event was the efficiency challenge. For the
efficiency challenge the teams were required to charge their systems accumulator with stored
pressure and then release the pressure to accelerate the vehicle forward. However, during this
event, the rider must completely stop at the 100 and 200 meter marks before moving forward
again. After the 200 meter mark, the vehicles drove as far as they could with the remaining
pressure until their vehicle came to a stop. The third and final event was the endurance
challenge. This event tested the overall endurances of the vehicles. The vehicles were
required to travel 8 miles in 1 hour, switching riders every 2 miles. Not only were the
vehicles graded on performance, but they were also graded by judges in various categories.
Categories included: innovation, reliability, safety, manufacturability, marketability, best
workmanship, and lowest production cost.

Before the competition, Parker Hannifin judges talked to each university about their designs.
Students were judged on their knowledge pertaining to their design. This is where the
vehicles were graded in the various categories. Below in figure 29, is the University of
Cincinnati discussing their bike to the Parker Hannifin judges in Irvine, California.

Figure 29 — Judging the Vehicles
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The start of the sprint race was similar to a drag race start. The vehicles started at a white line
and took off when they were instructed to do so. Below was a picture of our vehicle awaiting

the start of the sprint race.

Figure 30 - Awaiting the Sprint Race Start

Before the efficiency challenge, each team got 10 minutes to pressurize their vehicles system.
At the end of ten minutes, the vehicles approached the white line and then operate their
vehicles strictly on stored energy. Figure 31 demonstrates the charging of the systems prior

to starting the event.

e L
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Figure 31 — Charging the Accumulator
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Overall, our team performed well in the competition. The vehicle placed 4™ in the following
categories: marketability, manufacturability, workmanship, and lowest cost. All of these
categories were awarded with money. Therefore, next year’s Chainless Challenge team will
receive an additional $1650 when designing their vehicle.

Project Management

As the project manager of the 2012-2013 Parker Chainless Challenge team, | took on the
initiative of coordinating all related project tasks. I coordinated with Parker Hannifin
representatives to set up mandatory project meetings, including both the Kick-off meeting
and the Midway Review. I took responsibility in ordering all needed hardware for our
vehicle. This hardware included: the bike, pumps, motors, valves, hydraulic fluids, and other
components not purchased through Parker Hannifin. I set up weekly meetings with our
Senior Design advisor, Dr. Janet Dong, to discuss weekly status updates. | oversaw all
manufacturing and fabrication operations. And most importantly, | made sure our group
progressed according to schedule. Taking on the leadership role for this project, made me a
strong component in my team’s success. It also allowed me to further develop my leadership
and communication skills.

SCHEDULE

The project schedule began on September 21% starting with our initial advisor meeting. The
project schedule with weekly tasks, estimated completions and actual completions dates can
be found in Appendix C. Below in table 1, you will find key milestone dates for this project.

Key Milestone Dates
Concept Development Sept. 16 -Oct. 15
Design Oct. 16-Dec. 15
Purchasing Nov. 17-Nov. 21
Fabrication and Assembly Jan. 27-Feb. 15
Testing Feb. 16-Mar. 15
Competition Apr. 9-Apr.13

Table 2- Project Milestone Dates
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Cost Analysis

BUDGET

A budget of expenses documents the cost associated with this project (see Appendix D for
detailed bill of materials). Parker Hannifin Corporation supplied all component parts ordered
from Parker, all biodegradable fluids, travel expenses and the shipment of the bike (to and
from the competition). In addition to component parts, Parker provided $4000 to each
competition team to cover all additional expenses. Below in table 3, is the price per unit of
the required hoses and fittings, for the production of our prototype vehicle and the
manufacturing cost of producing 500 units.

Bill of Materials Price Per Unit
Hoses and Fittings S 827.00
Prototype S 3,567.00
Manufacturing S 3,291.00

Table 3 — BOM Price per Unit
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Lessons Learned

Though the vehicle did not travel as fast as the team anticipated, the overall project worked
well with little issues during the manufacturing phase. Over the course of this project, the
team has learned a great deal about team work, hydraulic systems, and engineering design.
The team learned a lot from the teams last year which lead to a higher rate of success for this
year’s challenge. The team started early on the design and was able to get the parts in a
timely fashion. The majority of the build came together in about two days, with the help of
the staff at Parker Hannifin Hosing and Fittings store.

The biggest problem found on the build was how much weight played into the efficiency of
the system. The team knew it was going to play a role in performance because any extra
weight added, is extra weight that the rider has to move. However, with the scope of the
project adding weight was inevitable. The hydraulic components available for this project are
normally intended for industrial use; therefore, making them both bulky and heavy.

Another problem that the team faced during this project was the improper use of check
valves. In some of the hydraulic schematics, check valves were intended to be opened
through suction. However, the check valves chosen were equipped with a higher force spring
which didn’t allow for them to open properly. This problem was quickly fixed by
incorporating another electronic valve into the circuit.

If given a chance to compete in this competition again, there would be a few design changes
that the team would incorporate into the design. The team would design a hydraulic system
that operates at a 1:1 ratio and then incorporate internal gearing after the hydraulic
components. It was found that the competition site was equipped with more elevation
increases than intended. This made it very difficult to input the required torque to climb the
inclines. Therefore, if we had a hydraulic system that operated at a 1:1 ratio and an internal
gearing system, it could have been used to help climb these inclines. The next change we
would make is incorporating a throttling system for the accumulator. This would allow the
rider to use the pressure stored in the accumulator when they want and how much they want.
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Conclusion

Overall, the Parker Chainless Challenge competition was a success. The University of
Cincinnati was able to successfully develop a hydraulically assisted vehicle. Over the course
of the design process, a significant amount of hydraulic knowledge was obtained. The overall
goal of this project was to design, fabricate and assemble a competition ready, working
vehicle. Not only did our team successfully complete this task, but it developed a vehicle
with excellent manufacturability, marketability and workmanship.

Although the University placed 4" for the lowest cost in the competition, our team hoped to
produce a vehicle for under $2500.00. This was one of the project objectives that couldn’t be
met during this project. This is contributed to the high cost of hydraulic components and
manufacturing operations. It was calculated that our prototype design was $3566.65 and a
production run of 500 vehicles would be $3290.98. This was roughly $790 above our
anticipated goal of $2500.00.

The second project objective that wasn’t met was developing a light weight vehicle. A light-
weight design is a difficult objective to meet for any hydraulic system. All hydraulic
components are very heavy in order to withstand high pressures and loads. With the weight
of the vehicle being approximately 150 Ibs. the vehicle is very heavy for a single operator to
load and unload from a transport vehicle.

Overall the idea for hydraulics to power a human assisted vehicle is intriguing, even though
the application of this vehicle is not very practical. To overcome the hurdles of the high cost
and heavy hydraulic components, many advances would have to be made in the field of
hydraulics.
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Appendix A - Research

The Chainless Challenge previous year’s MET and ME interview

Overview

In 2012, the MET’s and ME’s from UC competed in the Parker Chainless Challenge for
the first time. Due to this condition, a few design road blocks were expected. By
interviewing both teams, we hoped to gain some insight and ultimately overcome the
design issues that were faced.

Bike Designs
e Both bikes were hydraulically driven with a pedal pump in front and a motor in
back.

e Both bikes used chains which ran from the pedals to a pump connected to a motor.
Due to the fact that there was extra slack in the chains, there was difficulty keeping
the chain on the track during competition. However, since chains are strictly
outlawed this year, we will have to pursue a different design strategy.

e Both bikes were extremely heavy due to the large hydraulic machinery.

e Both bike designs used standard two wheeled bicycles. The MET’s used training
wheels on their bike for added stability while charging their accumulator.

e The MET’s had a static pressure of 2000 psi, a steady pressure of 400-800 psi, and
a 0.31 horsepower.

e The ME’s used a piston accumulator that could be discarded by an electrical
switch. They were able to incorporate regenerative breaking which charged the
bikes accumulator when the brakes were applied.

Pros & Cons

e The ME’s said that they got their regenerative breaking to work pretty well. Their
biggest down fall was excessive weight and lack of stability.

e The MET’s said that their training wheels helped keep the bike stable.

e Overall, both teams agreed that excessive weight was the major problem. The
weight had a drastic impact on the bikes overall efficiency. This makes sense
because the more weight you have, the more work it takes to power it. Our team
needs to really take into consideration the weight of all the parts and keep our
bikes weight as low as possible. This will serve as a challenge because most
hydraulic parts are built for large machinery where weight is irrelevant.

Key Takeaways:

Keep weight as low as possible.

If chains are used, add a tensioner.

Use of filters lowers horsepower.

Watch out for air leaks. They will lower performance greatly.
Order parts early. They took a long time to get in the right part in.
Use a big gear at the pedals.

Use small hose lines.
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Previous Competition Research

Overview

The Parker Chainless Challenge has been an annual event since 2005. Over the past seven
years, there have been many successful designs. However, each successful design had a
few things in common. They all designed a lightweight vehicle with integrated custom
parts.

Cleveland State University

Cleveland State University has competed in this competition since the very beginning.
Through designing experience, they have been able to really prove out there design
process finding out what works and what doesn’t. In some of their newest designs, they
have chosen to fabricate their own custom radial pumps and motors. This allows them to
have the light weight and efficient design, which is required for a successful bike. With a
custom design, they were able to integrate pumps and motors into the bike unlike anything
off the shelf. They develop a system using small components with very high pressures.
Their system saw pressures of around 5,000 psi on the high end of pedaling.

Design Features:

Key features of their designs were the radial piston pumps and motors. These allowed the
hydraulic fluid to flow at a more even flow rate unlike a piston motor. The even flow
allows them to make more efficient power in their design. The system uses small
lightweight components with high pressures.

Key Takeaways:
e Radial pumps and motors allow for even and efficient hydraulic fluid flow
e Small components help in the weight
e High pressures help with performance and efficiency
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2012 Parker Chainless Challenge Competitor Design

This is a design from a competitor that competed in the 2012 Parker Chainless Challenge.
As a team, their bike design took 2" place in the overall competition.

Design Features:
e Greenspeed recumbent trike
e Energy was stored in an accumulator located at the rear of the bike

e System achieved approximately 85% efficiency for RPM input supplied from the
crank

e Trike design offers good stability for the rider
e Low center of gravity

Key Takeaways:
e Using a recumbent trike design will offer good stability when charging the
accumulators
e Design a system that achieves maximum efficiency
e Large accumulator will be needed to store energy
e Rear bike rack gives us a place to mount our hardware

http://cargocollective.com/ElectricSIim#PARKER-CHAINLESS-CHALLENGE
9/8/12
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2009 Parker Chainless Challenge Competitor Design

This bike is from the University of Michigan’s team in 2009. In conjunction with the
hydraulic drive train, a fluid accumulator allows the storage of energy, enabling
regenerative braking and the release of energy when assistance in acceleration is needed.
The use of regenerative braking gives our design a competitive edge by capturing
normally wasted energy. We have emphasized drivetrain efficiency and safe functioning in
order to create a fast, reliable bicycle, which are essential characteristics in meeting our
goal of winning the competition.

Design Features:

Key Takeaways:

Two wheeled bike
Use of chains, pump, accumulator, motor, and internal gear hub

Chain from pedals goes to pump then power is transferred from pump to motor
which is then transferred to back wheel using chains.
Accumulator is stored above the back tire.

This bikes design in similar to last year’s UC teams
Chains are used in this bike which is strictly prohibited this year.
The design of power transfer is very simple

http://deepblue.lib.umich.edu/bitstream/2027.42/86206/1/ME450%20Fall2009%20F

inal%20Report%20-%20Project%2014%20-%20Chainless%20Challenge.pdf

9/13/2012
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Appendix B — Product Objectives

OBJECTIVES

Based on the Parker Chainless Challenge competition requirements and research, a
list of factors were generated to produce the most successful design. These features were
ranked in a list of importance with weighted percentages. The correlating percentages will
help determine the most important aspects and what should be focused on during the design
process.

1. No chain connections 12%

b. Alternative method of transferring energy
2. Light-weight 12%

b. Less than 175 Ibs
3. Human powered 12%

b. Human input supplies power to the system
4. Reliable 11%

b. Reliability of component life and proper design criteria specified in the following
spec sheets:

V. Brakes spec sheet

Vi. Wheel spec sheet

vii.  Frame spec sheet

viii.  Hydraulic system spec sheet
5. Stable 10%

c. Use 3 wheel recumbent trike
d. Low center of gravity
6. Operated by one person 9%
c. Design for a single seat application
d. Rider with weight less than 220 Ibs
7. Conservation energy design 9%
c. Incorporate energy storing system
d. Regenerative Braking
8. Safe 8%
f. Guards that protect the rider from moving components
g. Components rated for system pressures and speed
h. Design braking for parking, speeds and weight
i. Meets all Parker Chainless Challenge competition safety requirements
j. Maximum cruise speed range of 45 mph

9. Affordable 7%

b. Less than $3500
10. Bio-degradable fluid 5%

a. Design for a system that utilizes bio-degradable fluids
11. Easy to mount 5%

d. Use 3 wheel recumbent trike
e. Adjustable seat
f. Less than 25 inches from seat to ground
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APPENDIX C — Schedule

Name(s): Nick Macaluso,
Brandon Randall, Max
Lown, Chris Clark
Challenge

Initial Advisor Meeting

Project title: Parker Chainless

Sept 23 -29

Sept30-Oct 6
Oct7-13

Oct 14-20

Oct 21-27

Oct 28 - Nov 3
Nov4-10

Nov11-17

Nov 18-24

Nov 25 - Dec1

Dec2-8

Dec9-15
Dec16 - 22
Dec23-29
Dec30-Jan5
Jan6-12

Jan13-19
Jan 20 - 26

Jan 27 - Feb 2
Feb3-9

Feb10-16

Feb17-23

Feb 24 - Mar 2
Mar3-9

Mar10- 16

Mar 17 - 23
Mar 24 -30
Mar 31 - Apr6
Apr7-13
Apr14-20
Apr21-27

N |Sept 16 - 22

Proof of Design to advisor

Concept sketches to advisor

Components to be ordered by 1/1/13
Provide Design Report To Parker
Competition in Irvine, CA

1/1/2013
4/3/2013

4/10/2013

Bike Purchase

12

Kickoff Meeting

Solidworks Drawings

Design hydraulics

Re-Build/Design frame

Design brakes

Order components

Midway Review

Design Freeze

Winter Break

Bill of materials

Order more components

26

Winter Presentation

31

Report to advisor

Fabrication

Bike testing / adjusting

Ship bike

15

27

Advisor Demonstration

Final Demonstration - Irvine

Oral Faculty
Report/Demonstration

Spring Final Report
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APPENDIX D - Budget

COMPONENT LIST

Below is the entire component list of items used on this project. The second table is the
components purchased from the Parker hosing and fittings store.

Bill of Materials

Part Type Vendor Part Number Quantity | Est. Price | Free
Trike Fairfield Cyclery TerraTrike Rover One 1 $700.00 -
100psi Tires Fairfield Cyclery Maxxis Miracle Tire 4 $131.96 -
Bike Rack Fairfield Cyclery TerraTrike Rack 1 $59.95 -
Rebuilt Tire/labor Fairfield Cyclery Labor 2 $191.30 -
Motor Parker F11-5-HU-V 1 $259.99 Free
Pump Parker F11-10-HU-V 1 $229.99 | Free
Accumulator
(Piston 3000psi) Parker A3NO0S0D3KUU 1 $399.99 | Free
Electric Valve Parker DSLO82NSPDO12L-A6T 2 $299.98 | Free
Electric Valve Parker DSLO83BSPDO12L-A6T 1 $199.99 | Free
Hydraulic Fluid Parker Mobil Oil - $35.99 Free
Accumulator Charger Parker - 1 $300.00 -
Medium Pressure Hosing Hose & Fittings - - $290.29 -
Fittings Hose & Fittings - $183.03 -
Pressure gage Hose & Fittings J60 1 $21.75 -
Labor Hose & Fittings Labor $50.00 -
Needle Valve Hose & Fittings 451St 1 $58.00 -
Check Valve Hose & Fittings C1020S 5 $203.00 -
Lock Seal Hose & Fittings 56747 1 $20.03
Nitrogen Tank Eastern Welding Supply UN-1977 1 $93.72 -
Gearbox Zero Max 209806 1 $474.48 -
Bearings McMaster Carr 5967K84 2 $83.94 -
Coupling McMaster Carr 60845K16 1 $81.74 -
Pressure Let-off Valve McMaster Carr 4704k32 1 $107.38 -
Reservoir McMaster Carr 1364k33 1 $230.40 -
12v Battery McMaster Carr 7690k16 3 $41.22 -
Buttons McMaster Carr 7397k25 3 $18.09 -
U-bolt Ace Hardware Misc. 3 $17.97 -
Fasteners Ace Hardware Misc. 59 $32.07 -
Tie Down Tackle Ace Hardware Misc. 1 $18.99 -
Bolts/washers Ace Hardware Misc. - $8.20 -
Zip Ties Ace Hardware 3001807 $9.49 -
Tape Ace Hardware 12704 $1.79 -
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Drop Cloths Ace Hardware 11868 1 $3.99 -
Spray Paint Ace Hardware 17003 1 $3.99 -
Sheet Metal Ace Hardware 20352 1 $9.89 -
Wire Ace Hardware - - $4.99 Free
Grease Ace Hardware - 1 $19.99
Rear Hub Custom Custom 2 $150.00 | Free
Front Assembly Bracket Custom Custom 1 $100.00 | Free

Notes: Parker Hannifin Corporation will purchase or supply:

Table 4 - Prototype BOM

All purchased parts

1

2. All components ordered from Parker
3. All biodegradable fluids
4

5

Shipping

Travel expenses to and from the competition
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Parker Hosing & Fittings

Part Type Type Part Number Quantity Price Total
Each
Hosing 43 Series Assemble (23.5 ft.) Hosing f4223906-8-6 13 $22.33 $290.29
Straight Thread Connector 6C50X-S 3 $4.63 $13.89
SAE Run Tee Connector 6A0G5JG5-S 1 $25.12 $25.12
6 SAE * 1/4 NPT Connector 6-1/4F50F-S 2 $2.37 $4.74
Check Valve Valve C400S 2 $37.00 $74.00
Male Run Tee Connector 6RTX-S 1 $5.08 $5.08
3/8 Male Elbow Connector 6-6C40MXS 1 $12.25 $12.25
Straight Thread Connector 6-8F50X-S 2 $1.91 $3.82
Straight Thread Connector 8C50X-S 2 $5.84 $11.68
Reducer Connector 12-8 F50G5-S 2 $3.40 $6.80
Straight Thread Connector 6 F50X-S 1 $1.32 $1.32
Swivel Tee Connector 6S6X-S 1 $5.66 $5.66
Swivel Nut Connector SR6X-S 2 $5.94 $11.88
Male Connector Connector 6-6FTX-S 6 $1.04 $6.24
Needle Valve Valve N600S 1 $58.00 $58.00
8 SAE * 3/8 NPT Connector 8-3/8F50F-S 1 $2.99 $2.99
Swivel Nut Elbow Connector 6C6X-S 2 $4.37 $8.74
Straight Swivel 3 Connector 6-6F6X-S 2 $6.81 $13.62
Male Pipe Reducer Connector 1/2X3/8PTR-S 1 S1.56 S1.56
Straight Thread 45 Degree Connector 6V50X-S 1 $5.16 $5.16
Male Elbow Connector 6-8CTX-S 1 $5.49 $5.49
Male Pipe Reducer Connector 3/4X1/2PTR-S 1 $2.05 $2.05
Female Pipe Elbow Connector 1/4DD-S 1 $3.36 $3.36
Male Pipe Elbow Connector 1/4CR-S 1 $2.69 $2.69
Male 45 Degree Elbow Connector 6VTX-S 1 $3.63 $3.63
Check Valve Valve C600S 3 $43.00 $129.00
Pipe Nipple Connector 3/8FF-S 1 $1.22 $1.22
3/8 Male Tee Connector 3/8MMS-S 1 $6.95 $6.95
Male Elbow Connector 6-6CTX-S 3 $3.70 $11.10
Straight Thread Connector 6F50X-S 1 $1.32 $1.32
Swivel Nut 45 Degree Connector 6V6X-S 1 S4.67 S4.67
0-5000 psi Gage Gage J60 1 $21.75 $21.75
Loctite seal Sealant 56747 1 $20.03 $20.03
Labor Labor LABOR 50 $1.00 $50.00
[ Total $826.10

Table 5 - Parker Hoses and Fittings BOM
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PrROTOTYPE COST ANALYSIS

Assuming a cost of $60/hr. for labor, at a volume of 500 vehicles, it would cost $3,290 per
unit. Each component of the vehicle is listed at its estimated manufacturing value. The high
cost of this prototype can be contributed to a few high cost items.

Proto Type Cost

Component Quantity Price Prototype 500 Manufacture cost

3 Section Frame 1 $249.99 $124,995.00
Handle Bars 2 $19.99 $9,995.00
Disk Breaks 1 $35.99 $17,995.00
Trike Seat 1 $35.99 $17,995.00
Rear Hub 1 $75.99 $37,995.00
100psi Tires 3 $99.99 $49,995.00
Bike Rack 1 $59.95 $29,975.00
Motor 1 $259.99 $129,995.00
Pump 1 $229.99 $114,995.00
Accumulator (Piston 3000psi) 1 $399.99 $199,995.00
Electric Valve 2 $299.98 $149,990.00
Electric Valve 1 $199.99 $99,995.00
Hydraulic Fluid 2.5 gal. $15.89 $7,945.00
Medium Pressure Hosing

(23.5Feet) 13 $290.29 $145,145.00
Fittings - $183.03 $91,515.00
Pressure gage 1 $21.75 $10,875.00
Needle Valve 1 $58.00 $29,000.00
Check Valve 3 $129.00 $64,500.00
Lock Seal 1 $20.03 $10,015.00
Nitrogen 1 $6.99 $3,495.00
Gearbox 1 S474.48 $237,240.00
Bearings 2 $83.94 $41,970.00
Coupling 1 $81.74 $40,870.00
Pressure Let-off Valve 1 $107.38 $53,690.00
Reservoir 1 $30.99 $15,495.00
12v Battery 1 $13.74 $6,870.00
Buttons 2 $12.06 $6,030.00
U-bolt 3 $17.97 $8,985.00
Fasteners 59 $32.07 $16,035.00
Bolts/washers - $8.20 $4,100.00
Zip Ties (20 ties) 20 $3.79 $1,895.00
Sheet Metal (20"*16") 1 $4.99 $2,495.00
18 Gage Wire (10 feet) - $2.49 $1,245.00
Assembly - - $45,000.00

Total Total
$3,566.65 $1,645,492.50

Table 6 - Manufacturing BOM for 500 Units
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Appendix E - Brake Testing Data

ORIGINAL BRAKING SYSTEM

This is the initial brake testing data that was collected on the original braking system.

Initial Brake Test
Test Speed( Speed
No. MPH) (in/s) Distance(inches) | Deceleration (in/s®) | Deceleration (g)
1 6.0 104.4 36.0 151.4 0.39
2 8.0 139.2 61.5 157.5 0.41
3 6.0 104.4 54.0 100.9 0.26
4 7.0 121.8 49.5 149.9 0.39
5 7.0 121.8 61.5 120.6 0.31
6 7.0 121.8 62.5 118.7 0.31
7 6.0 104.4 43,5 125.3 0.32
8 6.0 104.4 55.8 97.8 0.25
9 6.0 104.4 49.5 110.1 0.29
10 6.0 104.4 49.0 111.2 0.29
11 6.0 104.4 42.5 128.2 0.33
12 6.0 104.4 48.0 113.5 0.29
13 6.0 104.4 50.0 109.0 0.28
14 7.0 121.8 68.0 109.1 0.28
15 5.0 87 49.8 76.1 0.20
Average 6.3 110.2 52.1 118.6 0.31

Table 7 - Collected Data and Calculation for the Initial Brake Testing
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BRAKING DECELERATION CALCULATION — ORIGINAL BRAKES

The purpose of this deceleration calculation is to compare the average deceleration of the
original vehicles braking system to the regenerating braking system that will be placed on the
hydraulic vehicle. The hydraulic components will add a lot of weight to the overall vehicles
weight. These calculations will prove if the new braking system performs as well as the

current disk brakes already on the tricycle.

v2 =u?+ 2as

Where:

v = final velocity
u = initial velocity
a = acceleration

s = displacement

v =u? + 2as

in1?
0= l104.4?l + 2a(36in)

in
a=1514 —
S
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REGENERATIVE BRAKING SYSTEM

This is the regenerative braking system testing data collected.

Brake Test
Test Speed( Speed
No. MPH) (in/s) Distance(inches) | Deceleration (in/s®) | Deceleration (g)
1 4.0 69.6 101.0 24.0 0.06
2 5.0 87 105.0 36.0 0.09
3 6.0 104.4 110.0 49.5 0.13
4 5.5 95.7 100.0 45.8 0.12
5 5.0 87 98.0 38.6 0.10
6 5.0 87 95.0 39.8 0.10
7 4.0 69.6 90.0 26.9 0.07
8 6.0 104.4 108.0 50.5 0.13
9 5.0 87 103.0 36.7 0.10
10 5.0 87 98.0 38.6 0.10
11 5.5 95.7 100.0 45.8 0.12
12 6.0 104.4 106.0 514 0.13
13 5.0 87 98.0 38.6 0.10
14 5.0 87 101.0 37.5 0.10
15 5.0 87 90.0 42.1 0.11
Average 5.1 89.32 100.2 40.1 0.10

Table 8 - Collected Data and Calculation for the Regenerative Brake Testing
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Appendix F - Competition Vehicle Pictures

Figure 32 — Fully Assembled Vehicle
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Figure 35 — Vehicle at the Competition
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