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1.0 ABSTRACT  

The University of Cincinnati’s Parker Chainless Challenge team, Chainless Cats, has 
successfully completed research, design, and fabrication of a vehicle powered by fluid motion. 
The vehicle is an adult tricycle, and it is powered by a hydraulic drive system. The overall 
design of the vehicle does not incorporate any chains or belts and uses a gearbox, 
pump/motors, a reservoir, accumulators, and a system of hoses and fittings to transmit power. 
This vehicle will be entered into the Parker Chainless Challenge competition conducted in 
Irvine, California from April 9 – 11, 2014.    

 
2.0 PROBLEM STATEMENT 

 
As a Senior Design Capstone Project, students from the University of Cincinnati are required 
to design and build a human assisted green powered vehicle. This project is sponsored and 
funded by Parker Hannifin and is used as a way to promote original thinking and develop 
breakthrough technology for motion control. The objective of the project is to challenge the 
students by combining two technology platforms that are not commonly associated with one 
another, those two platforms being a bicycle and fluid power. The design of the bicycle has 
remained virtually unchanged for over 100 years and is considered one of the most efficient 
technologies for human powered transportation. The project vehicle will be human powered 
and will operate at speeds in which the rider can generate. Therefore, the vehicle will function 
at low speeds. This creates a bit of a challenge in terms of efficiency for fluid power. 
 
The Parker Chainless Challenge has been an annual project for several universities across the 
nation since the 2004/2005 scholastic year. In the past, the universities were able to pass the 
knowledge base they had created for their vehicle design to the next year’s team. However, 
new for this year, Parker is requiring each team to make significant changes in the vehicles 
from the consecutive years. The design of the vehicle is left to the university’s discretion. The 
number of wheels is optional and the bike must be powered by hydraulic or pneumatic 
components. 
 
Parker has created this project in hopes to encourage education in hydraulics, pneumatics, 
and sustainable energy for motion control. It requires the students to research, design, 
simulate in 3D modeling, order components, build, test, and demonstrate a working vehicle. 
This creates a real world scenario and will provide an opportunity for the students to work as 
an engineering team on a project starting from its initial stages all the way to the final 
prototype.   
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3.0 PROJECT PLAN 

3.1 Project 

The project consists of three phases: Phase 0, Phase 1, and Phase 2. Phase 0 is a kickoff 
meeting lead by Parker employees and is used to present background information of the 
company, introduce students to the project, and provide necessary contacts and supporting 
documents. Phase 1 is the bulk of the project and requires students to design a vehicle, select 
hardware, build the vehicle, and test its performance. The final event in California is Phase 2, 
and it is where students will demonstrate their working vehicle and participate in several 
challenges such as a sprint race, team relay, efficiency challenge, and a time trial. 
 
After completion of Phase 0, the team began its initial research and brainstorming. The first 
order of action was to decide between a hydraulic or pneumatic powered bike. From online 
resources and available Parker documents, it was decided that a hydraulic powered vehicle 
would give the better performing vehicle between the two possible fluid powers. These 
assumptions were based upon the existing data and predetermined goals created by the team. 
Once the fluid power was finalized, the team began to design an initial vehicle and select 
hardware and hydraulic components. The team was eventually able to build and test a working 
vehicle. These sections can be found later in the report in greater detail.  
 
3.2 Responsibilities 

The responsibilities of this project were broken down into three main categories and were 
focused by one or two team members. 

1. Hydraulic drive system – Kyle Raabe and Ryan Kirkpatrick 
2. Braking and steering – Michael Bodey 
3. Frame – Paul Rose 

 
It was decided that the project be broken down into responsibilities rather than individual 
sections allowing the team to continually work closely together. It was understood that this 
project would require the help from all four members at all times and was not something that 
could be sectioned into individual work and assembled at a later time. Therefore, the team 
worked as a unit for all categories of the vehicle. It was the individual’s responsibility to assure 
that the category was on schedule and successfully completed. 
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3.3 Objectives 

Aside from the objectives established by Parker and the requirements to fulfill the Senior 
Design Capstone Project, the University of Cincinnati team also created its own goals. These 
additional goals were developed to create a competitive vehicle at the final event. With a focus 
on the competition, the team was able to compose several objectives: 

1. Build a vehicle that can reach a top speed of 15 mph 
2. Design a hydraulic system with the same size pump and motor 
3. Discharge the accumulator(s) and have the vehicle travel more than 400 feet 
4. Create a compact, stable vehicle that can be easily maneuvered 
5. Create a vehicle without chains or belts anywhere in the system 

 
From reviewing the results of the university’s consecutive year’s vehicles and the results of the 
2013 Chainless Challenge, these supplementary objectives would create an effective vehicle 
at the 2014 competition. Achieving these goals would more than double the results of the 2013 
UC team and should place in the top four or five in all of the events.  
 
3.4 Scheduling 

A schedule was developed in the preliminary stages of the project. This schedule was based 
around the three phases. The necessary steps and general timeframe to complete Phases 0 – 
2 were determined. The schedule can be found in Table 1 below and lists all of the steps as 
well as the duration to complete each step. 
 

 

Table 1: Schedule 

  

Description 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4

Brainstorming

Bike Purchase

Kickoff Meeting

Frame Design

Hydraulic Design

Initial Testing

Order Components

Midway Review

Fabrication

Testing/Adjusting

Competition

University of Cincinnati Parker Chainless Challenge Schedule Overview

February March AprilSeptember October November December January
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4.0 DESIGN and ANALYSIS 

After reviewing/researching past designs the developmental phase began. This is where major 
components were selected and the drive train system was designed. In the following sections 
the evaluation and design process for the vehicle I shown. From these methods and designs, 
the frame, hydraulic components, and braking system was decided upon.  

4.1 Frame Selection 

There are three typical bicycle styles commonly used today: a standard bicycle, an upright 
tricycle and a recumbent style tricycle. In order to determine the optimum vehicle style, the 
team closely studied the consecutive years’ frame selections. There were two different styles, 
a bicycle and a recumbent tricycle. Evaluations were conducted in order to determine the 
success and difficulties each vehicle had, along with the possibilities of mounting a hydraulic 
drive system. A drive system was not finalized during this stage of the project but major 
components and the general size of each component was understood by the students. After 
careful consideration and additional research, it was decided that an upright tricycle would be 
the best option for several reasons. 
 
The standard bicycle had little storage available for all of the hydraulic components. There was 
also a problem with balance. With all the extra weight from the hydraulic components it was 
hard to keep balance with just two wheels. Even though a bicycle may be the fastest and 
easiest to ride when chain driven, it is difficult for a hydraulic powered vehicle. The recumbent 
style vehicle was intriguing as none of us were very familiar with this style and thus made it an 
unnatural riding style and very uncomfortable. It placed the rider lower to the ground, which 
consequently gave the design a lower center of gravity which is favorable for performance. The 
reclined position moves the center of gravity farther back making it harder to go up hills and 
build forward momentum. Also, providing force to the pedals is more difficult on a recumbent 
than on upright vehicles. With the limited space available and the complexity of balancing a 
hydraulic system on two wheels it was decided that a three-wheel vehicle would be the better 
option. The recumbent tricycle is stable with its three wheels, but the reclined sitting position of 
the rider hinders forward momentum and it makes it difficult to maneuver. Therefore, an upright 
tricycle was the next option considered.  
 
The upright tricycle has three wheels creating a much more stable vehicle. It has more storage 
for hydraulic components and most tricycles have a basket or platform in the rear of the vehicle 
allowing for additional space. The improved stability makes it easier to maneuver especially 
when turning in a small radius. The one disadvantage to the tricycle is it is heavier. Tricycles 
are typically designed with heavier materials and components since they are commonly used 
in large factories or on shop floors to transport items. To evaluate each vehicle style a 
weighted ranking method was used to determine which would be the best style for the design. 
This can be seen in the table below. 
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Weighted Rating for Bicycle Styles 

 

Scale Rating 

Factor Weight 
Standard Recumbent Tricycle 0 Unacceptable 

Rating Grade Rating Grade Rating Grade 1 Fair 

Ease to Pedal 10% 3 0.3 1 0.1 3 0.3 2 Good 

Ability to 
Modify 

15% 1 0.15 2 0.3 2 0.3 3 Very Good 

Maneuverability 20% 3 0.6 1 0.2 2 0.4 4 Excellent 

Stability 20% 1 0.2 3 0.6 3 0.6 

Ease to Ride 10% 2 0.2 1 0.1 3 0.3 

Ability to Ride 
Uphill 

10% 3 0.3 1 0.1 2 0.2 

Storage 15% 1 0.15 2 0.3 2 0.3 

1.9  1.7  2.4 

Table 2: Weighted Rating for Vehicle Style Selection 

 
4.2 Vehicle Selection 

With the decision of a standard tricycle, the next step was purchasing a vehicle in order to 
save time and to get a better idea of how to apply the drivetrain design. This would help 
determine what modifications would be required. The market for various tricycles is relatively 
small and was easily narrowed down to four vehicles; the Sun Atlas Cargo, Sun Atlas Deluxe, 
Schwinn Town and Country and the Schwinn Meridian. Information on these four tricycles can 
be seen below. A weighted ranking method was used to identify which frame would best work 
with the design. 
 

Parker Bike Frame Comparison 

Model 
Frame 

Material 
Weight (lbs) 

Weight 
Capacity (lbs) 

Price 

Sun Atlas Cargo 
24 

High-tensile 
steel 

60 500 $550/$475 

Sun Atlas 
Deluxe 

High-tensile 
steel 

45 250 $550/$476 

Schwinn Town 
& Country 

Aluminum 75 300 $650  

Schwinn 
Meridian 

Aluminum 75 300 $250  

Table 3: Tricycle Frame Comparison 

 
 
 

Weighted Rating for Tricycles  Scale Rating 
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Factor Weight 
Sun Atlas 
Cargo 24 

Sun Atlas 
Deluxe 

Schwinn Town 
& Country 

Schwinn 
Meridian 

0 Unacceptable 

Rating Grade Rating Grade Rating Grade Rating Grade 1 Fair 

Material 5% 3 0.15 3 0.15 2 0.1 2 0.1 2 Good 

Weight 25% 2 0.5 3 0.75 1 0.25 1 0.25 3 Very Good 

Weight 
Capacity 

30% 3 0.9 0 0 1 0.3 1 0.3 4 Excellent 

Design 
Simplicity 

15% 3 0.45 2 0.3 1 0.15 2 0.3 

Cost 5% 2 0.1 2 0.1 1 0.05 3 0.15 

Readily 
Available 

10% 1 0.1 1 0.1 3 0.3 2 0.2 

Storage 
Capacity 

10% 3 0.3 1 0.1 1 0.1 1 0.1 

2.5  1.5  1.25  1.4 

Table 4: Weighted Rating for Tricycle Selection 

 
Table 3 shows that the Sun tricycles were lighter and made of a high tensile steel material. 
With the weighted rating method used in Table 4, the Sun Atlas Cargo was the optimum choice 
for the frame. This vehicle is designed for factory use and to haul cargo. It is a simple design 
with a platform readily available to mount components such as accumulators and reservoirs. 
 

4.3 Drive Train Concepts 

The initial design was to attach the motor to the front wheel and then have the hydraulic hoses 
run from the motor to the reservoir located on the back of the tricycle. This was originally 
designed so minimal modifications would be implemented. The rear axle would solely be used 
for braking while the front tire was powered. 
 

 

Figure 1: Drive Train Concept 1 

Another design concept was to use a gear drivetrain to power the pump. The idea was to use a 
large gear instead of the standard sprocket and have a small gear fixed to the shaft of the 



 
      7 

  
. 

pump. This would require a case to properly cover and lubricate the gearing and would then 
awkwardly place the pump perpendicular to the tricycle hindering the ability to pedal with ease. 
 
 

 

Figure 2: Drive Train Concept 2 

 
One of the final design iterations was to mount a gearbox underneath and have a drive shaft 
connected to the pump. Since it was underneath, there would be few modifications to the 
actual frame. However, this design would move the pedals closer to the ground causing 
ground clearance to be a possible issue. 
 

 

 

Figure 3: Drive Train Concept 3 

 
 
 
The final concept was to have the gearbox mounted directly behind the original location of the 
pedals and to have a drive shaft coupled from the gearbox to the pump. This design would 
require moderate modifications to the production frame as well as the rear assembly. 
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Figure 4: Drive Train Concept 4 

Even though this concept required a number of modifications to the frame it was decided this 
design would provide the best safety and power transmission. There are more modifications 
but it limits the length of hoses, the design of a gearbox and the ground clearance issue. This 
creates a compact stable system. 
 

 

Figure 5: Final Design 

  



 
      9 

  
. 

4.4 Schematic Diagrams of Hydraulic Systems 

The direct drive system is the most commonly used system. This is the system that replaces 
the basic function of the chain and sprocket when pedaling a standard bicycle. In this 
application a rider would pedal like they would normally on a bike. The pedals are connected to 
a gearbox which turns the hydraulic pump. With the pump rotating, hydraulic fluid is pulled 
from the reservoir to the intake port and cycled through the exhaust port to the hydraulic motor. 
The motor rotates the drive axle providing forward movement. After the fluid passes through 
the motor it is returned to the reservoir. 

 

Figure 6: Direct Drive Schematic 

 
The charging system is used to store hydraulic fluid in the accumulators that can be used at a 
later time. The rider will pedal the bike like normal to pump fluid to the accumulators. Pedaling 
the bike will pull fluid from the reservoir through the pump to both accumulators. By the design 
of the poppet solenoid valves, fluid will flow through the valves like check valves and build up 
pressure in the accumulators but cannot be released until power is supplied to the solenoid. 
Both accumulators are filled with hydraulic fluid until the pressure gauge reads 3,000 psi. A 
nitrogen pre-charge is used to oppose the force of the hydraulic fluid and increase pressure. 
The pre-charge of nitrogen helps build pressure and provides more kinetic energy when 
discharging the accumulators. 
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Figure 7: Charging Schematic 

 
The discharge function is used to propel the bike forward without the need of pedaling. First 
the rider must pre-charge the system which is shown above. Once the pressure gauge reads 
approximately 3000 psi the operator can press the buttons on the right handlebar. Pressing the 
push buttons will supply electricity to the solenoids opening them up for flow back through the 
system. Once the solenoids are opened, each accumulator will discharge through the 
solenoids at a rate of 8 GPM directly to the motor. The fluid turns the motor and flows back to 
the reservoir to be used to recharge the accumulators. 
 

 

Figure 8: Accumulator Discharge Schematic 
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The regenerative braking function is very similar to the discharge function except the flow is 
diverted. For the regenerative braking system, the stored pressure is released via the push 
button on the left handlebar. Once electricity is supplied, the normally closed solenoid valve 
connected to the 90 in3 accumulator opens. Opening this solenoid forces fluid into the exhaust 
port of the motor forcing the motor to rotate the opposite direction. This slows the speed of the 
bike to a stop. Depending on the situation the flow to the reservoir can be open or closed. 
Opening the flow to the reservoir will decelerate at a slower rate and release the stored 
hydraulic fluid leaving less pressure in the lines. Closing the valve to the reservoir will stop the 
bike quicker and have minimum pressure loss in the accumulators. This is caused by the fluid 
flowing from the large accumulator through the pump exhaust and going through the system to 
the smaller accumulator. 

 
 

 

Figure 9: Regenerative Braking Schematic 
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4.5 Calculation of Motor Torque 

Calculations were performed to determine the required torque to reach the goal speed of 15 
mph. Empirical values were used to identify the forces applied to the vehicle. From a chart 
located in a classroom textbook and provided by the university’s fluid dynamic professor, the 
drag force and rolling resistance were defined. A 40 pound bicycle, a 160 pound rider, and a 
tire diameter of 27 inches while traveling at 20 mph will experience a drag force of 6.14 lbf and 
a rolling resistance of 1.20 lbf. These forces can be seen in Figure 10. A safety factor of 3 was 
applied to these forces to adjust for a 60 pound vehicle, a 200 pound rider, and a 100 pound 
hydraulic system. Although the hydraulic vehicle will be traveling 5 mph less than the 
experimental textbook vehicle, it was decided to leave the drag force as 6.14 lbf to add an 
additional safety factor.    

 

Figure 10: Drag and Rolling Force 

Once the forces on the vehicle were determined and adjusted for a factor of safety, the 
horsepower was then able to be calculated. Next, the revolutions per minute at 15 mph and the 
vehicle’s horsepower where computed in order to calculate the torque. These equations can 
be seen in Table 5 below. 

 

Table 5: Calculations 
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A motor that could produce almost 30 Nm of torque was needed. The next step was to find a 
motor that had acceptable output. Various motor sizes were considered but the F11-10 
pump/motor series was the best fit for the vehicle’s drivetrain design. This motor’s 
specifications can be seen in Table 6. These values were used to calculate what pressure the 
hydraulic system would need to operate.  
 

Motor Specifications (F11–10) Value 

Input power (Hp) 0.88 

Minimum torque (T) 29.83 Nm 

Displacement (D) 9.8 cm3/rev 

Volumetric efficiency (ηv) 0.98 

Mechanical efficiency (ηhm) 0.92 

Total efficiency (ηt) 0.90 

Table 6: Motor Specifications 

 
This equation was provided in Parker’s pump/motor documents and was used to discover the 
proper operating pressure. 
 

o Torque (M) 

 At 2500 psi or 172.4 bar (14.5 psi = 1 bar) 

 



M 
Dphm

63
 

 



M 
9.8172.40.92

63
24 Nm 

 At 3000 psi or 206.9 bar 

 



M 
Dphm

63
 

 



M 
9.8206.90.92

63
 29.6 Nm 

The F11-10 pump/motor at 3000 psi closely produces the needed toque to achieve 15 mph. A 
pump/motor that was one size bigger than the F11-10 and would generate even more torque 
was considered but it would propose an issue for weight and available space.  
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4.6 Pump/Motor Selection 

Many factors played a role in determining the proper pump and motor to integrate into the 
hydraulic system. Going into the selection it was decided to have a 1:1 hydraulic system. To 
have a 1:1 system the pump and motor would be the same size. This will put less stress on the 
system and allow better flow from pump to motor. From the calculations we needed a pump 
and motor that was capable of high rpms and torque. Torque was important to account for 
because in the efficiency challenge the bike starts from a standstill and must be discharged 
without pedaling. Since the system will be operating at roughly 3,000 psi the pump/motor must 
also be able to handle high pressure scenarios. Keeping the system on the platform required 
compact and light weight pumps and motors. 

After researching possible pump/motor types it was decided upon to use the F11-10 series 
axial piston pump/motor. These bent axis pump/motors can act as both a pump and motor 
depending how the system is configured. The pumps/motors are compact/lightweight; 
weighing just fifteen pounds each and ten inches long (not including the shaft) the F11-10 will 
fit easily into the system. With a pressure rating of 5,000 psi and an operating speed of 9,900 
rpm the calculated system is well within the limits and can provided the torque necessary to 
accelerate from a stop. Axial piston pumps have a higher efficiency compared to other series 
of pumps/motors. With high efficiencies, less hydraulic fluid is needed to power the pump and 
motor. Volumetric flow provides an efficiency of roughly 98% and mechanical efficiency is 
slightly lower at 92%-95%. The flat face design of this series also made it easy to design 
mounting brackets. 

4.7 Accumulator Selection 

For accumulator selection there are two major types of accumulators to choose from, bladder 
and piston. Bladder type contains a bag filled with nitrogen that opposes the pressure of the 
hydraulic fluid. These accumulators are usually lighter and larger than piston type 
accumulators but operate at lower pressures. Piston type accumulators use a cylinder and 
piston to produce pressure. Nitrogen fills one side of the piston and hydraulic fluid pressurizes 
the other. Piston accumulators can handle higher operating pressures and provide a better 
compression ratio than bladder type accumulators. One disadvantage of piston accumulators 
is the weight, however this disadvantage is counterbalanced by its much smaller geometry. 
 
Calculations were performed in order to determine the minimum pressure to generate motion 
from a stop. The computations determined that a high pressure accumulator was needed. A 
piston type accumulator would best fulfill the needed pressure. The compression ratio is a 
factor when charging. With the higher compression ratio of the accumulators the output 
pressure should be higher. This is beneficial for situations like the efficiency challenge where it 
is solely a discharge of accumulators.  
 
The final design called for one accumulator but instead two three-inch bore piston 
accumulators were used: a 90 in3 and a 58 in3. Using these two accumulators provided more 
volume and less weight than the originally planned 116 in3 accumulator. Having two 
accumulators also gives the ability to discharge at different times. The two-accumulator set up 
is also beneficial for implementing a regenerative braking system. For this, the larger 
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accumulator can be discharged spinning the motor in the opposite direction and pressurizing 
the smaller accumulator. 
 

 

Figure 11: Accumulator Comparison 

 
4.8 Braking 

The drivetrain design required a different braking option on the rear axle since the stock band 
brake was removed due to modifications. A rim brake was not feasible for the rear wheels as 
mounting would create odd geometry and limit the spacing of components in the rear. It was 
decided to keep the rim brake on the front wheel and install a disc brake on the non-driven rear 
wheel to retain minimal braking power while keeping power and braking from occurring on the 
same axle and wheel.  

In order to mount the disc brake to the tricycle a bracket had to be designed to attach the rotor 
to the wheel. The stock rear wheels had a bolt hole pattern that could be utilized in the design 
phase. An adaptor was developed that was capable of being bolted to the wheel and then 
have the rotor bolt into the adaptor as well. The following figure shows the mounting bracket. 

 

Figure 12: Rotor Adaptor 

Rotor 
Hole 
Pattern 

Stock 
Bike Hole 
Pattern 
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The larger holes in the bracket match to the stock hub of the wheel and the smaller holes 
match the pattern of the rotor bolt holes. The two different bolt hole patterns had to be carefully 
measured and placed so that they would match the existing patterns.  
 
A new mounting plate had to be designed so the rotor could interface with the caliper. In order 
to install the caliper, a piece of flat metal was welded to the frame and then holes had to be 
drilled after it was placed. The following is a figure of the bracket that was welded to the frame. 
 

 

Figure 13: Caliper Bracket 

 
 
 
 
 
 
 
 
 
 
  

Caliper 
Mounting 
Location 

Location 
of weld to 
frame 
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5.0 DESIGN DRAWINGS 

Overall Designed Assembly 

 

Figure 14 Overall Design Dimensions 

 

 

 

 

 

 

 

 

 

Rear Frame Assembly 
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Figure 15: Rear Frame Drawing 

 

 

 

 

 

 

 

Accumulator Brackets and Reservoir Platform Supports 
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Figure 16: Accumulator Bracket 1 Drawing 

 

Figure 17: Accumulator Bracket 2 Drawing 

Gearbox Mounting Plate 
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Figure 18: Gearbox Mounting Plate Drawing 

 

 

 

 

 

 

Motor Bracket 
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Figure 19: Motor Bracket Drawing 

 
 
 
 
 
 
 
 
 
 
 

Pump Bracket 
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Figure 20: Pump Bracket Drawing 

 
 
 
 
 
 
 
 
 
 

Brake Caliper Bracket 
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Figure 21: Brake Caliper Bracket Drawing 

 

 

 

 

 

 

Rotor Adaptor 
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Figure 22: Rotor Adaptor Drawing 
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5.1 FEA Study 

An FEA study of the frame showed that the modifications would not affect the frames structural 
integrity. A rider of 200 pounds was assumed and a safety factor of two was added to the 
force, therefore a 400 pound force is applied at the location of the seat. The highest stress 
applied to this part of the frame was 22,000 psi while the yield strength of the high tensile steel 
is nearly 103,000 psi. 
 

 

Figure 23: Front Frame FEA 

After conducting an FEA of the rear portion of the frame, with the axle included, results showed 
a max stress of approximately 12,000 psi. The yield strength of the plain low carbon steel is 
32,000 psi. Once again the forces are well within the materials capabilities. A 400 pound force 
was applied where the front portion of the frame would mount with the rear to simulate the 
rider’s weight. It was assumed that the hydraulic components on the rear would add up to 100 
pounds, with a safety factor of two applied for 200 pounds. On the round tubing a force of 100 
pounds at each point for a total of 200 pounds total was applied. The stresses were well below 
the material’s yield strength. 
 

 

Figure 24: Rear Frame FEA 
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Figure 25 shows the pump mounting bracket FEA results. For this bracket a hydraulic pump 
will be fastened to the holes. This simulation shows the stresses applied to the bracket when 
focused on the bolt holes. The pump is approximately ten inches and weighs 15 lbs. For this 
FEA a safety factor of two was applied resulting in a force of 30 pounds at a distance of ten 
inches from the bolt holes. Even though the center of gravity is not located ten inches from the 
bracket, this moment location would cause the highest stress the pump could apply on the 
bracket. Analyzing the results shows a max stress of 9,640 psi which is well within the plain 
low carbon steel yield strength of 32,000 psi. 
 

 

Figure 25: Pump Bracket FEA 

The motor bracket underwent an analysis similar to the pump bracket since the pump and 
motor are the same component. Therefore, the same forces were applied at the same distance 
from the bolt holes. The max stress was 13,500 psi, well below the yield strength of low carbon 
steel.  

 

Figure 26: Motor Bracket FEA 
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The accumulators were held in place by polymer cut outs held by all thread rods which is also 
how the reservoir mounting plate is held in place. None of these components see excessive 
force therefore there was no FEA taken for these minor components. 
 

 

Figure 27: Accumulator and Resevoir Assembly 

The next two parts to be analyzed were the rotor adaptor and the caliper bracket. After 
determining the way in which the two parts would be mounted to the frame, stress analyses 
simulations were ran to determine if the parts would be able to handle the braking stresses. 
From the original tests it was found the average torque applied to the brakes was 22 foot 
pounds. A safety factor of two was applied to the analyses. 
 

The two studies concluded that the components would be able to withstand the operating 
forces. The rotor adaptor plate in Figure 28 has a max stress of 1100 psi and the caliper 
bracket in Figure 29 has a max stress of 1760 psi. Both components are made from plain 
carbon steel which has a yield strength of 32,000 psi. For both of the components the max 
stresses were within an acceptable limit. 
 

 

Figure 28: Rotor Adaptor FEA 
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Figure 29: Brake Caliper Bracket FEA 

After determining that both the rotor adaptor and the caliper bracket would be suitable they 
were then installed onto the tricycle. The following figure shows the arrangement of the disc 
brake assembly on the vehicle. 
 

+ 

Figure 30: Brake Assembly 
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5.2 Fabrication 

In order to make the drivetrain design work with the selected tricycle, several modifications had 
to be made. The first modification was the seat support. For the pump and drive shaft to align 
with the gearbox, the single seat support tube had to be split into two as shown below. For the 
second modification, the rear frame section had to be widened for motor clearance. The motor 
would then couple with the split axle via a coupling in order to transmit power. 

 

 

Figure 31 and Figure 32: Stock vs Modified Frame 

 

Below is the actual result of the design with new seat support tubes welded to the existing 
frame. The original tube was removed to add support to the seat and provide clearance for the 
drive shaft. To replace the original tube, stock was purchased. The stock was then cut and 
fabricated with a cut off wheel and angle grinder to cope it to the rest of the frame. It was then 
flux welded to the existing frame. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33, Figure 34, and Figure 35: Seat Support Fabrication 



 
      30 

  
. 

The widened rear frame portion in Figure 36 below was manufactured and welded by an 
outside company (Action Machine). Alignment of the rear frame was important for 
performance. The two rear axles have to be properly aligned and the two sides must be 
parallel to ensure optimum performance. 
 

 

Figure 36: Rear Frame Fabrication 

In Figures 37 and 38 below, you can see the general layout of how the components are placed 
on the frame. The design has a shaft between the gearbox and pump connected by two 
couplings with set screws to keep the shaft inline. This shaft will transmit the pedal rotations 
from the gearbox to the shaft of the pump. The same goes with the motor and drive axle. 
There is a coupling with set screws from the output shaft of the motor to the drive axle which 
then powers the wheel propelling the bike forward. 
  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37 and Figure 38: Hydraulic Component Assembly 
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The motor mounting bracket was also sent to a machine/fabrication shop. As seen in Figure 
40, the motor will mount on one side and bolt into place. The other end of the bracket was 
welded onto the axle and bearing housing tube. This created a permanent fixture and 
guaranteed concentric alignment between the axle and the shaft of the motor. 
 

 
 

Figure 39 and Figure 40: Motor Assembly 

The pump mounting bracket below was bent to wrap around where the rear and front portion of 
the frame connect. Slots are milled into the tabs to allow for location adjustments to ensure 
alignment between the pump and drive shaft. 
 

 

 
 

Figure 41 and Figure 42: Pump Assembly 

 

In Figure 43 the entire rear frame with all the brackets is represented. This gives a view of how 
everything is incorporated. 
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Figure 43: Pump/Motor Bracket Layout 

The fabrication of this vehicle consisted mostly of modifications made to the rear frame and the 
various brackets that hold the hydraulic components. For all the new parts, general purpose 
low carbon steel was used. The majority of the fabrication, aside from what was sent to Action 
Machine, was done in the university’s machine shop by the team. Drill presses, mills, a cut-off 
wheel, angle grinder and tube bender were the main tools used in the actual fabrication of the 
before mentioned components. All general shaping by removal of material was done by the 
cut-off wheel and angle grinder and the tubes where the platform rests were bent using the 
tube bender. The mounting brackets were welded on by the team as well as the platform 
support and seat support tubes. Typical nuts and bolts then hold the pump bracket, rotor 
adaptor, gearbox and the rear and front frame together. Overall the fabrication time took the 
team about a week to complete while assembly only required a few hours. There is quite a bit 
of welding and metal working processes need to be done if one was to start with just the Sun 
Atlas Cargo tricycle frame. Manufacturability for one product would be costly and time 
consuming, but if a frame were to be produced with all the brackets and machined parts pre-
welded as a stock frame, the manufacturability and assembly would be quite easy to perform. 
If the frame were to be massed produce with all the fabrication pre-done to it, it would only take 
a few hours for the assembly and would then be considered very effective manufacturability. 
 
  

Motor 
Bracket 

Pump 

Bracket  
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6.0 COMPONENT LIST 

 

Table 7: Component List 

Item # Part Vendor Description Units Quantity

1 Frame Fairfield Cyclery Sun Atlas Cargo Trike Each 1

2 Gearbox Zeromax Crown Zeromax 2:1 3 Way Gearbox Each 1

3 Reservoir McMaster-Carr 3 Gallon Hydraulic Fluid Reservoir Each 1

4 Pump Bracket Action Machine Pump Mounting Bracket Each 1

5 Motor Bracket Action Machine Motor Mounting Bracket Each 1

6 Gearbox Plate Action Machine Gearbox Mounting Plate Each 1

7 Modified Rear Action Machine Custom Rear Axle Assembly 1

8
Brake Adaptor Action Machine Disk Brake Adaptor Plate for Rear Axle Each 1

9
Coupling Drive Axle McMaster-Carr One Piece 3/4" Coupling Machineable Bore Each 1

10 Coupling Drive Shaft McMaster-Carr Set Screw Ridge Shaft Coupling 3/4" Each 2

11 Disk Brake Unit Fairfield Cyclery Rear Disk Brake Caliper/ Disk System 1

12 Replacement Tire Tubes Fairfield Cyclery High Pressure Puncture Resistant Tires Each 3

13 Replacement Bearings McMaster-Carr Bearing for 15mm Shaft Each 4

14 Caliper Bracket UC Mounting Bracket For Caliper Assy Each 1

15 Reservoir Mount Plate UC
Adaptor Plate for Reservoir to Accumulator 

Assy Each 1

16 Push Button Tabs UC Tabs for push button assemby Each 2

17 Pump/Motor Parker F-11-10 Axial Piston Pump/Motor (Bent Axis) Each 2

18 Accumulator Parker 90in3 Piston Accumulator Each 1

19 Accumulator Parker 58in
3
 Piston Accumulator Each 1

20 Solenoid Valves Parker 2-Way Normally Closed Solenoid Valve Each 3

21 Accumulator Bracket 1 UC Outside Accumulator Brackets Each 4

22 Accumulator Bracket 2 UC Middle Accumulator Brackets Each 2

23 Hydraulic Fluid Parker Bio- degradable Hydraulic Fluid 2.5 Gal 1

24 Battery McMaster-Carr 12v battery Each 1

25 Push Buttons McMaster-Carr Buttons for solenoid valves Each 3

26 Rear Axle Labor Labor Modification to Production Axle Hr 2

27 Pressure Gauge Parker Each 1

28 Hydraulic System Fittings Parker See Attached Parker Fitting List System 1

29 Threaded Rod McMaster-Carr Threaded Rod for Accumulator Assy Each 4

30 Drive Shaft McMaster-Carr Fully Keyed 1045 Steel Drive Shaft, 3/4" OD Each 1

31 Hex Nut McMaster-Carr M10 Class 10 Hex Nut Each 40

32 Cap Screw McMaster-Carr

Hex Head Cap Screw, M6 Size, 20 mm L, 1 mm 

Pitch, Fully Thrd. Each 6

33 Phillips Head Screw McMaster-Carr

Head Phillips Machine Screw, M5 Size, 6MM L, 

.8MM Pitch, Each 6

34 Cap Screw McMaster-Carr

Hex Head Cap Screw, M10 Size, 80MM L, 

1.5MM Pitch, Fully Thrd. Each 4

35 Cap Screw McMaster-Carr

Cap Screw - Class 10.9, M8 Thread, Pitch: 1.25, 

90MM Long Each 2

36 Hex Nut McMaster-Carr

Hex Nut, Class 8, M8 Size, 1.25MM Pitch, 

13MM W, 6.5MM H Each 2

37 Cap Screw McMaster-Carr

Cap Screw - Grade 5, 1/2"-13 Fully Threaded, 

2" Long Each 4

38 Hex Nut McMaster-Carr

Steel Hex Nut, 1/2"-13 Thread Size, 3/4" Width, 

7/16" Height Each 4

39 Set Screw McMaster-Carr

Nonmarring Flat Point Socket Set Screw, 5/16"-

18 Thread, 1/2" Long Each 7

40 Washer McMaster-Carr

Flat Washer, M10 Screw Size, 20MM OD, 

1.8MM-2.2MM Thick Each 12

41 Wire OBrien Supply Electrical Wire for Solenoid Hook Up Ft 25

42 Zip Ties McMaster-Carr Zip Tie 75lb Tensile Strength Each 41

43 Seat Support Material McMaster-Carr 0.75" x 1.5" Tube Each 2

44 Labor Labor Painting Hr 1

45 Labor Labor Fabrication Labor Hr 5

46 Labor Labor Assembly Labor Hr 5
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6.1 Fittings List 

 

 

Table 8: Fitting List 

  

Item # Part Description Units Quantity

1 351TC-8-RL 1/2" TOUGH COVER FT 10

2 10143-8-8 CRIMP FITTING EA 1

3 10643-8-8 CRIMP FITTING EA 4

4 10643-12-8 CRIMP FITTING EA 1

5 13943-8-8 CRIMP FITTING EA 1

6 351TC-6-RL 3/8" TOUGH-COVER FT 7

7 10643-6-6 CRIMP FITTING EA 10

8 13943-6-6 CRIMP FITTING EA 4

9 8C40MXS 3/8 MALE ELBOW EA 1

10 8-12 CTX-S MALE ELBOW EA 1

11 8-8 CTX-S MALE ELBOW EA 2

12 12 C50X-S STRAIGHT THREAD EA 1

13 8-8-8 STX-S MALE OUTLET TEE EA 1

14 8-8 F6X-S ADAPTER EA 2

15 MV609-8 F-F MINI BL VLV EA 1

16 8 C6X-S SWIVEL NUT ELBOW EA 1

17 8 F6X-S STRAIGHT SWIVEL 3 EA 1

18 3/8 CR-S MALE PIPE ELBOW EA 1

19 3/8 KMMOO-S PIPE CROSS EA 1

20 3/8 CD45-S 45 DEGREE STREET E EA 1

21 3/8 X 1/4 PTR-S PIPE THREAD RED EA 1

22 12 F5OHAO-S UNION EA 1

23 6-6 CTX-S MALE ELBOW EA 4

24 MV608-6 M-F MINI BL VLV EA 2

25 6 P5ON-S HEX HEAD PLUG EA 2

26 6 S6X-S SWIVEL TEE BRAN EA 2

27 6 V50X-S STR THD 45 DEG EA 1

28 3/8 MM0-S PIPE TEE EA 1

29 6-6 FTX-S MALE CONNECTOR EA 1
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7.0 ACTUAL TEST DATA 

In Figure 44 the results of nitrogen pre-charge pressure and the distance achieved from 
accumulator discharge is documented. During the testing process there were multiple factors 
that had to be taken into account when analyzing the data. The largest contributing factor 
during testing was wind. Depending on which way the wind was blowing, the results were 
greatly affected during testing. For some tests the rider would travel much farther if the wind 
was blowing with them than if the wind was blowing against them. In order to correct for these 
extremes the data was averaged for each pressure to give a more accurate representation of 
the distance traveled. 

 

Figure 44: Distance vs. Pre-charge Pressure 

In Figure 45 the tricycle’s speed is compared to previous years maximum speed and the speed 
that the tricycle was designed to reach. The previous year and the current team from the 
University of Cincinnati both designed the hydraulic system to reach 15 mph. Last year’s team 
was only able to reach 5 mph, for this year the hydraulic system was able to propel the vehicle 
to 11 mph, more than doubling the speed from last year. Also the current system is much 
closer to reaching the desired speed of 15 mph, meaning that the current system is much more 
efficient. 

 

Figure 45: Max Speed Comparison 
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Another test that the team ran was time trial. For this test different riders pedaled the bike as 
fast as they could for 200 meters and the times were recorded. For our two fastest riders their 
times averaged out to 55 seconds and 45 seconds. Along with the sprint race the team also 
determined the average time it would take to pedal the vehicle a mile. On average the team 
was able to keep a rate of 10 minutes for a mile. For the endurance race this will put us within 
the allowed time limit and should make the team competitive. 
 

 

Figure 46: Time To Travel 200 Meters 

In Figure 47, the different methods of discharging the accumulators are represented. During 
initial testing the rider had a few different options for discharging the accumulators. The two 
different accumulators could be discharged one at a time or at the same time. After running 
several trials it was found that discharging both accumulators at the same time yielded the best 
results to achieve maximum distance. By allowing both accumulators to discharge there was 
an increase in the amount of hydraulic pressure used for discharge. When discharging the 
accumulators one at a time there was a large amount of pressure that went unused because it 
was no longer able to keep the vehicle in motion.  

 

 

Figure 47: Distance from Accumulator Comparison 
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Although this year’s chainless challenge no longer requires stops during the efficiency 
challenge, one additional key factor that the team decided to consider was safety. The ability to 
stop the vehicle is very important. Bicycles in general have many different ways of achieving 
desirable stopping distances. Three different options that were available this year were rim 
brakes, disc brakes, and band brakes. When the tricycle was first assembled two of the 
options came standard. The tricycle came with a rim brake assembled on the front tire and a 
band brake on the back axle. In order to get an idea of how this combination of the two 
different brakes worked together tests were conducted to see what the stopping distances 
would be at speeds that would likely be encountered during the competition. 
 
Figure 48 shows the first tests that were conducted to establish a control for comparison. The 
test was conducted by pedaling the bike to a high speed then applying the brakes. The 
stopping distances were recorded. This initial test was conducted under normal conditions with 
just the weight of the rider. The next test, which followed the same procedures as the control, 
used the estimated weight of 100 pounds to represent the hydraulic system. These results for 
both tests can be found below. 
 
 

 

Figure 48: Braking Distance Without Weight and With Weight 

The stopping distances for the second test were much shorter than the control test. This is 
because the speeds achieved were much lower. One speed that both tests were able to reach 
was 10.5 mph. At this speed the results were quite similar. The first test had a stopping 
distance of about 125 inches, and the second test had a stopping distance of around 110 
inches. From this data it was concluded that the braking system would be able to perform 
reliably with the extra weight added.  
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Item # Part Vendor Description Units Quantity Cost Total Cost

1 Frame Fairfield Cyclery Sun Atlas Cargo Trike Each 1 533.75$      533.75$          

2 Gearbox Zeromax Crown Zeromax 2:1 3 Way Gearbox Each 1 474.48$      474.48$          

3 Reservoir McMaster-Carr 3 Gallon Hydraulic Fluid Reservoir Each 1 230.40$      230.40$          

4 Pump Bracket Action Machine Pump Mounting Bracket Each 1 55.00$        55.00$            

5 Motor Bracket Action Machine Motor Mounting Bracket Each 1 40.00$        40.00$            

6 Gearbox Plate Action Machine Gearbox Mounting Plate Each 1 20.00$        20.00$            

7 Modified Rear Action Machine Custom Rear Axle Assembly 1 105.00$      105.00$          

8 Brake Adaptor Action Machine Disk Brake Adaptor Plate for Rear Axle Each 1 35.00$        35.00$            

9 Coupling Drive Axle McMaster-Carr One Piece 3/4" Coupling Machineable Bore Each 1 17.57$        17.57$            

10 Coupling Drive Shaft McMaster-Carr Set Screw Ridge Shaft Coupling 3/4" Each 2 15.20$        30.40$            

11 Disk Brake Unit Fairfield Cyclery Rear Disk Brake Caliper/ Disk System 1 51.00$        51.00$            

12 Replacement Tire Tubes Fairfield Cyclery High Pressure Puncture Resistant Tires Each 3 5.99$          17.97$            

13 Replacement Bearings McMaster-Carr Bearing for 15mm Shaft Each 4 7.38$          29.52$            

14 Caliper Bracket UC Mounting Bracket For Caliper Assy Each 1 37.50$        37.50$            

15 Reservoir Mount Plate UC
Adaptor Plate for Reservoir to Accumulator 

Assy Each 1 33.33$        33.33$            

16 Push Button Tabs UC Tabs for push button assemby Each 2 5.00$          10.00$            

17 Pump/Motor Parker F-11-10 Axial Piston Pump/Motor (Bent Axis) Each 2 450.00$      900.00$          

18 Accumulator Parker 90in3 Piston Accumulator Each 1 141.04$      141.04$          

19 Accumulator Parker 58in3 Piston Accumulator Each 1 136.84 136.84$          

20 Solenoid Valves Parker 2-Way Normally Closed Solenoid Valve Each 3 22.90$        68.70$            

21 Accumulator Bracket 1 UC Outside Accumulator Brackets Each 4 16.66$        66.64$            

22 Accumulator Bracket 2 UC Middle Accumulator Brackets Each 2 26.66$        53.32$            

23 Hydraulic Fluid Parker Bio- degradable Hydraulic Fluid 2.5 Gal 1 57.62$        57.62$            

24 Battery McMaster-Carr 12v battery Each 1 13.75$        13.75$            

25 Push Buttons McMaster-Carr Buttons for solenoid valves Each 3 6.03$          18.09$            

26 Rear Axle Labor Labor Modification to Production Axle Hr 2 60.00$        120.00$          

27 Pressure Gauge Parker Each 1 21.75$        21.75$            

28 Hydraulic System Fittings Parker See Attached Parker Fitting List System 1 451.64$      451.64$          

29 Threaded Rod McMaster-Carr Threaded Rod for Accumulator Assy Each 4 4.06$          16.24$            

30 Drive Shaft McMaster-Carr Fully Keyed 1045 Steel Drive Shaft, 3/4" OD Each 1 6.69$          6.69$              

31 Hex Nut McMaster-Carr M10 Class 10 Hex Nut Each 40 0.253$        10.12$            

32 Cap Screw McMaster-Carr

Hex Head Cap Screw, M6 Size, 20 mm L, 1 mm 

Pitch, Fully Thrd. Each 6 0.36$          2.13$              

33 Phillips Head Screw McMaster-Carr

Head Phillips Machine Screw, M5 Size, 6MM L, 

.8MM Pitch, Each 6 0.04$          0.25$              

34 Cap Screw McMaster-Carr

Hex Head Cap Screw, M10 Size, 80MM L, 

1.5MM Pitch, Fully Thrd. Each 4 1.91$          7.62$              

35 Cap Screw McMaster-Carr

Cap Screw - Class 10.9, M8 Thread, Pitch: 1.25, 

90MM Long Each 2 0.82$          1.65$              

36 Hex Nut McMaster-Carr

Hex Nut, Class 8, M8 Size, 1.25MM Pitch, 

13MM W, 6.5MM H Each 2 0.045$        0.09$              

37 Cap Screw McMaster-Carr

Cap Screw - Grade 5, 1/2"-13 Fully Threaded, 

2" Long Each 4 0.79$          3.14$              

38 Hex Nut McMaster-Carr

Steel Hex Nut, 1/2"-13 Thread Size, 3/4" Width, 

7/16" Height Each 4 0.16$          0.63$              

39 Set Screw McMaster-Carr

Nonmarring Flat Point Socket Set Screw, 5/16"-

18 Thread, 1/2" Long Each 7 0.22$          1.56$              

40 Washer McMaster-Carr

Flat Washer, M10 Screw Size, 20MM OD, 

1.8MM-2.2MM Thick Each 12 0.12$          1.46$              

41 Wire OBrien Supply Electrical Wire for Solenoid Hook Up Ft 25 0.14$          3.50$              

42 Zip Ties McMaster-Carr Zip Tie 75lb Tensile Strength Each 41 0.13$          5.33$              

43 Seat Support Material McMaster-Carr 0.75" x 1.5" Tube Each 2 22.27$        44.54$            

44 Labor Labor Painting Hr 1 60.00$        60.00$            

45 Labor Labor Fabrication Labor Hr 5 60.00$        300.00$          

46 Labor Labor Assembly Labor Hr 5 60.00$        300.00$          

4,535.27$       Total

8.0 COST ANALYSIS 

Table 9 breaks down the cost of creating the prototype. The prototype cost includes labor 
hours due to fabrication, modifications, painting, and installation labor in addition to all parts 
and material. Accounting for all these additions brought the total for the prototype tricycle to 
$4,535.27. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Prototype costs are expected to be higher than production cost. Table 10 shows the expected 
cost to produce the tricycles from a manufacturing standpoint. During production the excess 

 

Table 9: Cost Analysis 
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Item # Part Description Units Quantity Cost Cost Per Bike Quantity for 500 Bikes Wholesale Price Total Cost Per 500 Bikes

1 Frame Sun Atlas Cargo Trike Each 1 533.75$      533.75$         500 405.65$                  202,825.00$                   

2 Gearbox Crown Zeromax 2:1 3 Way Gearbox Each 1 474.48$      474.48$         500 324.99$                  162,495.00$                   

3 Reservoir 3 Gallon Hydraulic Fluid Reservoir Each 1 230.40$      230.40$         500 199.98$                  99,990.00$                     

4 Pump Bracket Pump Mounting Bracket Each 1 55.00$        55.00$           500 55.00$                    27,500.00$                     

5 Motor Bracket Motor Mounting Bracket Each 1 40.00$        40.00$           500 40.00$                    20,000.00$                     

6 Gearbox Plate Gearbox Mounting Plate Each 1 20.00$        20.00$           500 20.00$                    10,000.00$                     

7 Modified Rear Custom Rear Axle /Rear Frame Assembly 1 105.00$      105.00$         500 105.00$                  52,500.00$                     

8 Brake Adaptor Disk Brake Adaptor Plate for Rear Axle Each 1 35.00$        35.00$           500 35.00$                    17,500.00$                     

9 Coupling Drive Axle One Piece 3/4" Coupling Machineable Bore Each 1 17.57$        17.57$           500 17.57$                    8,785.00$                       

10 Coupling Drive Shaft Set Screw Ridge Shaft Coupling 3/4" Each 2 15.20$        30.40$           1000 13.80$                    13,800.00$                     

11 Disk Brake Unit Rear Disk Brake Caliper/ Disk System 1 51.00$        51.00$           500 39.85$                    19,925.00$                     

12 Replacement Tire Tubes High Pressure Puncture Resistant Tires Each 3 5.99$          17.97$           1500 5.99$                      8,985.00$                       

13 Replacement Bearings Bearing for 15mm Shaft Each 4 7.38$          29.52$           2000 5.90$                      11,808.00$                     

14 Caliper Bracket Mounting Bracket For Caliper Assy Each 1 37.50$        37.50$           500 37.50$                    18,750.00$                     

15 Reservoir Mount Plate Adaptor Plate for Reservoir to Accumulator Each 1 33.33$        33.33$           500 33.33$                    16,665.00$                     

16 Push Button Tabs Tabs for push button assemby Each 2 5.00$          10.00$           1000 5.00$                      5,000.00$                       

17
Pump/Motor F-11-10 Axial Piston Pump/Motor (Bent Axis) Each 2 450.00$      900.00$         1000 450.00$                  450,000.00$                   

18 Accumulator 90in
3
 Piston Accumulator Each 1 141.04$      141.04$         500 141.04$                  70,520.00$                     

19 Accumulator 58in3 Piston Accumulator Each 1 136.84$      136.84$         500 136.84$                  68,420.00$                     

20 Solenoid Valves 2-Way Normally Closed Solenoid Valve Each 3 22.90$        68.70$           1500 22.90$                    34,350.00$                     

21 Accumulator Bracket 1 Outside Accumulator Brackets Each 4 16.66$        66.64$           2000 16.66$                    33,320.00$                     

22 Accumulator Bracket 2 Middle Accumulator Brackets Each 2 26.66$        53.32$           1000 26.66$                    26,660.00$                     

23 Hydraulic Fluid Bio- degradable Hydraulic Fluid 2.5 Gal 1 57.62$        57.62$           500 57.62$                    28,810.00$                     

24 Battery 12v battery Each 1 13.75$        13.75$           500 13.75$                    6,875.00$                       

25 Push Buttons Buttons for solenoid valves Each 3 6.03$          18.09$           1500 18.09$                    27,135.00$                     

26 Pressure Gauge 0-5000 PSI Gauge Each 1 21.75$        21.75$           500 21.75$                    10,875.00$                     

27 Hydraulic System Fittings See Attached Parker Fitting List System 1 451.64$      451.64$         500 451.64$                  225,820.00$                   

28 Threaded Rod Threaded Rod for Accumulator Assy Each 4 4.06$          16.24$           2000 4.06$                      8,120.00$                       

29 Drive Shaft Fully Keyed 1045 Steel Drive Shaft, 3/4" OD Each 1 6.69$          6.69$             500 2.88$                      1,440.00$                       

30 Hex Nut M10 Class 10 Hex Nut Each 40 0.253$        10.12$           20000 0.110$                    2,200.00$                       

31 Cap Screw

Hex Head Cap Screw, M6 Size, 20 mm L, 1 mm 

Pitch, Fully Thrd. Each 6 0.36$          2.13$             3000 0.113$                    339.00$                          

32 Phillips Head Screw

Head Phillips Machine Screw, M5 Size, 6MM L, 

.8MM Pitch, Each 6 0.04$          0.25$             3000 0.028$                    83.40$                            

33 Cap Screw

Hex Head Cap Screw, M10 Size, 80MM L, 

1.5MM Pitch, Fully Thrd. Each 4 1.91$          7.62$             2000 0.627$                    1,254.00$                       

34 Cap Screw

Cap Screw - Class 10.9, M8 Thread, Pitch: 

1.25, 90MM Long Each 2 0.82$          1.65$             1000 0.119$                    119.00$                          

35 Hex Nut

Hex Nut, Class 8, M8 Size, 1.25MM Pitch, 

13MM W, 6.5MM H Each 2 0.045$        0.09$             1000 0.020$                    19.50$                            

36 Cap Screw

Cap Screw - Grade 5, 1/2"-13 Fully Threaded, 

2" Long Each 4 0.79$          3.14$             2000 0.172$                    344.00$                          

37 Hex Nut

Steel Hex Nut, 1/2"-13 Thread Size, 3/4" 

Width, 7/16" Height Each 4 0.16$          0.63$             2000 0.054$                    107.60$                          

38 Set Screw

Nonmarring Flat Point Socket Set Screw, 5/16"-

18 Thread, 1/2" Long Each 7 0.22$          1.56$             3500 0.048$                    166.60$                          

39 Washer

Flat Washer, M10 Screw Size, 20MM OD, 

1.8MM-2.2MM Thick Each 12 0.12$          1.46$             6000 0.035$                    210.00$                          

40 Wire Electrical Wire for Solenoid Hook Up Ft 25 0.14$          3.50$             12500 0.060$                    750.00$                          

41 Zip Ties Zip Tie 75lb Tensile Strength Each 41 0.13$          5.33$             20500 0.041$                    840.50$                          

42 Labor Assembly Labor Hr 4 60.00$        240.00$         2000 60.00$                    120,000.00$                   

3,950.73$      Total 1,815,306.60$                

584.54$         Total Per Bike 3,630.61$                       

Price Difference 320.12$                          

 Total

Prototype Difference

labor time is eliminated. It is assumed that the bike will be procured with the modifications 
already done to the front frame, modified rear end, painted to desired color, and all brackets 
included. This brought the total to produce a single vehicle down to $3,950.73, a savings of 
$585.54. Producing 500 tricycles a year will provide additional savings. On the right portion of 
Table 10 the price for producing 500 tricycles a year can be seen. For these prices, 
manufactures were contracted directly to find the wholesale price. Fasteners and stock was 
originally purchased from Mc-Master Carr but during wholesale pricing, O’Brien Supply was 
contacted for quoting the higher quantities. The mass production of this product will lower the 
total price of the bike to $3,630.61, a savings of $320.12 from the single bike cost and a 
savings of over $900 from the prototype.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Throughout design and building of the bike common stock and fasteners were used. It was a 
goal to use a minimal number of varying fasteners to assemble the bike where possible 

Table 10: Manufacturing Production Cost 
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common thread types and sizes were available. The stock used throughout the modifications is 
stock that can be easily found from any metal supplier. The rear frame is composed of 
standard pipe and square tube. Using the common stock kept fabrication cost and part cost 
low. Standard steel plate was used for all mounting brackets. For mounting bracket fabrication, 
Action Machine was given a dxf file type and the part was then cut on a water jet. Using an 
automated water jet makes production time short, accurate, and is cheaper than using 
traditional machining methods. The parts were then bent using a hydraulic sheet metal bender 
to give the desired angles. Utilizing common stock and modern machining methods reduces 
time needed for production and the overall cost of the bike. Assembly of the Chainless Cats 
tricycle is basic as well. A standard set of metric Allen wrenches, adjustable wrenches, and a 
rubber mallet is all that is needed to successfully assemble the components during production.  
 

9.0 LESSONS LEARNED 

Hydraulic drive systems 
Initial design planning for the hydraulic drive system started with a review of last year’s bike 
with the team members. The members leading the hydraulic drive system from the 2013 team 
initially designed the regenerative braking system then worked around it for the other systems. 
This year’s focus was on the pedal drive system and accumulator charging/discharging then 
lastly regenerative braking was implemented after the two schematics were complete. As 
previously stated the team worked towards a compact system that was light, durable, and 
powerful. Last year’s bike had issues moving from a stop, had an elongated hydraulic system 
and was too heavy for the power it produced. Also sitting back in the recumbent style bike 
made it hard to get power to the pedals. Using the upright tricycle, F11 series motors, 3” bore 
piston accumulators and the aluminum reservoir kept the system light, compact, and produced 
enough torque to propel the vehicle forward from a stop. 

 
Solenoids 
The biggest hurdle that had to be overcome with the solenoid valves was finding the correct 
type of solenoid for our application. Originally a two-way normally closed spool valve was used 
in the system to hold pressure from the accumulators. After testing with these solenoid valves 
it was apparent that they would not be able to achieve the desired results. The spool valve had 
a drip rate of 160 cc/min. Initially the team thought leakage only occurred when going over the 
acceptable pressure. Leakage occurs when any pressure is reached. In order to keep pressure 
constant in the system a different type of valve had to be used. After some research it was 
determined that a poppet valve would be suitable for the system. The poppet valve had a 
leakage rate of three drops/minute. By having this lower leakage rate this allowed the pressure 
to remain constant and no large losses were observed. 
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Hose and fittings 
Originally the team planned on using 3/8” hose and fittings. With smaller hoses higher 
pressures into the pump, motor, and accumulators could be achieved. After more research and 
discussing with Cincinnati Hose and Fittings it was determined to use ½” fittings and hosing. 
½” hose and fittings will be heavier and harder to implement into a compact system but allow 
greater flow through the lines and will require less fittings/adaptors. When discharging the 
accumulators utilizing the ½” hose improved the flow providing the motor to produce more 
power. It is also very important to use proper fittings and valves that can handle the systems 
pressures throughout. Another important fitting that we received was a muffler for our 
reservoir. The muffler allows for air to be released from the reservoir without allowing fluid to 
escape. Last year had a lot of trouble with the reservoir leaking. By adding this fitting the same 
problem did not arise this year. 
 
Testing – design vs. real world 
When transitioning from the theoretical world to the practical world there are many realizations 
that become apparent. Even though things seem completely possible on paper there are 
always factors that will be introduced that are not taken into account. When working in early 
development stages it is not always possible to know accurately every factor that needs to be 
considered. Best guesses are often implemented and used to get as close as possible to what 
will actually happen. When testing the vehicle it was assumed that the top speed that it would 
reach would be 15 mph, when in reality the top speed reached was only 11 mph. This 
difference in speeds could be due to an improper estimation in weight of the hydraulic system 
or possibly a higher friction factor than what was calculated. The friction could come from the 
tires to the road and also from the hydraulic fluid in the lines. Also the severity of the bends in 
the hoses could also be restricting flow or increasing the amount of friction added to the 
system. 
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10.0 CONCLUSIONS 

After extensive researching, designing, fabricating, and testing, a successful hydraulic 
powered vehicle was built. When reviewing our initial goals the team was able to deliver on 
four of the five objectives. The team was able to achieve a discharge distance greater than 400 
feet, the system was extremely compact, the pump/motor are the same size, and no chains or 
belts were used. The only goal that was not met was the design speed of 15 mph. This goal 
could have possibly been meet with a gear reduction outside of the hydraulic system. A gear 
reduction inside the hydraulic system would result in more difficulty pedaling. An internal gear 
hub was considered to make this reduction, but it was not practical to implement into the 
system. Even though the design goal was not met, there was a significant improvement over 
previous year’s performances.  
 
This vehicle was designed with a strong focus on the events at the competition, specifically the 
sprint and efficiency challenge. Testing concluded that the vehicle would be able to complete 
the sprint race in approximately 50 seconds. According to last year’s results, this would place 
in the top two for the competition. Although the rules for the efficiency challenge have changed 
since last year, it was assumed that if a distance greater than 400 feet was achieved it should 
place the vehicle in the top four. The final event is the time trial. During testing, a ten to twelve 
minute mile was achieved. The event is a total of six miles and will be able to be completed 
within the one and a half hour time limit. 
 
Overall the concept of a hydraulically powered vehicle is very intriguing. With the high price of 
hydraulic components, lower efficiency than a chain or belt, and the added difficulty of pedaling 
to charge the system, a bicycle or human powered vehicle with a chain is much more effective. 
In order for a hydraulically driven human powered vehicle to become practical among the 
population as a whole, components specific to this function are in need of development. The 
simplicity and ease of a chain still makes it more practical in the world we live in today. 
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11.0 COMPETITION RESULTS 

Results from various judging categories and the events at the chainless challenge: 

• Reliability & Safety - 1st Place 

• Cost Analysis - 1st Place 

• Sprint Race - 4th Place 

• Team Sprint - 3rd Place 

• Efficiency - 3rd Place 

• Paper & Presentations - 4th Place 

• Overall - 4th Place 

Results for monetary awards: 

• Award money to school: $3,362.50 

• Award money to students: $800.00 

12.0 LESSONS LEARNED FROM COMPETITION 

Hydraulic drive systems 
Several teams had issues with balancing their vehicle. The heavy hydraulic systems were 
difficult for the two-wheel bicycles to stabilize. One team, the University of Minnesota, was 
successful in using two wheels and having a stable system. They were well balanced along the 
centerline of the bicycle and had an even distribution of weight between the front and the rear 
of the bicycle. For future two-wheeled vehicles, some key focus points for design should 
include: light hydraulic components, even weight distribution, and a support system for 
charging. 

 
Electrical Systems 
Majority of the teams had battery issues. These teams had complex electrical systems 
including many electrical circuits and a few teams had digital displays. Throughout the day, the 
batteries would die and this posed an issue for energizing the solenoids. The more complex 
the system was, the quicker it drained the battery. Also, some teams designed their system to 
have the solenoids energized the entire time while riding. The UC team had a simple electrical 
system to energize the solenoids and only energized the solenoids when needed. The team 
did not experience any issues during competition. 
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Additional Thoughts 
Many teams had a gear reduction at the beginning and end of their hydraulic system. The UC 
team had a 2:1 gearbox at the pump which is a similar concept to a lot of teams but since it 
was contained and didn’t have open gears this made the gearbox safer and more reliable. 
Where the UC team would benefit is to have some kind of gear drivetrain at the motor 
connecting to the driven wheel. This would make the bike capable of reaching greater speeds 
while pedaling the same speed. An internal gear hub was used by the top teams on the rear 
wheel. The UC team had considered an internal gear hub but they are designed for vehicles 
with a single wheel in the back, where as the team had a tricycle with two wheels. 
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