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Abstract

During the 2014015 competition season, the Réseiman Human Powered Vehicle Team
designed ath constructed Shannagan$ a lightweight, efficient, and agile humaowered
vehicle that can safely and effectively be used for everyday transpori#t®nehicle isa
recumbent with a carbon fiber structural fairing and a steel suldgrdine fairing weghs 31 Ibf
(138N) and wasonstructed as a continuous structusig asix-piecemolding method

The projectds scope included all aspects of
analyss, computational modeling, and physical testing to dematesthat Shanneigans met

all requirements of Roslulman Institute of Technology, Human Powered Race America

events, and the ASME Human Powered Vehicle Challenge.

The team designed Shanniglansfor safety, reliability, practicalityandperformanceStandard

bicycle componentaere choseifor the drivetrain and rectangular 4130 steel tubing fofrtre
subframe to increase manufacturability, durability, espérability. The team dsigned Shannen

igans withretractableduallanding gear which allogthe vehicle to have excellent stability at

speeds from 0 to 50 mph. These features combine with a baekipadkstorage spacggnal

lights, a flag, and a harto make Shanneigans a highly practical vehicle.

The vehicle has a field of vision of 200 degré30degrees usingirrors).The faring is

protected againgtenetrating debrigsing a layer oKevlar fabric. Boththethreepoint safety
harness and steel roll baeretestel to twice ASME specifications. The team also introduced an
innovativeall-wheel steering system as well as dual landing gear to improve maneuverability at
lower speeds. With robust and novel engineering, Shaigams advances the field of human
powered ehicles
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1 Design

1.1 Objective

The RoseHulman Human Powered Vehicle TedrPVT) designed, tested, andnstructedshannon
igansduring the 2014015 academic year guided by the team’s mission statement:

The RoseHulman Human Powered Vehicle Team has the goals of furthering the field of human
powered vehicles, creating a comnitmmary 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 godbr ShannoAganswasto create an innovative recunmbédike 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 transpaytation.
20002012, ommuter use of Uaired upright bicglesincreased nearly 61%om 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 ad offer little in terms of storage space and safety features.

Shannorgan® a faired, recumbenall-wheel steered bicyaiecaptures the practicality and safety
features of automobiles while maintaining or improving the efficiency, sustainability, and
mareuverability 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 increas
the speed of the vehicle and protects the-Beldrider better than a normal bicycle. The vehicle

boasts sizeable storage space, a seating position designed for maximum rideaodtpntelectronic

rear wheel steer system. These features combine to Sakenorigansa more practical, efficient, and
faster alternative to diaired upright bicycles.

1.3 Prior Work

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

Wind conditions developed for the CFD analysis of the 2010 Ragnardk were defoedbe fairing
design ofShannorigans|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 ensu
thatthef ai ri ng would fit closely around the rider



For its structural fairingShannorigansu s es t he ri bbed tub monocoque
Cycle and the 2013 Celeritas. The team has verifiedithiayout with the isotropic analysis in
ANSYS and orthotropic analysis in Siemens NX performed in 2012 [4].

Structural analysis of the subframe for Shanigams has been performed using the loading cases
developed for the 2013 Celeritas [5]

The stabilty of theShannorganswas analyzed using a MATLAB program developed for the 2012
Car Eot Cycfliet ménteheschhapsed on the 2012 Car Eot (
the fairing was also used f8hannorigans[4].

Shannongansuses a&ommerciallyfabricated 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
Usi ng S ttestdthee 85%0canfidence interval on the ultimate stremgis 810 + 100 Ibf (3600 +

400 N) [4].Shannoriganshas three mounts giving 1100 Ibf (4900 N) in ultimate strength, exceeding
the 2014 HPVC requirement of 750 Ibf (3340 N).

The hatch design @hannorngansuses the front and rear hatch design of tHE820eleritas, modified
for ease of access based on previous experience. Similar to the 2013 Celeritas, the rear hatch of
Shannorgansis attached to the vehicle with magnets with the addition of a secondary mechanical
attachment method described in Sattlo8[5].

1.4 Organizational Timeline

The team created a Gantt chart to plan the development proc&mfororigans The Gantt chart,
shown inFigurel. Gantt Chart Summary for 2022015 Competition Seaspiwvas updated periodically to reflect
changes and delays.

Task Duration Date
RevearchiTesvting 8 wha
Fictatype i

[ 5 wha

Figure1l. Gantt Chart Summary for 2022015 Competition Season



1.5 Design Criteria

The team compiled design constraints$tiannorigansfrom ASME HPVC, RosdHdulman, Indiana
state law, and the Human Powered Race America (HP#Re&g and regulations. These constraints are
summarized imablel. Shannorigans Design Constraints

Tablel. Shannorigans Design Constraints

Source Constraint

ASME HPVC 1. Cargo area able to hold a 15 x 13 xéh (38 x 33 x 20 cm) parcel
[6] 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 Ibf (3340 N)
5. Unassisted starts and pto
6. Roll bar with elastic deformation of less than 2 in (5.1 cm) for a 600 Ibf (2.67 kN) top
and less than 1.5 in (3.8cm) for a 300 Ibf (1.33kN) side load
7.  Stability at 35 mph for 100 ft (588 kph for 30m)
8. Rollover protection syem that lessens impact and prevents abrasion in crashes

RoseHulman 1. Molds routable out of standard 4 x 8 ft (1.02 x 2.44 m) piecésaoh
2. Total cost of materials and consumables less than $10,000
3. No exposed carlbofiber near rider
4. Paint schemeomprised okchool colors (red, white, and black)
Indiana State 1. Forriding at night, white front lamp and red rear lamp/reflector visible from 500 ft to frq
Law [7] and rear, respectively
2.  Bell or other devicaudible from 100 ft (30 m)
HPRA [8] 1. Two independent braking systems

2. Rearview mirrors

The teambébs goals are similar from year to yea
changing requirements, and the innovationthite t eam | mpl ement s. Usi ng
and the design of Shannagans, the team prioritized and matched its needs for the bike with metrics in
a House of Quality (HoQ), shown Figure2. Shannorigans House of Quality
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Figure 2. Shannorigans House of Quality

As shown by the HoQ in Figure 2 above, the areas of focus are turning radius, rider satisfaction, fronte
crosssectional area, and startistppping capabilities. From the HoQ, the team develppeduct
design specifications (PDS) to guide the design of Shamgams The PDS are shown ifable 2.



Table2. PDSProduced fronHouse of Quality

Metric Marginal value Target value
falls in 10 stops and starts 1 0
CA (ft?) 1.2 0.6
part count 100 80
drivetrain efficiency (%) 90 98
rider satisfaction (410 scale) 7 10
field of view (deg) 180 360
time to enter/exit (s) 15 3
turning radius (constraint) (ft) 14 6
weight (Ibf) 80 50
construction time (weeks) 7 5
cost (excluding labor) ($) 7,000 5,000

1.6 Concept Development and Selection Methods

Based on the design criteria imposed by the competition andHRds&n, the team developed

featuredor ShannoA g a n s 0in addecssiongmatrixThe featuresuch as speed and comfovere
weighted on a scale of 1 to 5 (1 being least important and 5 being the most important) based on what
the team considered masgnificantto consider when designing the vehicle. Categories considered
included vehiclalesign low-speed stability methods, seat design, innovation feature, aerodynamic
fairing design, storage space location, adjustability method, and layup method. Showarbedome

of the design criteria that wetaken into account when designing the vehicle.

Selection Criteria Weight Recumbent | Tadpole (Recumbent) Delta Prone
Speed 5 4 2 1 5
Low Speed Stability 5 3 5 4 2
Rider Comfort 4 4 5) 4 1
Maneuverabhility 4 4 5 3 2
High Speed
Stability 4 5 2 3 4
Prior Knowledge 3 5 3 4 1
Weight 3 4 3 2 5
Cost 1 5 3 3 4
Total Score 119 104 86 85
Figure 3. Picture ofVehicle Type Decision Matrix
Innovation Weight Rear Wheel | Ability to Adjustable = Gyroscope = Crumple Zone Electronic Foot
Feature Steer legally tow | mirrors Flaps
Innovativeness 5 3 3 3 5 3 2
Feasibility 5 5 3 3 2 2 3
Usefulness 3 5 3 1 5) 1 3
Reliability 3 4 5 3 3 5 2
Cost 3 3 4 5 1 5 4
Bonus Points 2 1 1 5 1 1 1
Total Score 78 68 67 64 60 54

Figure 4. Picture oflnnovation Feature Decision Matrix



Values forthe decision matrixvere generately the consensus of the team uginigr experience or
ongoing testing.The decision matrix indicated the recumbent bicycle as the prefeztecle layout
and an AltWheel 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 implementa steering rear wheehe team had to redevelop the portions of the monocoque fairing
which dependedrointegratingthe rear wheel mournd the fairing structurelThe rear wheel of
Shannorgans is now mounted directly to the roll bar, just behind the rider. This strutdaracas 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, andltov the rider space to movéhe ribs are constructed of
unidirectional carbofiber wrapped around Nomex honeycomb. The ribs are laid up within the carbon
fairing forming one strong structural member throoigt the vehicle. Additionally$hannorigans has

a separately constructedbframe to support the front wheel, steering mechanisms, cranks, and
drivetrain attached at structural points in the fairing/frame.

The fairing hagour hatdhes that can be used atathed The main hatch comprises the majority of the
top half of the &iring 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 Shagaaos is thegarwheel owl. This

covering for the rear whedecreaseaerodynamic dragnd also significantly reducéise turning

angles of the rear wheel. The use of therearcowldsgend t he ri der és i ntent.
ride. When maneuverability is kélye rear cowl can be removed; for long straight rides the rear cowl
can be |l eft on to conserve the riderdés energy
1.7.2 Roll Bar

Shannorigansuses an integrated roll bar to protestrider. It consists of a 2.50 in (63.5 mm().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.

Keviar

Unidirectional
Carbon

Carbon Weave

Nomex

Figure5. Roll Bar Layers



1.7.3 All-Wheel Steer (AWS)

The All-Wheel Steer (AWS) system on Shanngans ceters around a rear mounted faxk shown in

Figure 6 This fork isstructured much like the fork at the front of a normaytlie, but faces the

opposite direction.The headtube for the fork is constructed as part of a rear subframe assembly, which
attates to the roll bar rib on either side of the vehicle, directly behind the fitherfork is actuated

by a 1271 o4n (1.418 kgmm) servo motor, which is connected to the fork by a chain and
sprockets.The rider is able to control the angle of the reheel 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 SteePrototype

1.7.4 Drivetrain

Drawing from experience with the 2014 Namazu, the team designed SkHgansemwith a narrov@

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

for a stored energy drive ggsn [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. Thi
2013 Cetritas was designed with a narrgdrivetrain and had no issues with chain interference, thus
this system was redesigned for use on Shaigems. From research on similar systems, the team
concluded that it met its PDS value of 95% on drivetrain effugi¢h0].

1.7.5 Six-Piece Mold

The team used a SRiece Mold procedure in the production of the Sharigans, refined from its

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

in Figure 7clockwise fromtop left top and side hatchetsyo-thirds of the monocoque, foot flaps and
rearwheel cowl, and bottom twthirds of the monocoqu&oth the 2013 Celeritas and 2014 Namazu
layups experienced problems drawing adequate vacuum for the larger monogapaellee 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 sealedjlteg) in unreliable vacuums.



Figure 7. Layup Order of the-®iece Mld Process, Clockwise from Top Left

As discussed in Section 3.2the team successfully testaad implemented a layup process without a
box. To align the mold pieces, the top and bottom thirds had three holes ttwattedugly fit

aluminum alignment rodsEach 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 addition
rigidity, each mold piece was backed withifrinch plywood. The rods and plywood created a rigid,
adjustable structuneithout thealignment boxThis change prodied several unexpected benefits:
significantly quicker layup preparation in comparison to the 2014 Namazu, easier access to the molds
during lyups due to removal of the bulky box, and significantly higher vacuum pressures than were
seen in the production of the Z)Celeritas and the 2014 Namazu

1.7.6 Landing Gear

Thelastlanding geadesigned by the tearfgr the 2013 Celeritas [5lised a lockig mechanism and a
motor to extend and retraattelescoping radrhe mechanisms required to penfothis resulted in a
complicated and heavy system. Though it was functional, the landing gear supported the vehicle on
only one side, which required practiceo use successfully. This year
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 consindttion,
ability to power two mechanisms simultaneously. The pneumatic piston actuator is eight(8ca®ds

kg) lighter than the old actuation mechanism. After adding a second piston, piston supports, a tank, a
regulator and an electric solenoid, the systegighs one poun(D.454 kg)less than the previous
singlesided electric system.

Figure 8. Sngle Side of.anding GeamDesign



1.8 Practicality

The team designed Shannigans so that it could be both a HPVC racing vehicle and a practical means
of personatransportation. In its construction, standard bicycle components were used wherever possibl
for ease of replacement. The composite fairing is durable, protects the rider during crashes, and can
repaired to useable strength seen in Section 3.2With its improved landing gear and rear wheel steer
systems, Shanneigans achieves stability and gives the rider the ability to easily stbgtart the vehicle
unassisted.

1.8.1 Storage

The cavity directly behind the rider is used for storage, as with princles such athe2014 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

Shannorgans is suitable for the rider to travel in a variety of weather tiondi The team determined
temperatures from 15°F9CC) 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 extendsdbow 32°F (0°C) due to thimsulatingproperties of the fairing if the exit hole is
sealed. Because of this range, Sharigans is rideable in most of the continental United States, in
particular the 2015 HPVC locations of Gainesville, FL and San Jos€ll@@Xairing provides significant
protection from precipitation but is it not advised to ride when there is rainwater or snow on the road, a
the wheels are in the rider compartmemd may splash liquidt the rider

1.8.3 Communication

Shannorigans has a headlight, turn signals, brake ligintsl horn that allow the rider to interact with
motorists, pedestrians, anther cyclistésafely. 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 Indian
state &w (shown in Table 1). Additionally, Shannmyans is equipped with a twway 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 rollovg ANSYS Stucturalwasto The roll bar meets ASME specification with a top
protection system keeping the | determine deflection in two| load deflection of 0.40 in (10.2 mm) and a side loa
rider safe load cases deflection of 0.27 in (6.9 mm)

The analysis ofhe roll bar was performed using Finite Element Analysis (FEA&)simplify the
calculationshe nomex core was modeled as an isotropic material with material properties matching 3
Ib (13.3 kg)polyurethane expanding foam. Bending tests performed f&@ thet 2 Car Eot Cyc
indicated that the material internal to the rib primarily provides support against buckling [4]. The
carbon fiber weave and udirectional carbon fiber were modeled as orthotropic materials with values



gathered from experimental data,[Balculations from material spec sheats] material properties

from the teards 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 locatioosas a cl
approximation since the steel bar will deflect minimally. The calculated material pespsah be seen

in the Table3. With a top load of 600 pounds of for(2669 N)applied to the roll bar, the deflection

was calculated to be 0.40 inch@$8.2 mm) With a side load of 300 pounds of for@334 N)the

calculated deflection was 0.27 inci{€s86 mm) Both of these values cae Been in Figures 9 and 10

and fall well within ASME speifications for the 2015 HPVC [passuring the team that the desigd an

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 modelingia in threepoint 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 reac
available, the team modeled one of these ribs and did analysis with the average faduré I6(:
pounds(667 N) The modeled rib reported a maximum strain of 0.03 which falls just over the reported
expected failure of carbon weavg itself.

Table3. Material Properties used in Finite Element Analysis of the Rollbar and Rib Crush

UD Carbon Carbon Weave Nomex
Property Value Value Property Value
%4 Density 1.6 gcm~-3 | 1.6 gcm~-3 = T Isotropic Elasticity
=@ {4 orthotropic Elasticity Derive from Young's... =l
Young's Modulus X direction | 1.35E+11 Pa 7E+10 Pa Young's Modulus 1E+05 Pa
Young's Modulus Y direction | 1E+10 Pa 7E+10 Pa Poisson's Ratio 0.3
Young's Modulus Z direction | 3.4474E+09 |Pa 3.4474E+09 |Pa Bulk Modulus 83333 Pa
Poisson's Ratio XY 0.3 0.3 Shear Modulus 38462 Pa
Poisson's Ratio YZ 0.3 0.3
Poisson's Ratio XZ 0.3 0.3
Shear Modulus XY SE+09 Pa SE+09 Pa
Shear Modulus YZ 2.5E+08 Pa 2.5E+08 Pa
Shear Modulus XZ 2.5E+08 Pa 2.5E+08 Pa

17075
01366

= 010245
0.068299 -0.24523 b
0034149
0 Min

[o16926 %

0000 10,000 20000 (in)
L EEE— [ SS—

5.000 15.000

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

Objective Method Reallts
Determine the amount of material FEA was performed on the Rectangular 1 x 1 ¥ inch steel tubing
necessary to support the loads on the| subframe design using team with a wall thickness of 0.065 inch is
steel subframe with a factor of safety | standard loading conditions. sufficiently strong for the subframe
of 6.
The team simulated the stress in the subframektithu si ng ANSYS. To si mul a

pedaling, a moment of 19fHft (26 N-m) and a force of 173.33 Ibf (771.3 N) neeapplied to the

bottom bracket. A force of 127 Ibf (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 onthe 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 Baf&Xgnd theFoSfor
several moderate stress concentration locations stay over 10. The most sesgo@stentrations
happen around the edge of the rear mounting slot and inner surface of the bottom bracket. On the edg
of rear mounting slot, the maximum stress is 13 ksi an&dlsdor yielding is 5.75; the stress on the
bottom of inner sid of bracket is around 9 ksi and theSfor yielding is 8.31. The team has a target
FoSof 6 to ensure that this critical system daesfail. Although the minimunsalculated=oSof 5.75

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

B: Static Structural
Type: Equaalent (von-Mises) Stress
Unit: st

Time: L

Minor Stress Concentration

Mec 12983
Min: §,3366

1872015 143 A

Major Stress Concentration

Figure 11. Stress Concentratison Frame
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2.2.2 Rear Fork Analysis

Obijective Method Results
Design a fork for the alivheel steer Two FEA solvers were used to The final design for theearfork met all
system that fulfills all geomst performbothiterative design of| requirements as well as being significant
requirements andSTM strength the fork andvalidation analysis | lighter weight thanhose produced in the
requirements. past

Shannorgansrequired construction of a rear fork for use in the-ielagel steer system. The system
was designed with a zetmil condition to ensure that in the event of system failure, the rear wheel
would remain straighSince the 2007 Infinity, the team has constructed forks by modifying
commercial bicycle forks. However, this method is too imprecise to yield aradroondition.

Instead, a custom fork was designed and @NIBd to specification.

For design purposethe loading conditions chosen were those set forward by ASTM FRR.7Bhe
specification requires a fork to withstand a compression load of 2§68Nbf) parallel to the steer

tube, and a bending load of 120qQ2Y0 Ibf) perpendicular to the steer tubgainst the rake of the fork.
These loads are to be applied through the wheel dropouts while holding the steer tube fixed using thru
bearings. As standard bicycle forks are subject to increased loading during braking as well as frontal
impact loading,tiis specification was chosen to guarantee a robust design.

To determine if the fork was of adequate strengpin,Mises stress plotsnder loadingvere analyzed

for material exceeding yield strengifhe fork was designed to be CNC milled from 708

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
plane and analyzing half of the mode&lzeradisplacement boundary conditisrasdefined 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 dropoutpfeliminarySolidWorks simulation was performed to determine

the adequacy of the design. A fixed support case was applied to the outer surface of the steer tube an
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 followwrmon Mises stress plots were produced:

Figure 12. PreliminaryBendingCasevonMises Stress Figure 13. PreliminaryAxial CasevonMises Stress

12



From this analysis, it was aggmined that the crown of the fork significantly exceededMises yield
stress for the bending case. The design was modified to stiffen the crown by adding a diagonal bra
from the fork blade to the steer tulide following simplified final design was produced for analysis:

Figure 14. Simplified Final Fork Model

Two separate methods of analysis were used fmpaoison: SolidWorks SimulationXpress Wizard

and ANSYSWorkbench 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 t
the outer srface of the steer tube and to the surface along the axis of symmetry. A {308 INf)

axial force and a 600 M.35 Ibf) bending force were applied to the wheel dropouts in turn, and the fork
wasanalyzed for maximumon Mises ¢ress and maximum totdeflection in each loading case.

The ANSYSWorkbench simulation was performed using a fixed support case applied to the crown
race of the fork. The top of the fork was fixed againsiisplacement to mimic the thrust bearing
assembly of a headset. Finaltize face of the fork along the axis of symmetry was fixed against x
displacement. A 1400 KB15 Ibf)axial force and a 600 K35 Ibf) bending force were applied to the
wheel dropouts in turn, and the fork was analyzed for maxinmmMises stress and mignum total
deflection in each loading case.

Shown below in Table & a summary of the relevamiaximumvon Misesstress andnaximumtotal
deflection obtained from both axial and bending loads for eaalysia. The SolidWorks and ANSYS
analyses agredat the fork will not fail under the design loading conditions. Detailed reports of the
solutions obtaied are included in Appendix B

Table4. Summary of Results from Both Analysis Methods

Analysis Axial von Mises | Axial Total Bendingvon Mises | Bending Total Deflection
(MPa) Deflection (m) | (MPa) (m)
SolidWorks 130 0.00513 443 0.00580

SimulationXpress

ANSYSWorkbench | 140 0.00452 430 0.00957
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2.3 Aerodynamic Analysis

Obijective Method Results

Determine the fairing A 2d trade study of various fairing| At 45.5 mphShannorgansfairing will see a 1.55
shape to make shapes was performed. ANSYS Ibf (6.89 N) drag force. In a 13.6 mph cross wind
Shannoriganseasiest Fluent CFD analysis was Shannorigars fairing will experiencea 20.5 Ibf

to pedal performed iteratively. (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 vehick® have a low drag force at endurance pacedds20-30 mpl)

and sprinting speedd@+ mpl). It was determined based on preliminasgigiensional CFD analysis

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

shown in Table 5.
Table5. 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 tlaarcumbent and also promotes a more
streamlined teardrop shape f ofmethelwalestfpaintand ng, s
prone puts the shoulders closer to the nose of the vehai@recumbent doe# trike must have

either two wheels outside the main body of the vehicle, or an increased frontal area of the fairing to
fully enclose all wheel#&lthough aprone 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 choosarecumbent bicycleesign

The fairing was designed around the set o¥eswhich outlined the riding motions o¥ariouslysized
riders The curves were generatedMyption CaptureSoftwareusing the processeescribed in Section
3.2.6 An initial design was generated based on optimizing rider space and minimizing dis#tdbanc
the airflow around the vehicle. The design was iterated upon through the use of computational fluid
dynamics (CFD)The CFD of the 2015 Shannagans wagerformedusing Fluent in ANSYS

Workbench SolidWorksFlow Simulation was used to calculate theDGO#f the 2014 Namazu, but the
team found ANS'S Fluent possesses more CFD capabilitisulations 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 cros@nd. 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 separabaid not be fully eradicated.
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FigUre 15. Aerodyhamic Analysis using ANSYS

Table6. Drag Force of Shanneigans Compared to Previous Vehicles

Fairing Shape Force at 45.5 mph Lateral Force with Bike width _at
(Ibf) 13.6 mph shoulders (in)
Shannorigans 1.52 23.4 19.8
Namazu 1.55 20.5 19.7
Celeitas (2013) 1.47 26.6 18.4
Cardot Cyec 1.66 24.6 19.8
In previous yearso6 vehicles, the rider was coo0

top hatch. A NACA dut is specifically designed to takn the free moving fluid over tisurface of a

body by creating vortices that allow the duct to capture the free streanirthisdlecreasgin drag

compared to the amount of airflow drawn in. In past years, the temsirnggled 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 thack 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 sma
openings in the body of the vehicle. To fix this problem, an outlstagded 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 increas
the cooling experienced by the rider. Furthermore, the overall size of the NACA duct was increased by
50% to incrase airflow further.

2.4 Cost Analysis

Objective Method Results

Determine the cost of producing Created a financial account of Shanmornriganscost $15,141 to produc
Shannorigansand the cost of a | parts, materials, overhead, labor/| (including labor), but would cost
three year production run tooling, and capital investment | $9,259 per vehicle in a production rur

The cost to producBhannorigansand a 3 year, 5 vehicle/month production run are shown below.
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Table7. Cost Breakdwn of Major Vehicle Components

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 Feature| $100.00 12 $340.00

Molds $806.00 360 $8,006.00

Totd for One Vehicle | $4,901.00 512 $15,141.00

Table8. Cost Breakdown of Major Vehicle Components
Material Costs for 180 Vehicles | $627,341.0

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 Vehicld $54,000.00

Total Costs $1,666,553.92

Cost Per Vehicle $9,258.63

The cost of materia for Shannorigansincludes 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. Marhour estimates were obtained from the project schedule, and an assiarsage

hourly wage of $20 to obtain labor costs for the vehiclprasented.

When scaling up production to 180 vehicles over three years, some costs are reduced and new ones :
added. Labor and material costs were estimated to decrease by 25% amd{dé&cétively, due to

process optimization and bullolume purchasing associated with a production system. New costs
include capital, tooling, and overhead. Capital costs include heavy machinery, workspace/warehouse
leasing, and aliools thatlast 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 tveated as a ofteme cost for materials

and labor, as they were considered to be durable enough to reuse. Itemized production costs are give
in Appendix A.
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The st for the vehicle apresented is $15,141. The estimated cost per vehicle for a productitn
$9,258. The largest contributing factor to the price reduction is theeref the mold, which represents
53% of the total cost of the prototype@mesented. This production cost is significantly higher than the
only marketed fullyfaired vehiclethe Lightning F40, which retails for $6,10A.]. The team

considers this cost acceptable due to the increased safety of a full carbon fiber fairing as well as the
unigue independent all wheel steering system.

2.5 Other Analysis
2.5.1Gearing

Objective Method Results

To determine gear Vehicle velocity was related to pedal speed. | A mid-drive gain ratio of 14:22 was foung
ratios for competition | Mid-drive gain ratio was modified to achieve t| to yield the optimal speed range 668
desired speed range. mph (11-85 kph).

The team selected gear ranges according to a comfortable cadence ran$i2®REM 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 &whph (8 kph) in the endurance event. By a proper range of
gears, Shanneigansachieves these speeds at the appropriate cadences.

The team used an 18.5 in (47 cm) diameter wheel, a 60 tooth front chainring, aii@@&itobih cassette as

the basis forlte gearing design. From these parameters, admid gain ratio of 13:17 achieved the target
output range. At 6420 RPM, the rider can maintain speeds between 6 and 46 mph (10 to 74 kph). A rider
can maintain a speed less than 6 mphk(t) at a cadendselow 60 RPM.

2.5.2All -Wheel Steer

Objective Method Results
To explain the separate turning cases| Dynamical The turning cases were adequately explained to deter
seen in alwheel steering analysis the benefits of alivheel steering

When a turn ignitiated 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 helplsont wheel steer bike Bestabilize 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 righ
which in turn causes the bike to tilt back to the left and remain balafeisds shown in Figure 16
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Figure 16. Turning Right with Front Wheel

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 théha#l steer bicycle, the
benefit of this ppnomenon 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 thewlrich promotes dramatically

quicker and sharper turning and increased rider confid@hégis shown in Figure 17

mcwuo:mqm ACCBEANGY PATH

Figure 17. Turning Right with Rear Wheel

3 Testing
3.1 Rollover Protection SystemTesting

Objective Method Results

Determine whether the Shannigans roll bar | Loads were applied to a | The Shannoiigans RPS exceeds the
will offer adequate protection in the event the | duplicate of the RPS. ASME requirements.

the vehicle landing on its side aninverted
crash.

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

the specifications of the Rules for the 2015144 Powered Vehicle Challengd.[the team made a
duplicate RPS using the same materials, geometry, and process as the RPS ini§aasrion

testing. The RPS was attachedtsteel 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 HPV/
Rules to the duplicate RPS and measured the resultant defléatguits from ANS'S andtesting can

be found in Table .9
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Table9. Deformation in the Roll Bar

Elastic Deformation ANSYS Workbench Tensile Testing

Top Loadd 600 Ibf (2670 N) at 12° from vertical 0.4 inch (10.2 mm) 0.3 inch (7.6 mm)
towards aft

Side Load 299 Ibf (1330 N) horizontally at 0.27 inch (6.9 mm) 1.10 inch (27.9 mm)
location of shoulder

Negligible permanent deformation (less than 0.07 inch) occurred when the RPS was loaded to HPVC
specifications, evidenced by pdsst height measuremeraisd 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 maximun
load of 940 Ibf (4181 N). Afterwards, the roll bar sustained approximately 800 Ibf (3559 N) for several
more seconds before failing completely. The Shangans RPS system had to sustain a 600 Ibf (2670
N) vertical load and a 299 Ibf (1330 N) lateral load condition. The Shagaos RPS meets and

exceeds these load constraints set by ASME for the 20V&HP

3.2 Developmental Testing
3.2.1 Prone Development Testing

Objective Method Results

Test the suitability of the| Design and construct a prototype prg Riders were uncomfortable with both position ar
prone position for the frame and rider harness. Test rider | hamess method, requires significant further
HPVC fitment and comfort development and testing

In recent years, the HPVC has introduced new requirements to the Endurance and Sprint events that |
resulted in significant upheaval of the established desifme 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
configuratians, 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 developedLfoons of the Chainrindpy

Dr. Patterson of Cal Poly SLO. From this, a wheel spacing of 54 ifti8&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 tider 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 290inchey

A frame and rider harness were constructed, however preliminary rider satisfasteodetermined

that the vehicle would require significant further development and extensive rider training before being
competitionready. Concurrent testing of the-alheel steer concept discussed in section Zfo2ed it

a more feasible design altative. For these reasons, the team chose to delay further development of
this design.
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3.2.2 Foot Flaps Testing

Objective Method Results

Improve slow speed and| Holes were designed into a preus | Foot flaps were determined to provide adequate
zero speed stability by | vehicle with foot flaps to cover emergency stability, however more clearance aroy
al l owi ng r i |themwhen notinuse. Emergency the front wheel was needed for eadaise. This was
access to the ground. stopping scenarios were simulateq taken into consideration when designing the

monocoque fairing.

The two dominant utility issues for the team have been ingress/egress and launching/stopping. Previo
vehicles have only allowed access through the front hatch. Unless the rider is exgeatleast one
person is needed outside the bike for adequatespered 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 waliheed 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 t
testedusing f r ame mounted to the previous year o6s p
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 final 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 stoppimdjtions and it was determined that the rib
structure gave insufficient room for tde pass the front wheélhus the gunwale rib structure would

need to be moved outward from the bottom of the vehicle. Further simulated emergency stops proved
thatsignificant expeence could mitigate this issaad that the foot flaps were a dependable

alternative for lowand zerespeed stabilitymeeting the PDS dffalls in 10 starts and stops.

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

Objective Method Results

To determine the pissibility of using | Build a prototype control The prototypecontrol moment

a control moment gyroscope systen] momentum gyroscope system to | gyroscope system on a small bicycle
to stabilize a bicycle. stabilize a small upright bicycle. that did not effectively stabilizi.

A control momentum gyroscope (CMG) consists of a flywheel and one or more motgingeds.
These motorized gimbals can tilt the flywhdedreby causing ehange in angular momentum. This
change in angular momentum causes a gyroscopic torquetidas the object attached to the CMG.
variation of a CMG has been used by Lit Motors to stabilize thdim@torcyclg14]. Other non
commercial CMG prototypes haaésobeen developed for upright bikes.

To explore the possibility of using this tecthogy for a recumbent bicycle, team members designed
and build a prototype CMG for a miniature upright bike. This project was named the Kinetic
l nstrument to Navigate and Gyroscopically Enf
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flywheel was attehed to a fork, which was attached to a stepper motor. This stepper motor was fixed tc
the bike frame. An accelerometer was also fixed to the bike frarbast schematic of the

K.I.LN.G.E.N. anda detailed schematic of the flywheek shown in Appendix.@Q\ picture of the

prototype system is shown kigure18 below.

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

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 bikeahaesigned to right. it

A Pl 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 b
imparted on the bike, even with the smallestdfe st epper motor éds rotat.
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

Objective Method Results
Test the effectiveness| 4-point bending test rib samples tq A significant portion of the ribstrength was returneg
of choppeestrand failure, repair the ribs, perform a | andstatistical analysis yielded no meaningful
carbon fiber rib repair | second bending test to failure difference betweerhe two values. Further testing is
recommended.

Determine if rib Stapled ribs were tested to failure| The ribs likely retained most of their strength base
stapling method a 4-point bending test, repaired, an on observed failure modes; statistical analysis yielq
weakens structural then tested a second time. Mean | no meaningful difference between stapled and con
elements. bending strength was compared tq ribs. Furtker testing isecommended.

thecontrol data.

For this testing, several 1 i@%.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 baselin
for further testing. The first modification tested was repair of failed ribscoh&ol ribs were tested in
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bending with a foupoint bending tester. After the ribs failed, the failure point was cleared and filled
with choppeestrand carbon fiber saturated with epoxy. A sample of a repaired rib is sh&vguia

19. The patched ribaere crush tested again after the repair cured fully. This test was conducted with
the center of the foypoint bending tester spanning the repaired section. For ribs 1 and 2, the ribs failed
at a location other than at the patched location, suggestindpéheepair may be satisfactory in
compressive bending. Data fibiis 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 te
was performed to determine if staples could ke hold structural elements to the mold during the
layup process. The stapled ribs were created on an old mold surface and tested irpihiatfour

bending tester afteéheyfully cured. This test was conducted with the center of thegourt bending

teste 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 n
cause stress concentrations. Datalic test iancluded in Table 10

Table10. Failure Point of Ribs, Repaired Ribs, and Stapled Ribs

Rib Rib Failure Point (Ibs) | Repaired Rib Failure Point (Ibs) Stapled Rib Failure Point (Ibs)
1 149 138 154
2 179 149 141
3 149 98 116

4 2%
Figure 19. Sample Rib with Epoxy, Chopped Fiber &e Figure 20. Sample Rib with Staple, circled in white

Assuming an uderlying normal distributiondf ai | ur e f or ces, wteststodestd p a
the following two hypotheses: (a) that there is a difference in the mean ultimate strength for the origing
ribs and the repaired ribs, and (b) there is a difference between the mean ultimate strength of the
original ribs and the stagdl ribs. For the repaired ribs the teabtained a gvalue of 0.117, and for the
stapled ribs we obtained avplue of 0.247. In both casese therefore failed to reject the null

hypothesis at the 5% level that there is a differdrateveerthe mean failure forces for the repaired or
stapled ribs. While the absolute differences in the failure forces are considerable, the small sample siz
of n=3 cretes large uncertainty. In future yedtse teanplansto perform more of these failure tests

which would be likeliera provide anoreconclusive answer.

Tablell Twosample T for Failure Point (Ibs) vs Stapled Rib Failure Point

Failure Point (Ibs) N | Mean (Ibs) | Standard Deviation | SEM
Regular Rib Failuréoint 3 | 159.0 17.3 10
Stapled RilRepair Failure Point 3 | 137.0 19.3 11
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3.2.5 Pnaumatic Landing Gear Testing

Objective Method Results

Test the suitability of a | Design and construct a prototype landi| The pneumatic landing gear proved suitable fo
pneumatic landing gear| gear system. Actuate the landing gear | the HPVC regarding air requirements and spe¢
systen for the HPVC determine speed, air requirements, anq of actuation, bt design modifications must be
durability. 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 previos yeal a n d i
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 peotaik The gevious electronically

controlled landing gear could actuate in approximatelyc@rs#s. In contrast, the pneumatistem

actuated in 0.16 seconds, as determined from$pgled ideo of an actuation sequencéelanding

gear is estimated to actuate 100 times in a given endurance race, and so the team required the protot
to actuate @O times on one tank of air. The piston was connected to a tank initially at 3000 psi. After
100 tests, the tank was 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, theeam 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 identifie
several design challenges regarding the system, most notably thetdimeggtuated 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 | Capture the motion of rideeg anthropomorphic A solid model of the
rider pedaling in the recumbent extremes riding in the recumbent position on a | rider while pedalingvas
position for use in aerodynamic trainer adjusted to the geometry of the vehicle. | determined.

analysis.

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 t hders. Tlyee ualisgs Thaak ManagerilRachmeras recorded the spatial
coordinates of refl ect intg as shown ifigure pllAhoughdsimdan e a c
tests were performed in the design of the 2012 Carnot Cycle, increased accuradyievasl dxy

repeating motion capture with the new seat position. Because pedaling motion differed with speed, ea
rider was recorded as they started to pedal, maintained a comfortabtlidtange pace, and then

sprinted. A MATLAB program used these poitdsdetermine the volume riders used while pedaling

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

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

the PDS of rider satisfaction.
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Figure 21. Spatial Coordinates of Dots Figure 22. Wireframe of Vehicli

3.2.7 Layup Testing

Objective Method Results

Improve lamination | Iterative development of a ging A dualbagging method was developed which resulf
of t he v el systemcapable of creatitige required | in greatly increased vacuum pressures. Stretchlon
composite structure.| vacuum fodamination and conforming| determined to be an appropriately conformable

to all surfaces. bagging film for use in team layups.

For Shannorigans theteamiteratedseveral improvements to the layup process. The preliminary test
was to determine if the layup box previously used could bedsealgrovide adequate vacuunour

inch squares of plywood were sealed using a collection of sealants includirygrepiox 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 orsedlellbox, but

proved to be inadequate, with aatodirop of 20 inches of mercury from full vacuudpon failure of

this test, a duabag method was devgled to seal the molds. Similar the 2014 Namazu, both the

interior and exterior afhe mold was sealed@o improve the vacuum on the interisurface 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 ofeBthlon 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 perfofrthc

was much lowefl5]. To test the expansion by area, the film was applied to the opening -@fiehl9

plastic drum, the air was evacuated, and depth of stretch before rupture was determined. Over a serie
of 3 trials, the average depth of streteds 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, badilnsed t
during the layup process, obtaining better composite lamindtios testingresulted in production of

lighter weight composites, meeting the PDS of vehicle weight.
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