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Abstract 

During the 2014-2015 competition season, the Rose-Hulman Human Powered Vehicle Team 

designed and constructed Shannon-igansða lightweight, efficient, and agile human-powered 

vehicle that can safely and effectively be used for everyday transportation. The vehicle is a 

recumbent with a carbon fiber structural fairing and a steel subframes. The fairing weighs 31 lbf 

(138 N) and was constructed as a continuous structure using a six-piece molding method. 

 

 The projectôs scope included all aspects of vehicle design and fabrication. The team conducted 

analysis, computational modeling, and physical testing to demonstrate that Shannon-igans met 

all requirements of Rose-Hulman Institute of Technology, Human Powered Race America 

events, and the ASME Human Powered Vehicle Challenge.  

The team designed Shannon-igans for safety, reliability, practicality, and performance. Standard 

bicycle components were chosen for the drivetrain and rectangular 4130 steel tubing for the front 

subframe to increase manufacturability, durability, and reparability. The team designed Shannon-

igans with retractable dual landing gear which allows the vehicle to have excellent stability at 

speeds from 0 to 50 mph. These features combine with a backpack-sized storage space, signal 

lights, a flag, and a horn to make Shannon-igans a highly practical vehicle. 

 

The vehicle has a field of vision of 200 degrees (300 degrees using mirrors). The faring is 

protected against penetrating debris using a layer of Kevlar fabric. Both the three-point safety 

harness and steel roll bar were tested to twice ASME specifications. The team also introduced an 

innovative all-wheel steering system as well as dual landing gear to improve maneuverability at 

lower speeds. With robust and novel engineering, Shannon-igans advances the field of human 

powered vehicles.
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1 Design 

1.1 Objective   

The Rose-Hulman Human Powered Vehicle Team (HPVT) designed, tested, and constructed Shannon-

igans during the 2014-2015 academic year guided by the team's mission statement: 

 

The Rose-Hulman Human Powered Vehicle Team has the goals of furthering the field of human 

powered vehicles, creating a common library of knowledge pertaining to their design and construction, 

developing innovative processes and designs, and providing a positive learning and working 

environment for students. 

 

The design goal for Shannon-igans was to create an innovative recumbent bike that maximizes speed, 

stability, and maneuverability for safe personal transportation. 

 

1.2 Background  

As energy costs have increased, so too has the demand for sustainable forms of transportation. From 

2000-2012, commuter use of unfaired upright bicycles increased nearly 61% from 488,000 to 786,000 

commuters [1]. Unfaired upright bicycles are an economical and efficient mode of transportation, but 

they do not offer the same safety and convenience features as automobiles. Bicycles have low top 

speeds and offer little in terms of storage space and safety features. 

 

Shannon-igansða faired, recumbent, all-wheel steered bicycleðcaptures the practicality and safety 

features of automobiles while maintaining or improving the efficiency, sustainability, and 

maneuverability of unfaired upright bicycles. Its design preserves the stability of an upright while 

achieving the higher possible speeds of a recumbent. A structural, aerodynamic fairing further increases 

the speed of the vehicle and protects the seat-belted rider better than a normal bicycle. The vehicle 

boasts sizeable storage space, a seating position designed for maximum rider output, and an electronic 

rear wheel steer system. These features combine to make Shannon-igans a more practical, efficient, and 

faster alternative to unfaired upright bicycles.  

 

1.3 Prior Work  

The following is a list of features and processes the team developed in previous years that were used in 

the creation of Shannon-igans. 

 

Wind conditions developed for the CFD analysis of the 2010 Ragnarök were repeated for the fairing 

design of Shannon-igans [2]. 

 

A 3D motion capture processing program, originally developed for the 2011 Helios, was reused to 

generate a model of the space required inside the vehicle for the rider. This method was used to ensure 

that the fairing would fit closely around the rider without interfering with the riderôs pedal stroke [3]. 

 



 

2 

 

For its structural fairing, Shannon-igans uses the ribbed tub monocoque concept of the 2012 CarẼot 

Cycle and the 2013 Celeritas. The team has verified this rib layout with the isotropic analysis in 

ANSYS and orthotropic analysis in Siemens NX performed in 2012 [4].  

 

Structural analysis of the subframe for Shannon-igans has been performed using the loading cases 

developed for the 2013 Celeritas [5] 

 

The stability of the Shannon-igans was analyzed using a MATLAB program developed for the 2012 

CarẼot Cycle. The snap-fit method used on the 2012 CarẼot Cycle to ensure the hatches were even with 

the fairing was also used for Shannon-igans [4].  

 

Shannon-igans uses a commercially-fabricated seat belt mounted to the fairing via five steel rivets 

through an aluminum plate. Using this mounting method, five specimens were tested to failure in 2012. 

Using Studentôs t-test, the 95% confidence interval on the ultimate strength was 810 ± 100 lbf (3600 ± 

400 N) [4]. Shannon-igans has three mounts giving 1100 lbf (4900 N) in ultimate strength, exceeding 

the 2014 HPVC requirement of 750 lbf (3340 N). 

 

The hatch design of Shannon-igans uses the front and rear hatch design of the 2013 Celeritas, modified 

for ease of access based on previous experience. Similar to the 2013 Celeritas, the rear hatch of 

Shannon-igans is attached to the vehicle with magnets with the addition of a secondary mechanical 

attachment method described in Section 1.8 [5].  

 

1.4 Organizational Timeline  

The team created a Gantt chart to plan the development process for Shannon-igans. The Gantt chart, 

shown in Figure 1.  Gantt Chart Summary for 2014-2015 Competition Season, was updated periodically to reflect 

changes and delays.  

 

 
Figure 1.  Gantt Chart Summary for 2014-2015 Competition Season 
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1.5 Design Criteria 

The team compiled design constraints for Shannon-igans from ASME HPVC, Rose-Hulman, Indiana 

state law, and the Human Powered Race America (HPRA) rules and regulations. These constraints are 

summarized in Table 1. Shannon-igans Design Constraints. 

Table 1. Shannon-igans Design Constraints 

Source Constraint 

ASME HPVC 

[6] 
1.      Cargo area able to hold a 15 x 13 x 8 inch (38 x 33 x 20 cm) parcel 
2.      Braking from 15 to 0 mph (25 to 0 kph) in less than 20 ft (6.0 m) 
3.      26 ft (8.0 m) turning radius 
4.      Rider safety harness with ultimate tensile strength over 750 lbf (3340 N) 
5.      Unassisted starts and stops 
6.      Roll bar with elastic deformation of less than 2 in (5.1 cm) for a 600 lbf (2.67 kN) top load 

and less than 1.5 in (3.8cm) for a 300 lbf (1.33kN) side load 
7.      Stability at 3-5 mph for 100 ft (5-8 kph for 30m) 
8.      Rollover protection system that lessens impact and prevents abrasion in crashes 

Rose-Hulman 1.      Molds routable out of standard 4 x 8 ft (1.02 x 2.44 m) pieces of foam 
2.      Total cost of materials and consumables less than $10,000 
3.      No exposed carbon fiber near rider 
4.      Paint scheme comprised of school colors (red, white, and black) 

Indiana State 

Law [7] 
1.      For riding at night, white front lamp and red rear lamp/reflector visible from 500 ft to front 

and rear, respectively 
2.      Bell or other device audible from 100 ft (30 m) 

HPRA [8] 1.      Two independent braking systems 
2.      Rear-view mirrors 

 

  

    

The teamôs goals are similar from year to year, but vary based on feedback from previous vehicles, 

changing requirements, and the innovation that the team implements. Using previous yearsô experience 

and the design of Shannon-igans, the team prioritized and matched its needs for the bike with metrics in 

a House of Quality (HoQ), shown in Figure 2. Shannon-igans House of Quality 
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Figure 2. Shannon-igans House of Quality 

As shown by the HoQ in Figure 2 above, the areas of focus are turning radius, rider satisfaction, frontal 

cross-sectional area, and starting-stopping capabilities. From the HoQ, the team developed product 

design specifications (PDS) to guide the design of Shannon-igans. The PDS are shown in Table 2. 
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Table 2. PDS Produced from House of Quality 

  

 

 

 

 

 

 

 

 

 

 

 

 

1.6 Concept Development and Selection Methods   

Based on the design criteria imposed by the competition and Rose-Hulman, the team developed 

features for Shannon-igansô design in a decision matrix. The features such as speed and comfort were 

weighted on a scale of 1 to 5 (1 being least important and 5 being the most important) based on what 

the team considered most significant to consider when designing the vehicle. Categories considered 

included vehicle design, low-speed stability methods, seat design, innovation feature, aerodynamic 

fairing design, storage space location, adjustability method, and layup method. Shown below are some 

of the design criteria that were taken into account when designing the vehicle. 

 

 
Figure 4. Picture of Innovation Feature Decision Matrix 

Metric  Marginal value Target value 

falls in 10 stops and starts 1 0 

CdA (ft2) 1.2 0.6 

part count 100 80 

drivetrain efficiency (%) 90 98 

rider satisfaction (1-10 scale) 7 10 

field of view (deg) 180 360 

time to enter/exit (s) 15 3 

turning radius (constraint) (ft) 14 6 

weight (lbf) 80 50 

construction time (weeks) 7 5 

cost (excluding labor) ($) 7,000 5,000 

Figure 3. Picture of Vehicle Type Decision Matrix 
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Values for the decision matrix were generated by the consensus of the team using prior experience or 

ongoing testing.  The decision matrix indicated the recumbent bicycle as the preferred vehicle layout 

and an All-Wheel Steer system as the preferred innovation feature. Decisions regarding all other 

possible aspects of the vehicle are discussed further in the remainder of the report. 

 

1.7 Bike Description 

1.7.1 Fairing and Frame Design  

To implement a steering rear wheel, the team had to redevelop the portions of the monocoque fairing 

which depended on integrating the rear wheel mount to the fairing structure. The rear wheel of 

Shannon-igans is now mounted directly to the roll bar, just behind the rider. This structure also acts as a 

cross member for the roll bar contributing to its lateral stiffness. 

 

Rib placement throughout the vehicle was also designed to minimize deflection and maximize stiffness 

between the pedals and the rider, and to allow the rider space to move. The ribs are constructed of 

unidirectional carbon fiber wrapped around Nomex honeycomb. The ribs are laid up within the carbon 

fairing forming one strong structural member throughout the vehicle. Additionally, Shannon-igans has 

a separately constructed subframe to support the front wheel, steering mechanisms, cranks, and 

drivetrain attached at structural points in the fairing/frame.  

 

The fairing has four hatches that can be used or detached. The main hatch comprises the majority of the 

top half of the fairing and acts as the main point for entering and exiting the vehicle. Two small side 

hatches in the upper portion of the tailbox provide access to electronics and pneumatic systems 

mounted behind the rider. The most unique hatch on Shannon-igans is the rear-wheel cowl. This 

covering for the rear wheel decreases aerodynamic drag and also significantly reduces the turning 

angles of the rear wheel. The use of the rear cowl depends on the riderôs intentions when beginning the 

ride. When maneuverability is key the rear cowl can be removed; for long straight rides the rear cowl 

can be left on to conserve the riderôs energy and extend his or her range. 

 

1.7.2  Roll Bar  

Shannon-igans uses an integrated roll bar to protect its rider. It consists of a 2.50 in (63.5 mm) x 0.25 in 

(6.35 mm) strip of Nomex honeycomb wrapped with multiple layers of unidirectional and woven 

carbon fiber. The order of the layers is shown in the following diagram. 

 

 

Figure 5. Roll Bar Layers 
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1.7.3 All -Wheel Steer (AWS)  

The All-Wheel Steer (AWS) system on Shannon-igans centers around a rear mounted fork as shown in 

Figure 6. This fork is structured much like the fork at the front of a normal bicycle, but faces in the 

opposite direction.  The headtube for the fork is constructed as part of a rear subframe assembly, which 

attaches to the roll bar rib on either side of the vehicle, directly behind the rider.  The fork is actuated 

by a 1271 oz-in (1.418 kg-mm) servo motor, which is connected to the fork by a chain and 

sprockets.  The rider is able to control the angle of the rear wheel independently of the front wheel with 

a joystick mounted on the steering tiller. Allowing for the front and rear wheels to steer independently 

allows for greater maneuverability than is possible with a fixed rear wheel or a rear wheel rigidly linked 

to the position of the front wheel.  

 

 
Figure 6: All-Wheel Steer Prototype 

1.7.4 Drivetrain  

Drawing from experience with the 2014 Namazu, the team designed Shannon-igans with a narrow-Q 

factor drivetrain. The 2014 Namazu required a drivetrain with sufficient clearance between the pedals 

for a stored energy drive system [9], which significantly increased the frontal area of the vehicle and 

caused chain interference while turning due to decreased clearance between the two drive chains. The 

2013 Celeritas was designed with a narrow-Q drivetrain and had no issues with chain interference, thus 

this system was redesigned for use on Shannon-igans. From research on similar systems, the team 

concluded that it met its PDS value of 95% on drivetrain efficiency [10]. 

 

1.7.5 Six-Piece Mold  

The team used a Six-Piece Mold procedure in the production of the Shannon-igans, refined from its 

original application for the 2013 Celeritas. The vehicle was created in four separate layups, visualized 

in Figure 7 clockwise from top left: top and side hatches, two-thirds of the monocoque, foot flaps and 

rear-wheel cowl, and bottom two-thirds of the monocoque. Both the 2013 Celeritas and 2014 Namazu 

layups experienced problems drawing adequate vacuum for the larger monocoque layups due to the 

complex contours of the fairing. Both vehicles used a large wooden box that supported and aligned the 

mold pieces during the layup and while under vacuum. This box was difficult to fit inside a vacuum 

bag and could not be vacuum sealed, resulting in unreliable vacuums. 



 

8 

 

   

 

  

 

 

 

 

 

 

 
 

                         

 

As discussed in Section 3.2.7, the team successfully tested and implemented a layup process without a 

box. To align the mold pieces, the top and bottom thirds had three holes routed that snugly fit 

aluminum alignment rods.  Each of the six pieces of the mold was hardened with EPSILON Impact 

Resistant Foam Coating to prevent damage from the rods and provide a finished surface. For additional 

rigidity, each mold piece was backed with half-inch plywood. The rods and plywood created a rigid, 

adjustable structure without the alignment box. This change produced several unexpected benefits: 

significantly quicker layup preparation in comparison to the 2014 Namazu, easier access to the molds 

during layups due to removal of the bulky box, and significantly higher vacuum pressures than were 

seen in the production of the 2013 Celeritas and the 2014 Namazu. 

 

1.7.6 Landing Gear  

The last landing gear designed by the team, for the 2013 Celeritas [5], used a locking mechanism and a 

motor to extend and retract a telescoping rod. The mechanisms required to perform this resulted in a 

complicated and heavy system. Though it was functional, the landing gear supported the vehicle on 

only one side, which required practice to use successfully. This year, the teamôs goal was to design a 

system that supported both sides of the vehicle while weighing less and actuating more quickly. 

Pneumatic actuation was chosen for its high energy density and flow rate, ease of construction, and 

ability to power two mechanisms simultaneously. The pneumatic piston actuator is eight pounds (3.63 

kg) lighter than the old actuation mechanism. After adding a second piston, piston supports, a tank, a 

regulator and an electric solenoid, the system weighs one pound (0.454 kg) less than the previous 

single-sided electric system. 

 
Figure 8. Single Side of Landing Gear Design 

Figure 7. Layup Order of the 6-Piece Mold Process, Clockwise from Top Left 
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1.8 Practicality  

The team designed Shannon-igans so that it could be both a HPVC racing vehicle and a practical means 

of personal transportation. In its construction, standard bicycle components were used wherever possible 

for ease of replacement. The composite fairing is durable, protects the rider during crashes, and can be 

repaired to useable strength as seen in Section 3.2.4. With its improved landing gear and rear wheel steer 

systems, Shannon-igans achieves stability and gives the rider the ability to easily stop and start the vehicle 

unassisted. 

1.8.1 Storage  
The cavity directly behind the rider is used for storage, as with prior vehicles such as the 2014 Namazu. 

The storage space is easily accessible through the rear hatch and measures greater than 15 x 13 x 8 

inches (38 x 33 x 20 cm). 

1.8.2 Weather Conditions 

Shannon-igans is suitable for the rider to travel in a variety of weather conditions. The team determined 

temperatures from 15°F (-9°C) to 95°F (35°C) to be reasonable conditions for riding. This range extends 

above 80°F (27°C) because of an included air duct and exit, which efficiently ventilate the rider while 

riding, and extends below 32°F (0°C) due to the insulating properties of the fairing if the exit hole is 

sealed. Because of this range, Shannon-igans is rideable in most of the continental United States, in 

particular the 2015 HPVC locations of Gainesville, FL and San Jose, CA. The fairing provides significant 

protection from precipitation but is it not advised to ride when there is rainwater or snow on the road, as 

the wheels are in the rider compartment, and may splash liquid at the rider. 

1.8.3 Communication 
 

Shannon-igans has a headlight, turn signals, brake lights, and horn that allow the rider to interact with 

motorists, pedestrians, and other cyclistsô safely. The headlights are visible at night from over 500 ft 

(150m) and the horn is audible from over 100 ft (30 m). These meet the constraints imposed by Indiana 

state law (shown in Table 1). Additionally, Shannon-igans is equipped with a two-way radio during 

competition to allow the rider to communicate with team members. 

 

2 Analysis 

2.1 Rollover Protection System  

Objective Method Results 

Verify the strength of the rollover 

protection system keeping the 

rider safe 

ANSYS Stuctural was to 

determine deflection in two 

load cases 

The roll bar meets ASME specification with a top 

load deflection of 0.40 in (10.2 mm) and a side load 

deflection of 0.27 in (6.9 mm) 

 

The analysis of the roll bar was performed using Finite Element Analysis (FEA). To simplify the 

calculations the nomex core was modeled as an isotropic material with material properties matching 3 

lb (13.3 kg) polyurethane expanding foam. Bending tests performed for the 2012 CarẼot Cycle 

indicated that the material internal to the rib primarily provides support against buckling [4]. The 

carbon fiber weave and uni-directional carbon fiber were modeled as orthotropic materials with values 
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gathered from experimental data [5], calculations from material spec sheets, and material properties 

from the teamôs distributors [11][12]. Additionally, the roll bar was modeled without the steel support 

beam. During the analysis, the bottom of the roll bar was treated as a fixed location as a close 

approximation since the steel bar will deflect minimally. The calculated material properties can be seen 

in the Table 3. With a top load of 600 pounds of force (2669 N) applied to the roll bar, the deflection 

was calculated to be 0.40 inches (10.2 mm). With a side load of 300 pounds of force (1334 N) the 

calculated deflection was 0.27 inches (6.86 mm). Both of these values can be seen in Figures 9 and 10 

and fall well within ASME specifications for the 2015 HPVC [6], assuring the team that the design and 

rib structure was adequate. Additionally, the team expects the final roll bar produced to be significantly 

stronger due to the nature of the monocoque design. Due to the complex nature of FEA, the team 

verified the reliability of the result by modeling a rib in three-point bending. This is a common test the 

team has used to test the effects of processes like rib repairs and rib pinning. Since this data was readily 

available, the team modeled one of these ribs and did analysis with the average failure force of 150 

pounds (667 N). The modeled rib reported a maximum strain of 0.03 which falls just over the reported 

expected failure of carbon weave by itself. 

 

  
 

 

 

 

 

 

 

 

                       

 

 

 

 

 

 

Table 3. Material Properties used in Finite Element Analysis of the Rollbar and Rib Crush 

Figure 10. Roll Bar with Top Load 
Figure 9. Roll Bar with Side Load 
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2.2 Structural Analysis  

2.2.1 Frame Analysis 

Objective Method Results 

Determine the amount of material 

necessary to support the loads on the 

steel sub-frame with a factor of safety 

of 6. 

FEA was performed on the 

subframe design using team 

standard loading conditions. 

Rectangular 1 x 1 ½ inch steel tubing 

with a wall thickness of 0.065 inch is 

sufficiently strong for the subframe 

 

The team simulated the stress in the subframe with FEA, using ANSYS. To simulate the riderôs 

pedaling, a moment of 19 lbf-ft (26 N-m) and a force of 173.33 lbf (771.3 N) were applied to the 

bottom bracket. A force of 127 lbf (565.2 N) was applied to the head tube to simulate the weight 

distribution of the rider. These loadings were originally developed for design of the 2013 Celeritas 

[5].  The worst situation, in which only the edge of the mounting plates are in contact, was simulated. 

The result shows that the main part of the subframe has a high factor of safety (FoS) and the FoS for 

several moderate stress concentration locations stay over 10. The most severe stress concentrations 

happen around the edge of the rear mounting slot and inner surface of the bottom bracket. On the edge 

of rear mounting slot, the maximum stress is 13 ksi and the FoS for yielding is 5.75; the stress on the 

bottom of inner side of bracket is around 9 ksi and the FoS for yielding is 8.31. The team has a target 

FoS of 6 to ensure that this critical system does not fail. Although the minimum calculated FoS of 5.75 

is below this target, the team feels that it is still within a reasonable range, and the design is adequate. 

 

 
Figure 11. Stress Concentrations on Frame 
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2.2.2 Rear Fork Analysis 

Objective Method Results 

Design a fork for the all-wheel steer 

system that fulfills all geometry 

requirements and ASTM strength 

requirements. 

Two FEA solvers were used to 

perform both iterative design of 

the fork and validation analysis. 

The final design for the rear fork met all 

requirements as well as being significantly 

lighter weight than those produced in the 

past 

 

Shannon-igans required construction of a rear fork for use in the rear-wheel steer system. The system 

was designed with a zero-trail condition to ensure that in the event of system failure, the rear wheel 

would remain straight. Since the 2007 Infinity, the team has constructed forks by modifying 

commercial bicycle forks. However, this method is too imprecise to yield a zero-trail condition. 

Instead, a custom fork was designed and CNC-milled to specification. 

 

For design purposes, the loading conditions chosen were those set forward by ASTM F2273-11. The 

specification requires a fork to withstand a compression load of 2800 N (639 lbf) parallel to the steer 

tube, and a bending load of 1200 N (270 lbf) perpendicular to the steer tube against the rake of the fork. 

These loads are to be applied through the wheel dropouts while holding the steer tube fixed using thrust 

bearings. As standard bicycle forks are subject to increased loading during braking as well as frontal 

impact loading, this specification was chosen to guarantee a robust design. 

 

To determine if the fork was of adequate strength, von Mises stress plots under loading were analyzed 

for material exceeding yield strength. The fork was designed to be CNC milled from 7075-T6 

aluminum billet, and so was analyzed using a yield strength of 505 MPa and a modulus of elasticity of 

71.7 GPa. 

 

To simplify this analysis, a symmetry argument was used to reduce the fork by cutting along the Y-Z 

plane and analyzing half of the model. A zero-displacement boundary condition was defined along the 

X-axis, which is perpendicular to the cutting plane. Each of the loads applied to the fork were halved 

and applied to the wheel dropout. A preliminary SolidWorks simulation was performed to determine 

the adequacy of the design. A fixed support case was applied to the outer surface of the steer tube and 

to the surface along the axis of symmetry. A 1400 N axial force and a 600 N bending force were 

applied to the wheel dropouts in turn. The following von Mises stress plots were produced: 

 

                  
 

       Figure 12. Preliminary Bending Case von Mises Stress           Figure 13. Preliminary Axial Case von Mises Stress 
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From this analysis, it was determined that the crown of the fork significantly exceeded von Mises yield 

stress for the bending case. The design was modified to stiffen the crown by adding a diagonal brace 

from the fork blade to the steer tube. The following simplified final design was produced for analysis:  

 

 
Figure 14. Simplified Final Fork Model 

Two separate methods of analysis were used for comparison: SolidWorks SimulationXpress Wizard 

and ANSYS Workbench 14.0 Static Structural Solver. The SolidWorks simulation was performed as 

accurately as possible given the constraints set forth by the solver. A fixed support case was applied to 

the outer surface of the steer tube and to the surface along the axis of symmetry. A 1400 N (315 lbf) 

axial force and a 600 N (135 lbf) bending force were applied to the wheel dropouts in turn, and the fork 

was analyzed for maximum von Mises stress and maximum total deflection in each loading case. 

 

The ANSYS Workbench simulation was performed using a fixed support case applied to the crown 

race of the fork. The top of the fork was fixed against Z-displacement to mimic the thrust bearing 

assembly of a headset. Finally, the face of the fork along the axis of symmetry was fixed against x-

displacement. A 1400 N (315 lbf) axial force and a 600 N (135 lbf) bending force were applied to the 

wheel dropouts in turn, and the fork was analyzed for maximum von Mises stress and maximum total 

deflection in each loading case.  

 

Shown below in Table 4 is a summary of the relevant maximum von Mises stress and maximum total 

deflection obtained from both axial and bending loads for each analysis. The SolidWorks and ANSYS 

analyses agree that the fork will not fail under the design loading conditions. Detailed reports of the 

solutions obtained are included in Appendix B. 

 
 Table 4. Summary of Results from Both Analysis Methods 

 

 

 

 

 

 

 

 

Analysis Axial von Mises 

(MPa) 
Axial Total 

Deflection (m) 
Bending von Mises 

(MPa) 
Bending Total Deflection 

(m) 

SolidWorks 
SimulationXpress 

130 0.00513 443 0.00580 

ANSYS Workbench 140 0.00452 430 0.00957 
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2.3 Aerodynamic Analysis  

Objective Method Results 

Determine the fairing 

shape to make 

Shannon-igans easiest 

to pedal 

A 2d trade study of various fairing 

shapes was performed. ANSYS 

Fluent CFD analysis was 

performed iteratively. 

At 45.5 mph,Shannon-igans fairing will see a 1.55 

lbf (6.89 N) drag force. In a 13.6 mph cross wind, 

Shannon-igans fairing will experience a 20.5 lbf 

(91.1 N) lateral force. 

 

Aerodynamic analysis is involved in choosing the vehicle type, the designing of the fairing, and cooling 

the rider. It is critical for the vehicle to have a low drag force at endurance paced speeds (20-30 mph) 

and sprinting speeds (40+ mph). It was determined based on preliminary 2-dimensional CFD analysis 

that a prone vehicle would be the most aerodynamic, followed closely by recumbent, then trike as 

shown in Table 5. 
Table 5. Cd Analysis of Bike Types 

 Prone Recumbent Tricycle 

Cd 0.0839 0.103 0.217 

 

A prone would allow for a slightly smaller frontal area than a recumbent and also promotes a more 

streamlined teardrop shape for the fairing, since the riderôs shoulders define the widest point and a 

prone puts the shoulders closer to the nose of the vehicle than a recumbent does. A trike must have 

either two wheels outside the main body of the vehicle, or an increased frontal area of the fairing to 

full y enclose all wheels. Although a prone has the potential to be more aerodynamic than the 

recumbent, other factors such as rider comfort and previous experience developing prones drove the 

team to choose a recumbent bicycle design. 

 

The fairing was designed around the set of curves which outlined the riding motions of variously-sized 

riders. The curves were generated by Motion Capture Software using the processes described in Section 

3.2.6. An initial design was generated based on optimizing rider space and minimizing disturbance to 

the airflow around the vehicle. The design was iterated upon through the use of computational fluid 

dynamics (CFD). The CFD of the 2015 Shannon-igans was performed using Fluent in ANSYS 

Workbench. SolidWorks Flow Simulation was used to calculate the CFD of the 2014 Namazu, but the 

team found ANSYS Fluent possesses more CFD capabilities. Simulations were done on a symmetrical 

half bike model for the case of airflow parallel to the direction of the vehicle and on a full bike model 

for the case of a cross wind. The focus of these iterations was to minimize flow separation on the rear 

half of the fairing and thus reduce pressure drag. Because of the limitations on the length of the fairing 

due to both weight optimization and mold fabrication, flow separation could not be fully eradicated. 
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Figure 15. Aerodynamic Analysis using ANSYS 

 Table 6. Drag Force of Shannon-igans Compared to Previous Vehicles 

 

 

 

 

 

  

In previous yearsô vehicles, the rider was cooled by the airflow drawn in through a NACA duct on the 

top hatch. A NACA duct is specifically designed to take in the free moving fluid over the surface of a 

body by creating vortices that allow the duct to capture the free stream fluid. This decreases in drag 

compared to the amount of airflow drawn in. In past years, the team has struggled with overheating 

riders which frequently causes riders to compete in the endurance race without the top hatch on, thus 

removing the benefit of the fairing. The lack of effectiveness of the NACA duct was due to both the 

small size used and the lack of a designed outlet for the internal airflow. This means that the air was 

forced to exit at the relatively high pressure zone at the front wheel opening, or through any other small 

openings in the body of the vehicle. To fix this problem, an outlet was added to the tail of the vehicle. 

The low pressure zone at the rear of the vehicle will help draw out air from inside the bike and increase 

the cooling experienced by the rider. Furthermore, the overall size of the NACA duct was increased by 

50% to increase airflow further. 

 

2.4 Cost Analysis  

Objective Method Results 

Determine the cost of producing 

Shannon-igans and the cost of a 

three year production run 

Created a financial account of 

parts, materials, overhead, labor, 

tooling, and capital investment 

Shannon-igans cost $15,141 to produce 

(including labor), but would cost 

$9,259 per vehicle in a production run 

 

The cost to produce Shannon-igans and a 3 year, 5 vehicle/month production run are shown below. 

 

 

Fairing Shape 
Force at 45.5 mph 

(lbf)  

Lateral Force with 

13.6 mph 

Bike width at 

shoulders (in) 

Shannon-igans 1.52 23.4 19.8 

Namazu 1.55 20.5 19.7 

Celeritas (2013) 1.47 26.6 18.4 

Carɖot Cycle (2012) 1.66 24.6 19.8 
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Table 7. Cost Breakdown of Major Vehicle Components 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8. Cost Breakdown of Major Vehicle Components 

Material Costs for 180 Vehicles $627,341.00 

Labor Costs for 180 Vehicles $417,600.00 

Overhead Costs for 180 Vehicles $544,640.00 

Tooling Costs for 180 Vehicles $22,972.92 

Capital Investment for 180 Vehicles $54,000.00 

Total Costs $1,666,553.92 

Cost Per Vehicle $9,258.63 

 

The cost of materials for Shannon-igans includes both costs incurred by the team and estimates for 

donated goods. The material costs total $4,901, which fell beneath the PDS marginal value of 

$7,000. Man hour estimates were obtained from the project schedule, and an assumed average 

hourly wage of $20 to obtain labor costs for the vehicle as-presented. 

 

When scaling up production to 180 vehicles over three years, some costs are reduced and new ones are 

added. Labor and material costs were estimated to decrease by 25% and 15% respectively, due to 

process optimization and bulk-volume purchasing associated with a production system. New costs 

include capital, tooling, and overhead. Capital costs include heavy machinery, workspace/warehouse 

leasing, and all tools that last the duration of the production. Tooling costs include the price of tools 

needing replacement either after every build or periodically during production. Overhead costs include 

office space rental, insurance, and additional staff. Molds were treated as a one-time cost for materials 

and labor, as they were considered to be durable enough to reuse. Itemized production costs are given 

in Appendix A. 

 

Section Materials Skilled Labor Hours Materials + Labor Costs 

Drivetrain $1,504.00 10 $1,704.00 

Fairing $1,897.00 70 $3,297.00 

Subframe $117.00 10 $317.00 

Rear Wheel Steer $427.00 35 $1,127.00 

Electronics $50.00 15 $350.00 

Safety/Comfort Features $100.00 12 $340.00 

Molds $806.00 360 $8,006.00 

Total for One Vehicle $4,901.00 512 $15,141.00 
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The cost for the vehicle as-presented is $15,141. The estimated cost per vehicle for a production run is 

$9,258. The largest contributing factor to the price reduction is the re-use of the mold, which represents 

53% of the total cost of the prototype as-presented. This production cost is significantly higher than the 

only marketed fully-faired vehicle, the Lightning F-40, which retails for $6,100 [13]. The team 

considers this cost acceptable due to the increased safety of a full carbon fiber fairing as well as the 

unique independent all wheel steering system. 

 

2.5 Other Analysis 

2.5.1 Gearing  

Objective Method Results 

To determine gear 

ratios for competition 
Vehicle velocity was related to pedal speed. 

Mid-drive gain ratio was modified to achieve the 

desired speed range. 

A mid-drive gain ratio of 14:22 was found 

to yield the optimal speed range of 8-50 

mph (11-85 kph). 

 

The team selected gear ranges according to a comfortable cadence range of 60-120 RPM and the speeds 

observed in previous HPVC races. The maximum and minimum sustained speeds for the 2014 races were 

36 mph (58 kph) during the sprint event and 5 mph (8 kph) in the endurance event. By a proper range of 

gears, Shannon-igans achieves these speeds at the appropriate cadences. 

 

The team used an 18.5 in (47 cm) diameter wheel, a 60 tooth front chainring, and an 11ï36 tooth cassette as 

the basis for the gearing design. From these parameters, a mid-drive gain ratio of 13:17 achieved the target 

output range. At 60-120 RPM, the rider can maintain speeds between 6 and 46 mph (10 to 74 kph). A rider 

can maintain a speed less than 6 mph (10 kph) at a cadence below 60 RPM. 

 

2.5.2 All -Wheel Steer 

Objective Method Results 

To explain the separate turning cases 

seen in all-wheel steering 

Dynamical 

analysis 

The turning cases were adequately explained to determine 

the benefits of all-wheel steering 

 

When a turn is initiated to right with the front wheel of a bicycle, the wheel pulls the front contact patch 

to the right. This force to the right tilts the bike out of the turn. Coupled with the appropriate fork 

geometry, this phenomenon helps a front wheel steer bike self -stabilize and be inherently easy to ride. 

As a moving bike begins to fall to the right, the fork geometry causes the front wheel to turn to the right 

which in turn causes the bike to tilt back to the left and remain balanced. This is shown in Figure 16. 
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When a turn is initiated to right with the rear wheel of a bicycle, the wheel pulls the rear contact patch 

to the left. This force to the left tilts the bike into the turn. In the case of the all-wheel steer bicycle, the 

benefit of this phenomenon is that the rider does not need to initiate a turn beforehand by 

countersteering or destabilizing in the direction of the turn, as they would in a strictly front wheel steer 

bike. Initializing a turn with the rear wheel leans the bike into the turn which promotes dramatically 

quicker and sharper turning and increased rider confidence. This is shown in Figure 17. 

 

 

 

 

 

 

 

 

 

3 Testing 

3.1 Rollover Protection System Testing  

Objective Method Results 

Determine whether the Shannon-igans roll bar 

will offer adequate protection in the event the of 

the vehicle landing on its side or an inverted 

crash. 

Loads were applied to a 

duplicate of the RPS. 

The Shannon-igans RPS exceeds the 

ASME requirements. 

 

The team conducted compression testing to confirm that the Rollover Protection System (RPS) meets 

the specifications of the Rules for the 2015 Human Powered Vehicle Challenge [6].The team made a 

duplicate RPS using the same materials, geometry, and process as the RPS in Shannon-igans for 

testing. The RPS was attached to a steel testing rig to approximate the rear subframe assembly, which 

also served to fix the system in the testing apparatus. The team applied loads as specified in the HPVC 

Rules to the duplicate RPS and measured the resultant deflection. Results from ANSYS and testing can 

be found in Table 9. 

 

 

Figure 16. Turning Right with Front Wheel 

Figure 17. Turning Right with Rear Wheel 
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Table 9. Deformation in the Roll Bar 

 

Negligible permanent deformation (less than 0.07 inch) occurred when the RPS was loaded to HPVC 

specifications, evidenced by post-test height measurements and the lack of visible or audible indicators 

during the test.  The team also tested the RPS to failure in the top load condition, reaching a maximum 

load of 940 lbf (4181 N).  Afterwards, the roll bar sustained approximately 800 lbf (3559 N) for several 

more seconds before failing completely.  The Shannon-igans RPS system had to sustain a 600 lbf (2670 

N) vertical load and a 299 lbf (1330 N) lateral load condition.  The Shannon-igans RPS meets and 

exceeds these load constraints set by ASME for the 2015 HPVC. 

 

3.2 Developmental Testing 

3.2.1  Prone Development Testing  

 

In recent years, the HPVC has introduced new requirements to the Endurance and Sprint events that has 

resulted in significant upheaval of the established designs. The 2014 Namazu was designed as a tilting 

tricycle in an attempt to meet these new requirements, but the team was dissatisfied with its overall 

speed and handling. For the 2015 competition, the team desired to compare all reasonable vehicle 

configurations, including delta tricycle, tadpole tricycle, recumbent bicycle, and prone bicycle. The 

team had no prior experience with prone vehicles, and so began construction of a prototype. 

 

Vehicle stability was determined using a Matlab program developed from Lords of the Chainring by 

Dr. Patterson of Cal Poly SLO. From this, a wheel spacing of 54 inches (1.37 m) and a headtube angle 

of 79 degrees were chosen. The fit of the rider was determined by jigging the front wheel, rear wheel, 

and pedals and suspending the rider above them using an adjustable table. From this, rider height to 

clear both the rear wheel and the ground while pedaling was determined to be 29 inches (0.74 m).  

 

A frame and rider harness were constructed, however preliminary rider satisfaction tests determined 

that the vehicle would require significant further development and extensive rider training before being 

competition-ready. Concurrent testing of the all-wheel steer concept discussed in section 2.5.2 proved it 

a more feasible design alternative. For these reasons, the team chose to delay further development of 

this design. 

 

Elastic Deformation ANSYS Workbench Tensile Testing 

Top Loadð600 lbf (2670 N) at 12° from vertical 

towards aft 

0.4 inch (10.2 mm) 0.3 inch (7.6 mm) 

Side Loadð299 lbf (1330 N) horizontally at 

location of shoulder 

0.27 inch (6.9 mm) 1.10 inch (27.9 mm) 

Objective Method Results 

Test the suitability of the 

prone position for the 

HPVC 

Design and construct a prototype prone 

frame and rider harness. Test rider 

fitment and comfort 

Riders were uncomfortable with both position and 

harness method, requires significant further 

development and testing 
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3.2.2 Foot Flaps Testing  

Objective Method Results 

Improve slow speed and 

zero speed stability by 

allowing riderôs feet 

access to the ground. 

Holes were designed into a previous 

vehicle with foot flaps to cover 

them when not in use. Emergency 

stopping scenarios were simulated. 

Foot flaps were determined to provide adequate 

emergency stability, however more clearance around 

the front wheel was needed for ease-of-use. This was 

taken into consideration when designing the 

monocoque fairing. 

 

The two dominant utility issues for the team have been ingress/egress and launching/stopping. Previous 

vehicles have only allowed access through the front hatch. Unless the rider is experienced, at least one 

person is needed outside the bike for adequate zero-speed stability. For this reason, the team tested the 

use of holes in the fairing to allow the rider to place their feet on the ground. To maintain aerodynamic 

efficiency, these holes would need to be covered when not in use. 

 

Two concepts were tested: foot slits and foot flaps. Foot slits consisted of malleable fabric coverings, 

while foot flaps were rigid shells designed to pivot away from the riderôs feet. Both concepts were 

tested using a frame mounted to the previous yearôs prototype. Riders were able to actuate both systems 

successfully. It was determined that the aerodynamics of the fairing could not be upheld by the foot 

slits, and so they were abandoned in favor of foot flaps. 

 

A fi nal design for foot flaps was tested with the 2012 Carnot Cycle. Holes were cut into the fairing and 

covered with prototype carbon fiber foot flaps, which were returned to position with a spring mount. 

The system was tested in simulated emergency stopping conditions and it was determined that the rib 

structure gave insufficient room for feet to pass the front wheel. Thus the gunwale rib structure would 

need to be moved outward from the bottom of the vehicle. Further simulated emergency stops proved 

that significant experience could mitigate this issue and that the foot flaps were a dependable 

alternative for low- and zero-speed stability, meeting the PDS of 1 falls in 10 starts and stops. 

 

3.2.3 K.I.N.G.E.N. Testing 

Objective Method Results 

To determine the plausibility of using 

a control moment gyroscope system 

to stabilize a bicycle.  

Build a prototype control 

momentum gyroscope system to 

stabilize a small upright bicycle. 

The prototype control moment 

gyroscope system on a small bicycle 

that did not effectively stabilize it.  

 

A control momentum gyroscope (CMG) consists of a flywheel and one or more motorized gimbals. 

These motorized gimbals can tilt the flywheel thereby causing a change in angular momentum. This 

change in angular momentum causes a gyroscopic torque that rotates the object attached to the CMG. A 

variation of a CMG has been used by Lit Motors to stabilize their C-1 motorcycle [14]. Other non-

commercial CMG prototypes have also been developed for upright bikes. 

 

To explore the possibility of using this technology for a recumbent bicycle, team members designed 

and build a prototype CMG for a miniature upright bike. This project was named the Kinetic 

Instrument to Navigate and Gyroscopically Enforce Normality (K.I.N.G.E.N.). The K.I.N.G.E.N.ôs 
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flywheel was attached to a fork, which was attached to a stepper motor. This stepper motor was fixed to 

the bike frame. An accelerometer was also fixed to the bike frame. A basic schematic of the 

K.I.N.G.E.N. and a detailed schematic of the flywheel are shown in Appendix C. A picture of the 

prototype system is shown in Figure 18 below.  

 

 
Figure 18. Prototype KINGEN Stability System. 

This accelerometer measured the angle of the bike to the ground (upright was 0°). A microcontroller 

took input from the accelerometer and directed the stepper motor to turn. The turning of the stepper 

motor turned the flywheel, which caused a gyroscopic torque on the bike that was designed to right it. 

A PI microcontroller was implemented to make this possible.  

 

Unfortunately, K.I.N.G.E.N. was unsuccessful for a few reasons. First, the microcontroller did not react 

quickly enough. The mass of the flywheel was also too great, which caused too strong of a torque to be 

imparted on the bike, even with the smallest of the stepper motorôs rotations. Finally, the PI controller 

was not robust enough to be effective. The K.I.N.G.E.N has future potential if these problems are 

addressed. 

 

3.2.4 Rib Modification  Testing  

 

For this testing, several 1 in (25.4 mm) rib samples were created by wrapping Nomex in unidirectional 

carbon fiber between sheets of woven carbon fiber. These ribs are the control ribs and are the baseline 

for further testing. The first modification tested was repair of failed ribs. The control ribs were tested in 

Objective Method Results 

Test the effectiveness 

of chopped-strand 

carbon fiber rib repair 

4-point bending test rib samples to 

failure, repair the ribs, perform a 

second bending test to failure 

A significant portion of the ribs strength was returned 

and statistical analysis yielded no meaningful 

difference between the two values. Further testing is 

recommended. 

Determine if rib 

stapling method 

weakens structural 

elements.  

Stapled ribs were tested to failure in 

a 4-point bending test, repaired, and 

then tested a second time. Mean 

bending strength was compared to 

the control data. 

The ribs likely retained most of their strength based 

on observed failure modes; statistical analysis yielded 

no meaningful difference between stapled and control 

ribs. Further testing is recommended. 
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bending with a four-point bending tester. After the ribs failed, the failure point was cleared and filled 

with chopped-strand carbon fiber saturated with epoxy. A sample of a repaired rib is shown in Figure 

19. The patched ribs were crush tested again after the repair cured fully. This test was conducted with 

the center of the four-point bending tester spanning the repaired section. For ribs 1 and 2, the ribs failed 

at a location other than at the patched location, suggesting that the repair may be satisfactory in 

compressive bending. Data for this test is included in Table 10  

 

The second rib modification tested was a rib that had been stapled in place on a mold surface. This test 

was performed to determine if staples could be used to hold structural elements to the mold during the 

layup process. The stapled ribs were created on an old mold surface and tested in the four-point 

bending tester after they fully cured. This test was conducted with the center of the four-point bending 

tester spanning a stapled section of the rib. A sample rib with a stapled section highlighted is shown in 

Figure 20. None of the specimens failed at the staple region, suggesting that the staple method does not 

cause stress concentrations. Data for this test is included in Table 10.  

 
 Table 10. Failure Point of Ribs, Repaired Ribs, and Stapled Ribs 

 

 

 

 

                  

               

 Assuming an underlying normal distribution of failure forces, we used paired Studentôs t-tests to test 

the following two hypotheses: (a) that there is a difference in the mean ultimate strength for the original 

ribs and the repaired ribs, and (b) there is a difference between the mean ultimate strength of the 

original ribs and the stapled ribs. For the repaired ribs the team obtained a p-value of 0.117, and for the 

stapled ribs we obtained a p-value of 0.247. In both cases, we therefore failed to reject the null 

hypothesis at the 5% level that there is a difference between the mean failure forces for the repaired or 

stapled ribs. While the absolute differences in the failure forces are considerable, the small sample size 

of n=3 creates large uncertainty. In future years, the team plans to perform more of these failure tests 

which would be likelier to provide a more conclusive answer. 

 
 Table 11. Two-sample T for Failure Point (lbs) vs Stapled Rib Failure Point 

  

 

 

 

Rib  Rib Failure Point (lbs) Repaired Rib Failure Point (lbs) Stapled Rib Failure Point (lbs) 

1 149 138 154 

2 179 149 141 

3 149 98 116 

Failure Point (lbs) N Mean (lbs) Standard Deviation SEM 

Regular Rib Failure Point 3 159.0 17.3 10 

Stapled Rib Repair Failure Point 3 137.0 19.3 11 

Figure 20. Sample Rib with Staple, circled in white Figure 19. Sample Rib with Epoxy, Chopped Fiber Repair. 
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3.2.5 Pneumatic Landing Gear Testing 

Objective Method Results 

Test the suitability of a 

pneumatic landing gear 

system for the HPVC 

Design and construct a prototype landing 

gear system. Actuate the landing gear to 

determine speed, air requirements, and 

durability. 

The pneumatic landing gear proved suitable for 

the HPVC regarding air requirements and speed 

of actuation, but design modifications must be 

made to ensure durability. 

 

The team tested the pneumatic landing gear system for feasibility, durability, speed of actuation, and 

reliability. The pneumatic actuator was attached to the telescoping tubing of a previous yearôs landing 

gear in place of an electronic actuating method. This allowed for testing of the speed at which the 

landing gear actuated and the number of actuations per tank of air. The previous electronically 

controlled landing gear could actuate in approximately 2 seconds. In contrast, the pneumatic system 

actuated in 0.16 seconds, as determined from high-speed video of an actuation sequence. The landing 

gear is estimated to actuate 100 times in a given endurance race, and so the team required the prototype 

to actuate 100 times on one tank of air. The piston was connected to a tank initially at 3000 psi. After 

100 tests, the tank was at approximately 2200 psi, which is above the minimum required pressure of 

150 psi for the pneumatic piston, meaning that air remained in the system. 

 

From this testing, the team concluded that the pneumatic landing gear concept was a feasible design, 

and was more practical than other options due to its rapid and predictable actuation. The team identified 

several design challenges regarding the system, most notably that the piston actuated too rapidly and 

tended to damage the apparatus when fully extending. The team plans to mitigate this with flow 

restrictors attached to the actuating solenoid. 

 

3.2.6 Motion Capture  

Objective Method Results 

Determine the volume required by a 

rider pedaling in the recumbent 

position for use in aerodynamic 

analysis. 

Capture the motion of riders at anthropomorphic 

extremes riding in the recumbent position on a 

trainer adjusted to the geometry of the vehicle. 

A solid model of the 

rider while pedaling was 

determined. 

 

To ensure reasonable clearances between the rider and the fairing, data was collected from three test 

subjects riding a customizable recumbent trainer. The test subjects represented the anthropomorphic 

extremes of this yearôs potential riders. Three Qualisys Track Manager IR cameras recorded the spatial 

coordinates of reflective balls placed on each riderôs joints, as shown in Figure 21. Although similar 

tests were performed in the design of the 2012 Carnot Cycle, increased accuracy was achieved by 

repeating motion capture with the new seat position. Because pedaling motion differed with speed, each 

rider was recorded as they started to pedal, maintained a comfortable long-distance pace, and then 

sprinted. A MATLAB program used these points to determine the volume riders used while pedaling 

and represented this data as a wireframe model. The shape of the fairing was designed around this 

frame, shown in Figure 22. This solid model will allow for a fairing which fits the rider well, meeting 

the PDS of rider satisfaction. 
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3.2.7 Layup Testing  

Objective Method Results 

Improve lamination 

of the vehicleôs 

composite structure. 

Iterative development of a bagging 

system capable of creating the required 

vacuum for lamination and conforming 

to all surfaces. 

A dual-bagging method was developed which resulted 

in greatly increased vacuum pressures. Stretchlon was 

determined to be an appropriately conformable 

bagging film for use in team layups. 

 

For Shannon-igans, the team iterated several improvements to the layup process. The preliminary test 

was to determine if the layup box previously used could be sealed to provide adequate vacuum. Four-

inch squares of plywood were sealed using a collection of sealants including epoxy resin, shellac, and 

polyurethane. It was determined that epoxy resin produced an adequate vacuum seal with less than 1 

inch of mercury drop from full vacuum. This sealing method was then tested on a full-scale box, but 

proved to be inadequate, with a total drop of 20 inches of mercury from full vacuum. Upon failure of 

this test, a dual-bag method was developed to seal the molds. Similar to the 2014 Namazu, both the 

interior and exterior of the mold was sealed. To improve the vacuum on the interior surface the exterior 

surface was sealed with a separate bag and evacuated using a separate vacuum pump. This method 

proved adequate with a total drop of 1 inch of mercury from full vacuum on the interior surface. 

 

Finally, the team tested the use of Stretchlon 200 bagging film during the layup process to decrease the 

precision required when constructing bags. The published specifications for Stretchlon 200 bagging 

film state a 500% increase in length, however research suggested that the actual performance of this 

was much lower [15]. To test the expansion by area, the film was applied to the opening of a 19-inch 

plastic drum, the air was evacuated, and depth of stretch before rupture was determined. Over a series 

of 3 trials, the average depth of stretch was 19.5 in (49.5 cm). Assuming a normal hyperbolic shape 

under tension, this represents an increase in surface area of 250%. Although significantly lower than 

the published specifications, the team determined that this performance was adequate, and used the film 

during the layup process, obtaining better composite lamination. This testing resulted in production of 

lighter weight composites, meeting the PDS of vehicle weight. 

 

Figure 22. Wireframe of Vehicle Figure 21. Spatial Coordinates of Dots 






































