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Abstract  

The University of Akron Human Powered Vehicle Team’s 2016 vehicle, Klokan, was designed, 

manufactured and tested with safety, reliability, performance and ease of use in mind.  The 

vehicle is a fully faired tadpole trike with a lightweight aluminum frame constructed from 6061-

T6 tubing having a total weight of 8.9 lbs. To complement the lightweight frame, the fairing is 

constructed from polycarbonate, PETG and carbon fiber strips which combine into a lightweight, 

easy to manufacture weather barrier and aerodynamic structure. Klokan was designed to be a 

safe and efficient mode of everyday transportation which ensures that riders are sufficiently 

protected by a rollover protection system (RPS) which was designed to meet the ASME HPVC 

requirements with a minimum safety factor of two.  

The project scope includes all aspects of design and fabrication to create a vehicle that is easy to 

manufacture, easy to use, safe, and low cost to facilitate its usability in everyday situations. The 

team completed research on how to improve the manufacturability, reliability, and performance 

through analysis of designs, computer based modeling, and physical testing to validate that the 

bike meets team goals as well as exceeding the requirements set by the ASME Human Powered 

Vehicle Competition.  

The frame was designed in a manner that reduces welding through the use of bends and allows 

for precision fixturing to be manufactured and used to construct multiple frames quickly and 

efficiently. The fairing’s modular construction reduces the need for specialized tooling while 

minimizing weight and construction time. The team designed and successfully implemented an 

innovative rollover warning system which actively monitors the percentage of vehicle load on 

each tire and warns the driver through audible tone and visual warning light prior to a dangerous 

rollover becoming imminent. 
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VI Design  

a. Objectives 
In the second consecutive year competing, the team this season focused on improving with the 

knowledge and experience gained from the first season of competition. Building on the team’s 

first experience building a human powered vehicle in 2015, the following objectives were 

established: 

 Design for manufacturing 

After building one vehicle, the team learned about the capabilities of suppliers and of the 

university’s machine shop. This vehicle and the process to create it better utilizes the 

available resources and is designed to more simply create functional members and 

assemblies.  

 Maintain or improve drivetrain functionality, handling characteristics, and 

ergonomics of the 2015 vehicle 

The 2015 vehicle provides a solid benchmark for an HPV, and the team aims to create a 

vehicle that meets or exceeds the quality of various aspects of the 2015 vehicle through 

an increased budget and a better knowledge of HPVs.   

 Demonstrate an innovation that advances the state-of-the-art 

At the inception of the team in 2014, the team realized the vast history of human powered 

vehicles and exceptional people who are and have been innovating in the industry make 

useful and novel ideas unlikely to be created by inexperienced students. The team 

primarily serves an educational purpose, but this object expands the mission to 

continuing to incrementally enhance HPVs. 

 

b. Background 
For many years, bicycles were mainly used for recreational and professional sports. In the last 

decade or so the growing popularity of the “Go Green” manifesto has led to an emerging demand 

for human powered vehicles throughout the world. People are now beginning to use these 

vehicles as their primary mode of transportation to decrease their fossil fuel usage while 

improving their overall health. These vehicles not only promote healthy and sustainable 

lifestyles, but they also require less energy to operate and travel time than simply walking to a 

destination. (Matthes, Salvagione, & Paul, n.d.)  

One of the main drawbacks of cycles for daily travel is the fact that the rider is not as well 

protected from both environmental factors and/or crashes. By adding a fairing to a recumbent 

bike, the practicality of the bike becomes more similar to an automobile. (Wilson & 

Papadopoulos, 2004) The fairing also decreases the drag forces on the bike, requiring less energy 

to be input into the vehicle when riding. Roll hoops and triangulation of a tricycle design helps to 

dissipate energy in the event of a collision, further protecting the driver.  

c. Prior Work  
The steering design comes from the 2015 season, which was documented in the associated 

design report. Based on the performance of that steering geometry, the team used the same 

calculators for determining the steering geometry for this vehicle with a slight reduction in caster 

angle to reduce the force required to turn while retaining strong self-centering characteristics. 
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In the analysis of the 2015 vehicle, turning forces were calculated. These calculations were 

referred to for the 2016 vehicle calculations. 

The team used the same flow simulation settings in SolidWorks 2015 in order to calculate the 

drag force and coefficient of drag of the fairing design iterations. The calculations of the 2016 

vehicle were compared to the 2015 vehicle results. 

d. Organizational Timeline 
 

 

 

e. Design Specifications 
 Accommodate riders from 5’3” to 6’2” 

Unlike many commercial HPVs, Klokan must quickly adjust between riders of vastly 

different sizes due to the height differences between male and female riders on the team. 

 Top speed of 40 MPH 

The 2015 goal was to reach a maximum speed of 35 MPH, and the 2015 vehicle was able 

to reach a top speed of 38 MPH. Further aerodynamic and ergonomic refinements should 

be analyzed to ensure the vehicle achieves 40 MPH in the sprint race. 

 Weight of 50 lbs. 

Commercial velomobiles typically weigh more than 50 lbs. and considering that the 

lightest vehicle UAkron has ever competed with was 55 lbs., this is a specification to 

push the envelope of simplicity, integration and specialized materials. 

 Comply with ASME HPVC requirements 

In order to compete, Klokan must comply with the ASME requirements for the RPS, field 

of view, turning radius, and braking distance. 

 Meet or exceed functionality of every past University of Akron HPV 

Based on the experience gained by much of the team last year, the team intends to 

produce the highest performing HPV ever created by UAkron students. 

f. Concept Development and Selection Methods 
To select the type of vehicle to design, the team created a weighted decision matrix (Table 1) 

with criteria to suit the team from a design and construction standpoint as well as from the 

perspective of the team members as riders. 
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Table 1 Vehicle layout weighted decision matrix 

Criteria Weight 

Prone 

Trike 

Prone 

Bike 

Delta 

Trike 

Recumbent 

Bike 

Tadpole 

Trike 

Cost 1 3 5 3 5 3 

Safety 5 2 1 3 4 5 

Comfort 2 2 2 4 4 4 

Speed/Aerodynamics 4 4 5 3 4 3 

Agility 4 1 1 2 3 5 

Suitable for Beginners 3 1 1 2 2 5 

Complexity 3 3 4 3 5 3 

Prior Experience 3 1 1 3 3 5 

Total 17 20 23 30 33 

Weighted Total 52 56 70 91 107 

 

With the tadpole trike configuration selected, the team sought to build on the success of the 2015 

tadpole trike vehicle. Decisions throughout the design process were guided by feedback on the 

2015 vehicle as shown in Table 2. 

Table 2 Feedback and adjustments generated from the 2015 vehicle 

Feedback Adjustment 

The vehicle was sufficiently stable but required a relatively 

high force to steer. 

Reduce caster angle 

The vehicle showed excellent anti-rollover characteristics 

and turning radius but could not fit through a doorway. 

Reduce track 

All racing situations utilized only one chainring. Eliminate front derailleur and 

shifter during races 

Seat angle was comfortable but more upright than 

necessary. 

Lay seat back further 

Welds weakened critical areas. Substitute bends instead of 

welds 

 

More than mere adjustments, Klokan comes out of a detailed design review of the 2015 vehicle 

where weight savings, simplicity, reliability, and performance were considered. Table 3 shows 

an example of how the team redesigned the closure for the adjustable crank tube.  

Table 3 Redesign of crank tube clamp 

Closure Type Weight (lbs.) Cost Time 

Pipe 

Patch 

Clamp 

2015 

1.5 $50 <1 hour – Bolt-on 
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Welded 

Brackets and QR Levers 

2016 

0.18 $20 2 hours – Design 

2 hours – Machine and 

weld 

g. Innovation  
To increase achievable performance and safety of the human powered vehicle, the idea of a 

rollover alert system was implemented. This alert system uses strain gauges to compare the 

vertical forces exerted on each tire. This signal is generated by a half Wheatstone bridge 

configuration and sent to a microcontroller. Sample data was collected and interpreted to 

determine appropriate upper and lower bounds of rollover based on the strain gauge readings. 

Finally, a buzzer system was added to the circuit to warn the rider when potential for rollover 

was occurring. This innovation is useful to the riders not only for safety purposes, but to 

motivate the riders to perform to their maximum potential and maintain maximum speed while 

executing turns. 

h. Description 

h.1 General Vehicle Design 
The 2016 University of Akron Human Powered Vehicle is a tadpole trike as shown in Figure 1. 

 

Figure 1 - Vehicle without fairing 

h.2 Frame 
The frame of the vehicle is constructed from aluminum tubes. The frame consists of 2”, 1.75”, 1” 

and 0.875” 6061-T6 tubing which has been post-weld heat treated to a T6 temper. All tubing has 

wall thickness of 0.065”. The front tires connect to a 1.75” draw bent tube which connects to the 

crank tube and main body of the frame. The rear tire is attached via triangulated 0.875” tubing 

which is connected to the 2” diameter main support tube and 1” diameter seat rail/rollover 

protection system as shown in Figure 2. 
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The crank is attached to a telescoping tube for adjustable length. Light weight quick release 

clamps secure the telescoping crank to the main frame under tube. 

 

Figure 2 - Frame 

h.3 Rollover Protection System 
This design integrates the rollover protection system into the seat by extending the seat rails over 

and around the rider's head and body as shown in Figure 2. This seat/roll bar also serves as an 

anchor point for the seat belt, and the roll bar helps to support the rider's head. The rollover 

protection system is further reinforced through the use of triangulation with the seat stay and 

chain stay tubes. 

The rear tire is attached via triangulated 0.875” tubing which is connected to the 2” diameter 

main support tube and 1” diameter seat rail/rollover protection system as shown in Figure 2.  

h.4 Steering 
The steering system consists of a direct steer handle combination which also holds the brake and 

shifter levers. The right spindle is linked to the left spindle via a tie rod below the driver’s legs. 

This particular design was chosen for its simplicity and ease of use. The design was compared to 

a center mounted steering wheel or handle bar that would prohibit free leg motion while 

pedaling. An underside, rotational steering design was also considered but would restrict the leg 

motion during turns. The direct steer design provides simple, robust steering which is easily 

modified to meet a driver’s needs as shown in Figure 3. 
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Figure 3- Steering 

h.5 Fairing 
The fairing encloses the rider and most of the frame. The wheels are not completely enclosed by 

the fairing and have carbon fiber wheel covers installed onto them. A wheel cover is shown in 

Figure 4. 

 

Figure 4 - Wheel Covers 

The fairing structure consists of carbon fiber strips which were water jet cut from carbon fiber 

sheeting. The carbon fiber fairing structure is wrapped with plastic sheeting to form the 

aerodynamic structure. These carbon fiber strips are shown in Figure 5. 
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Figure 5 - Carbon fiber strips 

The vehicle’s fairing provides weather protection and aerodynamics. The fact that the fairing 

does not enclose the wheels means that the driver will not be subjected to water spray in rainy 

conditions.  

h.6 Drivetrain 
Klokan utilizes a 2x10 drivetrain system actuated by a trigger shifter. The 11-36 cassette and 

53/39 chain rings provide a range of gears for various riders, speeds, and terrains. The team uses 

SPD type clipless pedals for enhanced power, comfort, and safety. Clipless pedals ensure that the 

rider’s feet do not leave the pedals and get caught under the frame.  

VII  Analysis  

a. RPS Analyses 
Objective Method Results 

To insure the safety of the 

rider in the rollover scenario 

through compliance with 

ASME HPVC requirements 

Solidworks FEA analysis is 

used for the loading of the 

frame to assess the 

deflections and stresses 

The frame and RPS both 

exceed the ASME 

requirements for deflection.   

 

The Rollover Protection System was designed to keep the rider safe and free from harm if an 

accident was to occur while riding. The system was designed to absorb significant amounts of 

energy during a wreck; with allowing the frame to absorb the energy the impact of the crash on 

the driver will be mitigated. The main way the design was made to absorb energy is the 

triangulation of the frame that is a large advantage of having a tadpole trike style. The 

triangulated frame helped to reinforce and support other sections of the bike in the event of a 

crash. The roll hoop support bar was originally connecting the chain stay to the seat stay but was 

later moved to connect the seat stay to the roll hoop for reduced deflection. See Figure 6 for the 

original bar as a gray line. Another huge energy absorbing addition to the design was the use of 

tight radii curves and bends in the frame.  
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The system was also designed so that the largest rider would remain safely inside the RPS when 

the bike is both on its side and completely overturned. The four point safety harness will ensure 

that the rider will be secured to the frame/seat if an accident was to happen. The ergonomics 

team completed a motion analysis of both the largest and smallest rider. The motion analysis 

used the motion capture lab at the university to map out the rider volume. The roll hoop was 

designed to accommodate the largest rider and insure he or she would remain inside the system. 

More information about the motion capture analysis can be found in the Developmental Testing 

section below.  

The last main design goal of the system was to minimize the amount of scrapes and/or cuts on 

the riders’ limbs during a crash. The fact that the tadpole trike design of the bike tends to keep 

the riders safer and better protected during a crash. If the bike were to partially roll over, the 

triangulation between the front wheels and the roll hoop will insure riders remain unharmed. The 

steering system will also minimize scrapes also help to minimize scrapes on the riders’ arms. 

Since the drivers’ arms will be low and close to the body, they are less likely to get caught on 

something or scrap against the ground.   

A finite element analysis (FEA) was completed on the final design to validate the safety of the 

vehicle in the event of an accident. Below is a screen shot of the frame when 600 lbs. is applied 

12° off the vertical roll hoop.   

 

Figure 6 - Top Loading Condition on Frame 

The scale of the deformation ranges from 1.0 mm to 3.973 mm; the team’s goal was to keep the 

deformation from this load below 5.1 cm. The maximum deformation seen from the 600 lbs. load 

was about 3.3 mm.  

The bike was also loaded with a horizontal force of 300 lbs. force in order to simulate the bike 

being involved in a partial roll over collision or a side impact. The scale of the horizontal side 

load deflection ranges from 1.0mm to 7.24mm. The maximum deflection is near the end of the 

spar tube where the deflection is around 7mm.  
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Figure 7 - Horizontal Loading Condition on Frame 

The team’s goal was to keep the maximum deflection below 3.8 cm which was achieved according 

to the FEA calculations. The team will be completing testing on the assembled frame in a week or 

so; more explanations of the testing that will be done can be found in the RPS testing section 

below. 

RPS RESULTS Deflection Min. Factor of Safety 

600 lb. top load 4.0 mm 1.9 

300 lb. side load 7.2 mm 2.7 
Table 4 - RPS Analysis Results 

  

b. Structural Analyses 

Objective Method Results 

Optimize the frame to 

withstand the forces 

associated with riding the 

vehicle in various high stress 

scenarios 

Solidworks FEA analysis will 

be used for the loading of the 

frame to assess the 

deflections and stresses 

Seat geometry and rear 

triangulation was modified to 

maintain a safety factor of 2 

or more 

 

All of the structural analysis is to verify that the frame can withstand the forces associated with 

riding the vehicle in various high stress scenarios. All results are with a frame of 6061-T6 

aluminum tubing of the diameters previously specified. The first load case to be considered is 

with a rider on flat ground pedaling with a force of 250 lb. as shown in Figure 8 and Figure 9. 

For this load case, the vehicle is constrained by the three tires which are in contact with the 

ground.  
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Figure 8 – Deformations from Pedaling Force Applied to Frame  

 

Figure 9 - Factor of Safety from Pedaling Forces on Frame 

This shows a maximum deflection of 3.9mm and a minimum factor of safety of 1.9 which is 

acceptable.  

The next loading scenario simulates what will be seen in a turn as shown in Figure 10 and Figure 

11. This scenario includes the person sitting in the seat, and being pushed sideways into the 

vehicle. The driver will also transmit a force into the crank tube as the rider braces into the turn. 

Again, the wheels are fixed since they are in contact with the ground in this scenario. 

When the bike is turning, the maximum forces are encountered in a near rollover condition. The 

vehicle will be near rollover when the reaction force on the inside tire is 0 N. 

First, it can be assumed that the total weight of the vehicle and rider is 290 lbs. Now dividing the 

weight of the rider and bike between the three tires evenly, the reaction per tire is 97 lbf. 

Summing the moments about the center of the vehicle and at ground level while approximating 
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the Center of Gravity of the bike, rider and fairing to be 12 in from ground level, the following 

sum of the moments equation is calculated. 

−1.18(97) + 9𝑎𝑁(1) = 0   (1) 

𝑎𝑁 = 12.7
𝑓𝑡

𝑠2                (2) 

This result can now be used to calculate the maximum velocity from which a 

10’ turn radius can be entered before a rollover will occur: 

𝑎𝑁 =
𝑉2

𝑟
                        (3) 

Substituting the number into the Equation (2) we get the following: 

12.7 =
𝑉𝑚𝑎𝑥

2

10
     (4) 

𝑉max = 11.3
𝑓𝑡

𝑠
= 7.7 

𝑚𝑖

ℎ𝑟
   (5) 

This normal acceleration can now be used to calculate the side load that will 

be acting on the bike while in a near rollover scenario: 

𝑆𝑖𝑑𝑒 𝐿𝑜𝑎𝑑 = 12.7 ∙
290

32.2
= 114.4 𝑙𝑏𝑓  (6) 

This result can now be applied to the frame as previously specified for a turn 

to find the resulting FEA results. 

 

 

Figure 10 - Frame Deformations from Right Hand Turn 
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Figure 11 - Factor of Safety Values from Right Hand Turn Loading 

These results show that the vehicle frame deflects a maximum of 4mm with a minimum factor of 

safety of 2.7 which is more than acceptable. 

The final loading scenario is when the vehicle is braking heavily. In this scenario, there is a large 

amount of force being distributed through the seat belt and into the seat tubes. The rear wheel is 

lifting off of the ground, and the front wheels are fixed to the ground.  

 

Figure 12 - Deformation on Frame from Braking Condition 
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Figure 13 - Factor of Safety Values from Braking Forces 

The results of this analysis show that the maximum deflection is 15mm (which is not necessarily 

accurate since the rear wheel is lifting off of the ground) and the minimum factor of safety is 2 

which is acceptable.  

Table 5 - Structural Analysis Results 

STRUCTURAL 

RESULTS 

Deflection Min. Factor of Safety 

Pedaling 3.9 mm 1.9 

Turning 4.0 mm 2.7 

Braking 15.3 mm 2.0 

Braking 15.3 mm 2.0 

 

The structural analyses led to adjusting how the seat supports interface with the main frame tube. 

Figure 14 shows how the interface between the frame tube and seat brace was changed to 

improve structural analyses results. 

 

Figure 14 Seat brace coping change  

 First Iteration Second Iteration 

Seat Brace Seat Brace 

Frame Tube Frame Tube 
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c. Aerodynamic Analyses  

Objective Method Results 

To decrease the aerodynamic 

drag force acting on the 

fairing’s geometry 

SolidWorks Flow Simulation 

was used to simulated drag 

forces. 

At 45 MPH, the Klokan will 

see a drag force of 5.20 lbs. 

(21.11 N). 

 

To begin the fairing design, the team analyzed last year's style. Modifications were made on the 

material, manufacturability, cost, and frontal area. Carbon fiber straps were added as a skeleton 

to provide rigidity and lighter weight. The design was also modified based on rider profile and 

safety/ergonomics. These changes allowed for an improved performance of the fairing while 

reacting to the flow simulation. At first, two designs were considered: rider head outside of the 

fairing and rider head inside of the fairing. 

 

Figure 15 - Initial Fairing Design 

After initial testing, the latter design was accepted for further iterations. Figure 15 above and 

Figure 16 illustrate the first basic design the team considered. Before the computational fluid 

dynamics (CFD) analysis could begin, the fundamentals were brought into question. The 

fundamental equation for drag force (7) can be rearranged into the formula to calculate the 

coefficient of drag (8). 

𝐹𝐷 = 0.5 ∙ 𝑐𝐷 ∙ 𝑉2 ∙ 𝐴 ∙ 𝜌 (7) 

Where, 

𝐹𝐷 = Drag force by pressure 

𝑐𝐷 = Coefficient of drag by pressure 

𝑉 = Fluid velocity 

𝐴 = Frontal area  

𝜌 = Fluid density 

Fluid = Air 

𝑐𝐷 =
2𝐹𝐷

𝜌𝐴𝑉2 (8) 
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𝑐𝐷(𝑎𝑣𝑒𝑟𝑎𝑔𝑒) = 0.122 

𝐹𝐷(𝑎𝑣𝑒𝑟𝑎𝑔𝑒) = 9.950𝑁 = 2.237𝑙𝑏 

In order to validate that the fairing design sufficiently reduces the drag forces on the vehicle, 

SolidWorks Flow Simulation 2015 was used to perform a Computational Fluid Dynamics (CFD) 

analysis. This analysis calculated the drag forces that the fairing would experience at different 

speeds. By performing the simulation at 5, 10, 15, 20, 30, 40, and 45 mph, the team was provided 

with the full range of speeds that the bicycle will experience at competition. In the simulation, 

surface goals in the z-direction were calculated in order to determine the average drag force in 

the assembly at the various speeds. All surfaces were selected in order to get an accurate reading. 

Using this value, the coefficient of drag could be calculated using equation 8. A boundary 

condition was created in order to simulate the ground (real wall). The velocity in the z-direction 

(in direction of the drag) was added for the wall motion. It was assumed that the fluid was air and 

the flow type was laminar and turbulent. 

From here, iterations were performed with the first design in order to come up 

with a style that would promote less drag force. This new style involved 

creating a cone at the front of the fairing. The analysis revealed 

enhancements on the drag force and coefficients of drag. Figure 17 below shows 

the modified design.  

  

Figure 17 - Second Iteration 

The second design improved the drag force at high speeds and decreased the coefficient of drag 

at all speeds. However, this design lengthened the front nose of the fairing by 14-inch and did 

not change the tail of the fairing which the team felt held room for improvements as well. Table 

6 shows how the 14-inch nose was chosen based on the added benefit of its geometry. Extending 

the nose beyond 14-inch displayed diminishing returns. Based on the required power for past 

Figure 16 - First Iteration 
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fairing designs, 14-inch nose was chosen in order to reach 40 MPH. The analysis output a 

smaller drag force, allowing the team to use the same amount of power to reach a higher speed. 

The graph that validated the 14-inch nose is Figure 18. 

Table 6 – Second Iteration (Nose Length Modifications) 

Second Iteration (Speed = 40 MPH) 

Length of nose (in) Coefficient of Drag Drag Force (N) Drag Force (lbs.) 

8 0.097 19.36 4.35 

10 0.101 19.39 4.36 

12 0.089 17.71 3.98 

14 0.080 16.01 3.60 

16 0.075 14.97 3.37 

18 0.074 14.24 3.20 

 

 

Figure 18 - Comparison of Drag Forces with Previous Year's Results 

A third iteration was modeled to include a gurney flap on the tail, which is shown in Figure 19. 

This geometry was added with the hope to reduce the low pressure drag behind the tail by 

increasing the turbulence in the rear of the vehicle. Unfortunately, after analysis at high speeds, 

the addition of the gurney flap slightly increased the overall drag force. 
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Figure 19 -Third Iteration 

A fourth model, shown in Figure 20 was created to have the tail mimic the nose’s geometry. 

With improved numbers resulting, especially at high speeds, the team decided to modify the tail 

even more by lengthening it slightly and creating more of a point in order to yield better effects. 

 

Figure 20 - Fourth Iteration 

After many iterations were completed in order to balance the model and ensure all sections were 

benefiting each other, a final model was chosen, which is shown in Figure 21 below.  

 

Figure 21 – Fourth Iteration 

Error! Reference source not found. shows the comparison between the fourth and fifth 

iterations of the fairing design using SolidWorks Flow Simulation. With the modified tail, the 

drag force decreased until around 20 MPH, demonstrating how its geometry mainly impacts the 

fairing at higher speeds. The flow trajectories also improved with this design, which are 

illustrated in Figure 24. 
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Table 7 - Fifth Iteration (Final Design) 

Speed 

(mph) 

Speed 

(m/s) 

Speed 

(ft/s) 
4th Iteration 5th Iteration 

      

Coefficient 

of Drag 

Drag 

Force (N) 

Drag Force 

(lbs.) 

Coefficient 

of Drag 

Drag 

Force (N) 

Drag Force 

(lbs.) 

20 8.941 29.333 0.106 4.58 1.03 0.105 4.54 1.02 

30 13.411 44.000 0.106 10.31 2.32 0.099 9.63 2.17 

40 17.882 58.667 0.106 18.28 4.11 0.100 17.33 3.90 

45 20.117 66.000 0.106 23.11 5.20 0.099 21.57 4.85 

 

 

Figure 22 - Fifth Iteration (Final Iteration) – Drag Force and Drag Coefficient vs. Speeds 

Figure 22 illustrates how much the fairing impacts the aerodynamics of the vehicle. It reduces 

the drag force to one half of the original value without the fairing at high speeds. 

The figures below reveal the flow trajectories of air around the frame without the fairing (Figure 

23 and the frame with the fairing (Figure 24) at an anticipated maximum speed of 45 MPH. 

Without the fairing, the frame and the human body do not permit the boundary layers of air to 

remain laminar due to the sudden shift of unsymmetrical geometry, thus creating a large 

stagnation point and turbulent vortices directly behind the rider. The streamlined shape and large 

contour sides of the fairing reduce the turbulence of air escaping the tail section compared to the 

unfaired vehicle. 
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Figure 23 - Flow Trajectories without Fairing 

  

Figure 24 - Flow Trajectories with Fairing 

The team wanted to be able to remove the front section of the fairing in order to assist with 

staying cool in the endurance part of the competition. Below is Figure 25 that illustrates the flow 

trajectories with the front section removed from the fairing. 

 

Figure 25 - Flow Trajectories with Only Back Section of Fairing 
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With the front section of the fairing removed, there is a distortion between the streamlines which 

causes the air to become turbulent. Nevertheless, these forces are still less than the vehicle with 

no fairing, which is shown in Table 8 below. 

Table 8 – Drag Force (Frame with Back of the Fairing vs. Frame without the Fairing) 

Run Speed 

(MPH) 

Speed 

(m/s) 

Speed 

(ft./s) 
Frame with Back of the Fairing Frame without Fairing 

        

Coefficient 

of Drag 

Drag 

Force (N) 

Drag Force 

(lbs.) 

Coefficient 

of Drag 

Drag 

Force (N) 

Drag Force 

(lbs.) 

1 5 2.24 7.33 0.969 0.691 0.155 1.09 0.778 0.175 

2 10 4.47 14.67 0.947 2.70 0.61 1.04 2.97 0.668 

3 15 6.71 22 0.930 5.97 1.34 1.03 6.61 1.49 

4 20 8.94 29.33 0.925 10.55 2.37 1.02 11.62 2.61 

5 30 13.41 44 0.923 23.69 5.33 1.01 25.94 5.83 

6 40 17.88 58.67 0.921 42.01 9.45 1.01 45.92 10.32 

7 45 20.12 66 0.914 52.82 11.87 1.01 58.22 13.09 

   Average 0.933 19.78 4.45 1.03 21.72 4.88 

The combination of laminar flow and favorable pressure distribution results obtained by using 

the CFD analysis at 40 MPH yields a coefficient of drag and drag force, respectively, of the 

fairing of 0.100 and 3.90lb as compared to 1.01 and 10.32lb without the fairing. Use of the 

fairing significantly enhances the performance of the vehicle and improves the expected speeds 

during the competition.  

d. Cost Analyses 
Objective Method Results 

To minimize costs of 

materials and labor when 

designing and manufacturing 

Klokan 

Using low cost materials that 

were easily manufactured and 

purchased only essential 

components 

The team manufactured a 

faster, lighter vehicle for a 

very economical cost. 

 

One of the main challenges the team faced was to minimalize 

development and manufacturing costs of the vehicle. Many 

vendors were consulted when searching for components and 

materials. The largest challenge encountered was the tradeoff 

between the high-performance products and pricing. Some 

vendors donated materials, some donated time using their 

facilities as well as others just donating money to the team. 

The monetary and nonmonetary donations received from the 

sponsors are not included in the following cost analysis and 

equivalent values of donations are adjusted for. The cost 

analysis was completed by adding a line item for each required 

item along with estimated costs for outsourced labor and 

facilities rentals. 
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e. Product Lifestyle Energy/CO2 Analyses 

Objective Method Results 

Calculate impact on the 

environment in energy 

consumed (J) and CO2 

throughout the lifecycle of their 

HPV 

Compare the 

environmental impact to 

other modes of 

transportation 

Klokan demonstrates less 

than 1/10th of the carbon 

footprint of a small car per 

mile. 

 

Human powered vehicles, such as the ones used in this competition, are some of the most 

efficient vehicles at converting raw energy from the environment into kinetic energy in the form 

of forward motion.  An off the shelf consumer bike has the potential to convert about 85 to 90 

percent of the energy input at the pedals into forward motion (Stetler, 2010). The team estimates 

the ability of its HPV to be closer to 95 percent because of the measures taken to reduce 

resistance and sources of energy loss across the system as a whole. The energy to the pedals is 

supplied by converting chemical energy in the human body into kinetic energy in muscles in the 

legs. Humans are able to convert about 25 percent of the energy they take in into usable energy. 

The other 75 percent is used to maintain normal bodily functions. This is consistent across any 

mode of transportation no matter if it is human powered or not, so is able to be neglected (Stetler, 

2010).  

The team was able to compare a cars ability to convert chemical energy into kinetic energy to the 

HPV. Most consumer cars, using gasoline, are only able to convert between 14 and 30 percent of 

the chemical energy into forward movement, with the rest being lost to mechanical 

inefficiencies, heat, and friction (US Energy Information Administration, 2015). The energy lost 

to inefficiencies in the system by a HPV is much less than that of an average consumer car. One 

reason for this would be the complexity of the energy conversion system in a car, while a HPV is 

very simple. Another would be the extra mass that is moving with a car versus a HPV. This is 

related to the previous point in that the car has to carry around more parts in its energy 

conversion system, while the bike has a very small number of parts and mass to carry around. 

The CO2 generated is also substantially less with a HPV than a car. The CO2 generated from a 

HPV is solely from the human breathing. When a human exhales, about 5 percent of the gases 

produced are CO2. Humans exhale approximately 3 liters of gas with every breath. During 

exercise one takes between 40 and 50 breaths per minute. The net CO2 emissions are 6.75 L of 

CO2 per minute of hard riding on a HPV. When one gallon of E10 gasoline (10 percent fuel 

ethanol by volume) is burned in a car, 17.5 pounds of CO2 are created. One pound of CO2 at 1 

atm has volume of 248 liters (US Energy Information Administration, 2015). An average new 

car has a fuel efficiency of 35 mpg, at normal city speeds of 35 mph, it will burn .01667 gallons 

per minute (U.S. Department of Transportation). This results in 72 L of CO2 per minute of 

driving. The driver and passengers are also breathing during this time, so adding that to the 

equation, we find that net CO2 emissions are 75 L per minute plus 2.5 liters per minute for every 

passenger (not including the driver) in the car. This is more than ten times greater CO2 footprint 

than a HPV. 
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Along with reducing the CO2 footprint, the team made a conscious effort to minimize the wasted 

materials when building our HPV. For building fixtures and jigs used to manufacture the vehicle, 

the team used materials that were scrapped from last year. The vehicle was designed in full in 

SolidWorks in order to create an accurate BOM. This allowed the team to reduce the materials 

consumed down to only what was needed and in turn, reduced the overall waste. The impact on 

the environment from extruding raw materials is as small as possible. Any unused material will 

be used next year for creating fixtures, jigs, or in the vehicle itself. After this vehicle has 

completed its designed purpose and is at the end of its competition life, it will be used for 

research purposes in order to improve future designs. 

f. Other Analyses 

f.1 Drivetrain Gearing Selection 

Objective Methods Results 

Select a cassette and crankset 

that allow the riders to remain 

in their optimum cadence 

range throughout racing 

Calculate velocities in high and 

low gears at high and low 

cadences and assess power 

required on a 15% grade in low 

gear 

A 53/39T crankset and 

11-39T cassette was 

chosen. 

 

The team chose a 700x32c rear tire for a supple ride and high speeds. The velocities were 

calculated with the equation below, using the cadence, number of teeth on respective gears, and 

the circumference of the tire. 

𝑣 = 𝑁𝑐𝑎𝑑𝑒𝑛𝑐𝑒

𝑁𝑐𝑟𝑎𝑛𝑘

𝑁𝑐𝑎𝑠𝑠𝑒𝑡𝑡𝑒
𝑐𝑡𝑖𝑟𝑒 

To ensure that the lowest speed the vehicle could comfortably achieve was 

feasible for steep hills, the climbing power required on a 15% grade was 

calculated using the equation below. Aerodynamic drag is neglected because the 

velocity is low, and rolling resistance is small in comparison to the power to 

gain potential energy. 

𝑃 = 𝐹 ∙ 𝑣 = 𝑚𝑡𝑜𝑡𝑎𝑙𝑔 ∙ 𝐺𝑟𝑎𝑑𝑒 ∙ 𝑣 

Using those equations, the team made selections based on data in Table 9. 

Table 9 Drivetrain calculations from selected cranks and cassette 

Cadence 

(RPM) 

Chainring 

Teeth 

Cassette Teeth Speed (MPH) Climbing Power 

(15% Grade) (W) 

60 39 36 5.3 350 

110 53 11 42.9 N/A 

60 53 36 7.1 480 

110 39 11 31.5 N/A 

  

350 watts plus rolling resistance is an intense effort for the team’s riders, but the gearing is 

sufficient for the terrain and riders. The big-big and small-small combinations show that either 
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chainring could be used alone for the endurance race, which allows for adjusting crank length 

quickly and not adjusting chain length because switching chainrings adjusts chain requirements. 

VIII Testing 

a. RPS Testing 
Initially, Finite Element Analysis (FEA) in SolidWorks was used as a baseline for judging RPS 

strength. The FEA results showed that the vehicle should pass this test with minimal deflection 

and a high factor of safety. The physical testing supports the FEA simulations. Test setups and 

data are included in Figures 25 and 26 below. 

The complete frame was brought to a partner company’s testing center where a pneumatic 

actuator was used to compress the frame with the specified testing forces. In the 12° off vertical 

loaded test, the maximum deflection was measured to be 0.178 inches when 600 lbs. were 

applied. Due to geometric constraints, the frame was secured at the rear dropouts instead of near 

the seatbelt attachment. It was decided that this would model a more conservative scenario 

because the maximum deflection would be greater due to the increased distance from the fixed 

points. 

When 300 lbs. were applied in the lateral direction to the frame, the maximum deflection was 

measured to be 0.048 in. The frame was supported at the seatbelt attachment points while the 

force was applied at a location near the riders shoulder. 

The frame passed the vertical and lateral loading test requirements and has been deemed 

adequate for the required loading scenarios. 

 

 

 

Figure 26: Frame setups for vertical and lateral deflection test 
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a.1 Developmental Testing 

a.2 Motion Capture for Ergonomics 
When designing a human-powered vehicle for a team-based racing competition, it is very 

important to consider ergonomics, or human factors, in the design so that all of the riders will be 

able to comfortably fit in the frame, reach the pedals, fit in the fairing, and see out the windows. 

Since one of the goals for this year’s competition is to reduce the vehicle’s weight, the team 

wanted to do more developmental work with ergonomics to more accurately determine the 

volume the riders would need in order to minimize the volume and weight of the fairing and 

frame. Minimizing the volume also helps reduce the frontal area of the fairing for improved 

aerodynamics.  

One way in which the team found an ergonomic design was by doing motion capture testing. The 

team used the University of Akron’s Biomedical Engineering Department’s motion capture lab 

to very accurately capture the motion of markers placed at various points on the tallest and 

shortest riders as they pedaled. The coordinates of the markers were recorded by infrared 

cameras that were placed in positions around the rider such that at least two IR cameras could 

view each marker at a time. The spherical markers were placed at multiple points on the rider 

with double-sided tape, in locations on the body that define the outer volume and that locate the 

person relative to where they would be in the vehicle’s frame. The major points for defining the 

volume are the kneecaps, heels, toes, shoulders, and top of head. The major points for 

positioning the rider relative to the frame are the hips and the marker placed on the top of the 

pedal rig. 

The test subjects sat reclined on an exercise bench at various seat angles. An adjustable rig for 

the pedals had been built, which could be raised and lowered. The horizontal distance between 

the rider and the pedals was adjusted by moving the seat, since the pedals were set in a fixed 

position on the floor. 

Vertical Loading Data  Lateral Loading Data 

Load (lbs) Displacement (in)  Load (lbs) Displacement (in) 

0 0  0 0 

100 0.030  100 0.018 

200 0.061  200 0.034 

300 0.092  300 0.048 

400 0.116    

500 0.146    

600 0.178    

Figure 27: Vertical and horizontal loading test data 
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Figure 28: Our tallest team member getting ready for motion capture 

In Figure 28, above, the tallest rider is getting ready for the first motion capture test. One of the 

IR cameras is visible behind him on a tripod. There were 6 of them, and their layout in the initial 

test is shown in Figure 29.  

 

Figure 29: computer display of motion capture IR cameras in test 1 

The goal of the initial test was to learn how to use the motion capture lab effectively and how to 

get usable results from the data. The first rider did 4 trial runs, with several different pedal 
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heights and a couple seat angles. The seat angle and pedal locations were initially adjusted to 

those found on the 2015 Vehicle for a benchmark. Next, the pedals were raised and the bench 

was moved closer as needed for the rider’s optimum leg extension, at varying amount for the 

subsequent test runs. Experience with the 2015 Vehicle demonstrated that the angle of the frame 

tube going to the pedals would need to be increased from the 2015 setup because the angle of the 

2015 vehicles crank allowed for some rider’s heels to scrape the bottom of the fairing. 

The motion capture data was collected as long lists of coordinates for each marker, in a 

spreadsheet which had been converted from a comma separated values file. Several different 

programs and methods were attempted until a suitable method of converting the raw data into a 

usable volume model was found. Creo was found to be the best 3D modeling program for 

importing point clouds. 

After the results from the initial test were analyzed, the next set of motion capture tests were 

planned for both the tallest and shortest rider. The goals for the second test were to determine the 

optimum crank tube angle and try to get the two riders’ test data at that same angle. The shortest 

rider went through the test first, then the geometry was adjusted so that the pedals were in 

position for the tallest rider but with relative pedal positions corresponding to the same crank 

tube angle. The optimum crank tube angle was found through later analysis of the results of the 

shortest rider’s tests. The point cloud data was imported into Creo, as with the initial trial, and 

the vertical gap between the lowest point of the heel marker and where the bottom of the fairing 

would need to be to clear the speed bump were measured. Next the position of the bottom 

bracket (center of rotation of the pedals) for each test configuration was determined. Finally, the 

lowest allowable crank tube angle was determined. 

After the optimum crank tube angle was determined to be 25°, a 3rd and final test with each of 

the test subjects was to be performed with the pedals set to the heights and distances that would 

give that angle.  The test rig would need to be set up with each rider in a way that would be 

consistent with the crank tube being at 25°.  Data from the first two motion capture trials were 

used to determine the hypotenuse of a triangle defined by the distance between the hip location 

and bottom bracket, for each rider.  The hypotenuse of each rider would be used to determine the 

relative positions of the bench and the bottom bracket for each rider’s test setup.  As shown in 

the figure below, the Creo model from previous tests was used to find the relative vertical and 

horizontal distances between the hip and bottom bracket with the hypotenuse line at a 25° angle, 

for each rider.  Then those numbers were entered into a spreadsheet to get the easy-to-measure 

distances to use for the test setup.  
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Figure 30: diagram used to plan the final motion capture test 

After finishing the final motion capture test and getting the data, Creo models were made from 

each rider’s data, to obtain the final rider volume needed to design the bike.  Figure 31 shows the 

model of the shortest rider’s final testing results, with the paths of some of the markers labeled.  

The solid circle between the toe and heel paths is the bottom bracket, which was placed correctly 

in the model by measuring the distance between the center of the bottom bracket and the location 

of the marker on the top of the tube the pedals were mounted on.  That marker is visible above 

the bottom bracket. The hip markers theoretically shouldn’t move much, since they are supposed 

to be at the center of rotation of the leg, but they did follow a short semicircular path because it is 

difficult to place the marker in exactly the right location and the hips move a little while 

pedaling. The approximate real hip location was found by drawing arcs through the hip marker 

data and then placing a point midway between the center points of those two arcs.  The assembly 

model of the motion capture paths in the frame was used to design the fairing.  

 

Figure 31 Motion Capture model of shortest rider’s day 3 results 
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Additionally, the motion capture data and rider measurements were utilized to make a 

mannequin model that could be placed in the frame model to design the seat angle and roll bar 

height, as well as to help with window placement.  That assembly is shown in Figure 32.   

 

Figure 32 Mannequin of tallest rider in frame model 

b. Performance Testing 

b.1 Front tire rolling resistance comparison between tires and pressures 

 

Figure 33 Coastdown testing results comparing coastdown distance past the minimum average distance 

To compare the rolling resistance between the two sets of front tires at various pressures a coast 

down test was conducted. Figure 33 shows the results of the coastdown testing, with the average 

of each configuration and 90% confidence interval based on the student’s t-distribution. For each 

set of tires at each of the pressures, the vehicle was released from a specific point on a hill. The 

bike rolled down the hill, onto a level surface, and coasted until it came to rest. The distance the 

vehicle travelled was measured, and the test was repeated a minimum of three times at each 

selected pressure per tire. The distances were all measured relative to the shortest run. Tire 

pressures were chosen based off of the minimum and maximum pressures stated on the tire.  
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The Schwalbe Duranos showed less rolling resistance than the Greenspeed Scorchers with a p-

value of less than 0.05. For optimal performance during the sprint race, the Schwalbe tire should 

be used at 120 psi. While the Scorcher exhibited more rolling resistance, its higher volume 

design makes it more suitable for attenuating the bumps and obstacles encountered in the 

endurance race. 

IX Safety  
The University of Akron collaborated with Cleveland Tooling University to efficiently provide a 

30-module industrial safety training online, and educate new team members on machine 

functionalities and safety in the shop. Subsequently, these members were trained by experienced 

machinists in the university, enabling them to optimally contribute to the team by machining 

parts and components on demand. 

All through the building phase, basic safety precautions were strictly enforced to prevent 

injuries. Safety glasses, steel toed boots were mandatory. Team members followed a safe dress 

code. Welders wore helmets, gloves and jackets. 

a. Design for Safety  
The bike was designed with safety in mind, not only for the riders but also for the bystanders 

when the bike is in operation. This year’s bike is equipped with new innovative electrical 

features to help assure everyone stays safe. To make sure riders stay safe, a roll over protection 

system was designed, tested and implemented into the bike. The roll hoop was design so that all 

riders would be sufficiently protected under the hoop. Also, the rider will have a four point seat 

belt to help hold them in place if an accident were to occur. The seatbelt secures the operator 

across the shoulders and the waist. The rider wearing a helmet when riding the bike. The 

windshield installed on the front of the viewing area will help the rider to clearly see what is in 

front of him or her without having to worry about debris or insects getting in their eyes.  A rear 

view mirror was another designed safety feature to improve the limited rear visibility while 

riding the bike. Disk brakes are an added feature that allows the rider to stop the bike extremely 

quickly when needed.   
  

This year, another huge safety innovation was added to the bike. This vehicle has the ability to 

warn the rider if the bike is close to tipping over. An Arduino controlled system uses strain 

gauges and a few other electronics to give feedback on the dynamics of the vehicle. This system 

will not only help the rider be less likely to tip the bike in a hard turn, but it can help the rider 

more safely push the limits of the vehicle. 
  

A few safety features were added to help others see and hear the bike when coming. Reflective 

tape was attached to the bike to improve the vehicle visibility to bystanders and other vehicles 

nearby. A horn was also added so that those close by can be warned that the bike is approaching. 

Head lights and taillights were also an added safety feature when designing the bike; if those 

nearby can see the vehicle and know what the driver is planning to do, accidents can be avoided. 

In addition, a mirror is attached for an increased field of view for the rider.  
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b. Hazard Analyses 
Manufacturing and operational hazards were analyzed and minimized using various techniques. 

First off, personal protective equipment was properly used according to the rules and regulations 

set by the team and the university. Welding masks, jackets and gloves were worn when welding 

the frame and other components to the bike. General protective equipment and procedures was 

followed when working in the machine shop.  

The bike fairing was created from carbon fiber ribs. The sheets of laminated 5k 5HS carbon fiber 

were cured in an autoclave. The sheets were cut using a waterjet which is a safe and efficient 

way to cut the sheets. The fairing is made of mainly Polypropylene which is a very non-reactive, 

impact resistant material, and it is also innocuous. One of the most hazardous issues that arises 

when riding a fully faired vehicle is rider being cut or hurt inside during an accident. The team 

made it a point to remove all the sharp edges to the carbon fiber ribs. The fasteners used on the 

fairing do not protrude from the inside, and fairing will also be filed down as smooth as possible 

to increase rider safety.  

Also, routine preventative maintenance will be addressed on the vehicle before any driver shall 

ride. Lubricated components will be addressed and up kept as needed. Any visual signs of wear 

and/or fatigue on components will be taken care of or replaced of as necessary, such as 

replacement of brakes, tire pressures and tire alignment. 

X Conclusion  

a. Comparison – Design Goals, Analysis, and Testing 
The various analyses predict that Klokan will meet the goals set forth. The goals were informed 

by analysis and vice versa. Table 10 summarizes the observations of Klokan with respect to 

design goals. 

Table 10 Comparison of goals and testing results 

Goal Result 

Accommodate riders 

from 5’3” to 6’2” 

All riders could comfortably drive the vehicle without unplanned 

modifications. 

Top speed of 40 MPH Testing is planned for after fairing construction. CFD analysis 

predicts that 40 MPH will be achieved. 

Racing weight of 50 lbs.  Final estimated weight of 45 lbs. (Including unassembled pieces) 

Design for 

manufacturing 

Frame manufacturing time decreased from 4 weeks to 1.5 weeks. 

Useful Innovation Functional innovation executed that enhances safety and HPV 

performance. 

Comply with ASME 

HPVC requirements 

RPS testing is planned for March 31. FEA results predict a 

successful evaluation. Other requirements are anticipated to be 

met. 

 

b. Evaluation  
At the time of submission, Klokan was riding but did not have the complete fairing attached and 

could not be fully evaluated.  
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Ergonomics were evaluated by having the entire team ride the vehicle to verify everyone was 

comfortable. 

Top speed testing will be carried out on a flat, straight course. The vehicle will be run in both 

directions and the top speed will be declared the lower trap speed recorded of the highest trap 

speeds of the two directions.  

Design for manufacturing and clever fixtures made bending, machining, and welding the frame a 

more precise and efficient operation, such that the team made a second frame in less than a week. 

The rollover warning system succeeds in warning the rider of approaching rollover. This will be 

further evaluated by releasing riders on a tight road course with and without the rollover warning 

system to evaluate the lap time differences caused by stability feedback. 

c. Recommendations  
This frame design minimized weight while resulting in a frame durable enough to compete but 

stiffness during pedaling should be improved. To mitigate this in the future, reduce the tolerance 

for deflection in the pedaling loading structural analysis. A smaller rear wheel would also reduce 

the flex in the frame.  
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XII  Appendix 

a. Rollover Alert System Report 

1.0 Design 

1.1 An excerpt from Bicycling Science states, “Most tricycles cannot lean, so fast cornering is 

possible only by ‘hiking’ one’s body to the inside of the turn to avoid rollover.” [1] Due to the 

tadpole tricycle design of the vehicle, it is more difficult for the rider to recognize the balance of 

the vehicle in a turn compared to a two-wheeled design. The purposed strain gauge rollover 

warning system provides an alternate method to avoiding rollover and warns the rider as rollover 

boundaries are approached. Strain gauges mounted to the vehicle frame detect vertical forces 

changing in the crossmember and transmit the live front tire weight distribution data to a 

microcontroller in real time. The microcontroller is programmed to determine if there is a risk of 

rollover and warn the driver by means of a buzzer. The risk of a dangerous rollover is reduced 

through the rollover sensing system and the rider is safer. 

1.2 If a cost efficient and functionally effective strain gauge alert system can be developed, a 

similar system could very well be implemented on three-wheeled human powered vehicles in the 

future. With a proper encasement, secure wires, and a battery pack, a self-sufficient system could 

be installed standard on human powered vehicles and provide the benefit of rollover safety. With 

the use of a microcontroller, a prototyping board, a half Wheatstone bridge, an op-amp, a power 

supply, and strain gauges, the development of a rollover alert system is very feasible. 

2.0  Concept Evaluation  

2.1 A basic circuit diagram and code for reading strain gauges with a microprocessor system 

was initially used in the development of a prototype [2]. With a few modifications to the code, 

readings from the prototype system were obtained. Continuous iterations were performed with 

each iteration involving the modification of both hardware and coding until the predicted results 

were achieved. By the time the rollover protection system was to be applied to the tricycle for 

further testing, the initial code had been completely changed and additional hardware had been 

added for data capturing. 

Using 350 Ω strain gauges, 20 gauge copper wire, and a JB Weld adhesive, the strain 

gauges were applied to opposite sides of a scrap piece of sheet aluminum for initial testing 

(Figure 1). Figure 2 shows the initial strain gauge and half Wheatstone configuration [3]. In this 

setup, the strain gauges are placed opposite of each other, one in tension and one in compression, 

and register a combined change in resistance through the half Wheatstone bridge configuration. 

 Figure 1- 350 Ω strain gauge affixed to the 

prototype aluminum sheet 
 Figure 2- Prototype Strain Gauge Configuration 
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The purpose of this initial test was to determine the sensitivity and the appropriate layout 

for the strain gauges in our application. Using an early iteration of the microprocessing code, 

later fully developed, it was found that sufficient readings could be made using only the top 

strain gauge, which allowed the use of fewer strain gauges for simplification. The use of two 

strain gauges opposite of each other is generally only beneficial in the application of eliminating 

small changes in resistance due to thermal expansion between the opposing strain gauges. 

2.2 It was determined through the prototype that suitable strain gauges were chosen and, after 

reviewing the FEA analysis on the tricycle frame during a turn, should be attached to the higher 

stressed top side of the crossmember. This placement would produce the best results and allow 

for the most adjustments. With this information, strain gauges were then applied to each side of 

the crossmember, and wire leads were soldered and attached to the frame. 

The microprocessor code was further developed to receive readings from the strain 

gauges. Those readings were then converted, through an op-amp, to the desired range of left and 

right turn rollover limits. The units yielded by the microprocessor are a discrete representation of 

voltage into 1024 steps between 0 and 5 volts. The upper and lower boundaries were determined 

by assuming rollover becomes a risk when a tire is unweighted and as a result one of the strain 

gauges on the crossmember has a small strain while the other has a larger strain. A buzzer was 

added to the circuit and programmed to alert the rider when those boundaries were being 

approached. To validate that the developed system was working properly, the upper and lower 

bounds were set to a smaller range (60-90 cV) so that the buzzer would sound in normal turning 

conditions.  

Figure 3 shows the collected data for validation. The microprocessor was programmed to 

record a reading from the half Wheatstone bridge every 0.2 seconds. The plot shows data 

recorded while executing turns on the vehicle. The readings exceeded the upper and lower limits 

consistently. A video was taken for the duration of the graphed data to record the alerting sound 

and verified that the buzzer sounding matched up with locations on the plot. Setting the 

boundaries lower allowed for a safer method to test that the system provided the anticipated 

safety benefits. 

 

 

Figure 3 - Strain readings collected with sensitive upper and lower limits to validate functionality 
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2.3 As an unanticipated benefit, the rollover sensing system assists competitive and casual 

riders wanting to maximize efficiency and maintain speed while turning. This warning system 

allows riders to find a maximum speed while cornering without tipping. While maximizing 

efficiency and maintaining speed, the rollover alert system helps train riders to optimize their 

leaning and turning techniques. 

3.0 Learnings 

3.1 Understanding how to use the hardware and how to code the microprocessor posed 

problems in early versions of the system. During prototyping, a few complications in choosing 

the correct resistors to complete the half Wheatstone bridge, and choosing the correct gain 

resistor for the op-amp were encountered. While trying to obtain the first strain gauge readings, 

the system was displaying random variable readings. Upon further investigation, it was found 

that the microprocessor was only capable of reading 0 to 5 volts encoded between 0 and 1023 

(The voltage is converted into a discrete value through the microprocessor’s A2D converters.). If 

the system was reading a negative number or a voltage above 5 volts, the microprocessor 

generated a random leftover bit code and did not display consistent outputs. It was verified that 

this was the problem by checking that the strain gauges and all other hardware components in the 

system were working properly, leaving only analog-to-digital converter incompatibilities 

responsible for unreliable readouts. 

3.2 First, it was necessary to fix the negative readout problem so that only positive voltages 

were relayed to the microprocessor. This was accomplished by changing the half Wheatstone 

bridge resistors. Normally, it would be desirable for the circuit to produce a zero voltage reading 

when no strain difference between the sides is occurring and be able to fluctuate positive or 

negative depending on the direction of strain difference. For the circuit to work properly with the 

microprocessor chosen, it was necessary for the system to always produce a positive voltage 

difference. Eventually, proper resistors were found to have a resistance of 351 Ω, which was 

only 1 Ω different from the strain gauges (350 Ω). Having this slight difference allowed for 

consistently positive voltages for all strain differences and an acceptable amplification range 

when determining the upper and lower alerting boundaries. Next, the gain resistor of the op-amp 

was changed so when the gain was multiplied by the voltage, the voltage changes from strain 

variations produce detectable differences for transmission to the microprocessor.  

3.3  Unanticipated wet conditions could result in water spray on an un-faired vehicle, which 

could possibly damage the wiring of the system. Also, unprotected strain gauges could be met 

with the same fate. In rough travel conditions like going over uneven terrain, it is possible for 

wires to disconnect if enough shock occurs over a long period of time. Another unanticipated 

negative aspect is that a heavier rider produces greater strain differences before rollover is even 

imminent which causes the alert system to be less useful to anyone that weighs more or less than 

the person that the system was calibrated too. Even with these unforeseen negative aspects, the 

system was successfully implemented on a vehicle achieving desired results while realizing all of 

the unanticipated teaching aspects and anticipated safety benefits offered by the design.  
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