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Abstract

This is the fourth year California State Univerditgrthridge (CSUN) has participated in ASME’s Hunkowered
Vehicle Challenge. Last year, the CSUN Pedalspgeam designed an elongated three wheeled degifran innovative
limited slip two-wheel drive system. This year,\@$s design team has embarked on a new, fully caitpdwo wheeled
human powered vehicle. Using a clean sheet de€i§IN Pedalsports has incorporated its extensigerence in cycling
to develop a new take on a slender semi-uprigggreyrmic HPV. The vehicle is designed specificédlythe ASME HPV
Challenge, to be a marketable solution for sprimmslurance, as well as commuting.

The Human Powered Vehicle Association defines aarupowered vehicle as “any kind of transportatiomered
by its human rider[s].” Whether by air, land, oater, these types of vehicles will always be popwa they are a simple
and efficient means of transportation. With theseinof increasing energy costs, diminished ressyraed a heightened
global awareness, the demand for human poweredleshwill only continue to rise. For this reastre CSUN Pedalsports
team is eager to develop a new HPV that pusheeiiielope in versatility. We have strived to depeln extremely
efficient, maneuverable and marketable solutiommdman powered ground transportation. After numgriterations, the
2009 CSUN Pedalsports team is pleased to annotmatdtthas designed such a vehicle, the P.F.C.SNJR2P.G.V. or
“Partially Faired Composite Semi-Upright 2 Wheelddman Powered Ground Vehicle.” This vehicle desigis been
optimized for use in the ASME HPVC.

Utilization of modern data acquisition tools imgunction with engineering analysis allowed the GBRedalsports
team to accomplish this goal. The developmentrtgstias accomplished using a bike fit apparatusg€@eanning, motion
capture, human power measurement devices (Powgvtaption meters, and tensile test machines. ifitial data
acquired was then applied to the ergonomic designaaalysis of the vehicle. Using finite elemerdlgsis (FEA),
computational fluid dynamics (CFD), and physicatiteg, the design went through many stages of apdition through this
iterative process. The final design will be vedfigarough physical testing including additional gowesting, tuft testing,
and if time permits, wind tunnel verification. Eegrocess is discussed in more detail throughasidisign report.

Design Description

The 2009 CSUN Pedalsports team consists of leaid@zrig who are experienced members from last yesais;
several are avid cyclists and now graduating senidrast year, CSUN placed! 6verall, more than doubling our placement
from prior years, but there is still room for imgeonent. We believe that the riders could perfovenebetter if the vehicle
was optimized around the rider’s position. Lasin@competition was also a place for this yearad engineers to take note
on possible design alternatives. A very valuabéson learned from last year was to keep ridaritigitime and ergonomics

into account.

The preliminary concepts that were consideredHisrear’s human powered vehicle were designs stingiof
both two wheeled and three wheeled configurationgrious riding positions. Five positions wer@sidered prior to the
determination of the final concept: recumbent, seumbent, prone, semi-upright, and upright. ®herall design matrix
for each riding position in a faired and unfaireghicle is shown in Table 1.

Table 1.Overall Design Matrix

Un-faired Faired
Design Criteria| Recumben Re?:ﬁmlt-)en Upright Usperglr;t Recumben Re?:ﬁmll;en Upright USperirSIr;t Weight
Aerodynamics 2.5 2 0 2 5 4 3 4 20.00%
Weight 3 3 4 5 2 2 3 4 10.00%
Manufacturability 2 2 4 4 1 1 3 3 5.00%
Safety 1 2 3 3 2 4 4 4 20.00%
Stability
(Rideability) 2 3 5 4 1 2 4 3 15.00%
Acceleration 2 2 3 4 3 3 4 5 10.00%
Training Time 2 3 5 5 1 2 5 5 15.00%
Rider Comfort 2 4 4 2 1 3 5 4 5.00%%
Totals 1.8 2.3 2.9 3.15 2 2.6 3.4b 3.55 [100.00%
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Each position is ranked according to a few keygtestriteria. These criteria are weighed relatovéheir
importance in vehicle performance, and are shovthearright most column. It can be seen that aeradycs was judged to
be the most important factor to consider in desigrd human powered vehicle, and determining thienaptiding position.
A rank value between 1 and 5 is given to each jposih response to these criteria. After summilh¢he values assigned
for each riding position, the faired semi-uprigbsjtion was determined to be the optimal ridingifas.

The advantages of the semi upright riding positiger the others are that it allows for more effitiacceleration
and better stability and handling in corners. 8itiee upright riding position is the most commourfd on the majority of
bicycles, most people have experience and are g¢tabfe riding in this semi-upright position. Anettmajor advantage of
choosing this position is that because it is comnim& muscles used to power the vehicle won't remgdnew training.

For this reason, the CSUN Pedalsports team hadeatkapon a new design for 2009. This design ik around
the selected rider's comfortable cycling geomettiys allowing them to train the proper muscle geoap their own road
bicycles, and eliminating “the wait to train.” Aratr observation, made from previous recumbent desigas that muscle
groups are isolated in such a configuration. Tofation prevented riders from recovering eneggythey could not
alternate muscle groups by changing position. d¢déaild they vary muscle groups to cater to handlwgglerating, or
sprinting.

In order to have the best design for the ASME HPW(, necessary to have a vehicle capable ofstagight-line
speed, with the ability to maintain nimble handlat@racteristics as well as quick acceleratiomobldwer speed areas.
With this in mind, it is important to stress thepiontance of human ergonomics, maximizing the efficiy and power of the
rider. This is especially important when the 4ders will be spending most of their time designiagalyzing, and
manufacturing the vehicle. As a result, there badla limited time to actually train on the desi@nehicle.

The 2009 CSUN Pedalsports P.F.C.S.U.2.W.H.P.G.Voffir improvements to other designs in many areas
mentioned before, in the area of rider readinassiam power utilization, and versatility. Also,ghdesign will integrate the
rider as part of the fairing, allowing the riderutilize a faired position when aerodynamics isldaling factor to maximize
speed or efficiency. When a more powerful uprigtsition is ideal, for acceleration or handlindoater speeds, the rider
will not be hindered by an enclosure. This, airse, yielded some intricate design challengesthigateam has overcome.

The primary design challenge was to utilize therrigs a means of power AND aerodynamics, thus mditimg the
need for redundant fairing material. The most clemportion of this challenge was engineering arigi This fairing
seamlessly connects the bike to the rider alloamdree rider movement, and maintaining smootklaiv while in the
tucked position. This was a significant challereygd required many hours of testing and analyske most important step
was to properly analyze the rider’s position wigieglaling, to ensure proper design before manuifacttine prototype
components.

Engineering all the components of any vehicle wdale an extremely long period of time, and for ynan
components it would be akin to “reinventing the efiie All of the hardware, including the wheelsnkiéebars, seat tube,
fork, and wheels will be commercially available 2¢00ad bike components. The net effect of usinggtmmmercially
available parts is twofold: commercial parts arsilgabtained and interchangeable, and using starukarts allows more
time to be put toward engineering the largest kesyesns and components, namely the frame, and dgiigces.

Ergonomics

It is important to have the final frame desigrbtobiomechanically efficient, allow for aerodynarmisitions, and
to be relatively comfortable. In order to trangfemver efficiently, a bicycle frame would have tokhelt specifically for an
individual. However, since there will be five difént riders each with their own unique physical sueament, the frame had
to be designed to accommodate everyone. A fit bi&ke used to obtain each rider's measurementindptimal position
which can be seen in Figureébglow. The critical dimensions of the frame wdre handlebar height (from the ground), stem
length, virtual top tube length, and seat tube @ndlll other key dimensions, such as crank lenigdmdlebar width, and seat
height were decided upon through averaging the sinas from the riders’ current preferences.

Figure 1. Fit Bike Used to Obtain Frame Gametries for Each Rider.
e | ! P ety




During the endurance event, thehicle exchancis a critical period. The time taken to chaivehicle geometries
to accommodate different riders can consume predioi. In order to create the smooth&ansition possible, it we
decided to makall the adjustments via replaceable preset seatasasmblic. The handlebagositionwill be fixed during
the competitiontherefore, the final geometry was designed to amodate everyider. To do this, both the handlet
height and stem lengttimensions were averaged. The final aver dimensiols were then locked dovon the fit bike, and
used as a template. The template was recordedgiscaleprofile pictures andyber scanning. These templates v
used for both frame and fairing design, as welerodynamic analysis. The final frame geometvigh the averacd
positions can be seen in the Selidrks model belov

Figure 2. Solidworks Model of Frame vith Final Dimensions

Once the fibike was set to the final dimensions, it was usedlitain front, side, and top profile picturestie
hoods, drops, and aero positions for each ridds Whs done by having the riders get into each®fisitions mentione
above with their seat hgit set to the appropriate dimension. Once in tigitipn, a picture was taken from all thi
directions. A side profile picture of one of the riders candeen below in Fure 3. These pictures were used to pl
preliminary profile which was then hesed fo preliminary aerodynamic analysikater, these profile pictures were repla
with cyber scanning of the riders in the identjgasitions

Figure 3. Side Profile & One Rider on Fit Bike with Final Dimensions
| )

Body scanning was conducted for each male rideroaedof the female riders thefit bike. The fit bike was set in
the averaged geometry, and each rideidévidual seat positions were adjusted. The scanheavily assisted the final
design of the frame and fairing.he individual rider scans were u: to visualize the ridersithree dimensions withi
SolidWorks, and enabled the designersrimate the frame and fairilaccurately arounthe riders witl proper ergonomics,
and safety in mind. The st@&f one rider on the fit bil position, integrated for frame desigan be seen iFigure 4.

Figure 4. Body Scan of Rider by Gentle Giants Studic




Frame Features and Design Innovations

With the rider geometry locked down, the frame ged$ook shape. The structural design conceptisfvbhicle
was largely inspired by carbon monocoque track,tamd trial bicycles. These vehicles had both {asiand negative
traits. The most valuable trait of the time th#te was the aerodynamic shape, unfortunately tfragges were known to be
difficult to size, and lacked the torsional ancetat stiffness of a contemporary, less aerodyndumigic end frame. By
contemporizing the structure of the design, inceaiing geometry adjustments, and optimizing arigitio conform
perfectly to this already aerodynamic conceptéaen was confident a versatile vehicle could beerfadspeed, endurance
and the daily grind.

Figure 5. P.F.C.S.U.2.W.H.P.G.V V86 - Final Fram®esign, Without Fairing.
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The final vehicle concept, P.F.C.S.U.2.W.H.P.G.\86VYallowed the team to have an aerodynamic, cemedrame
design that utilizes the tensile properties of oarfibers to seamlessly “connect the dots” betwibercore structural areas.
The frame shape was envisioned from drawing line® fthe head tube, which supports the front whedlthe rider’s upper
body, to the bottom bracket, supporting the rigezdal inputs and lower body weight, directly to tear wheel. This design
was specifically intended for carbon, taking fullantages of its tensile properties. Many addéialesign features were
added to the final design and will be discussedwel

The V86's large diameter, tear drop shaped tubdsvamocoque center section were designed to adibtal and
lateral stiffness in the head tube and bottom lebidgions. The tube diameters are approximatély that of the stiffest
road frames on the market. This conservative tldsgn ensures a safe design that is structuraligdsfor the first
iteration. Further optimization is planned for hg&ar's design by modifying the tear drop tubepsisa(Figure 6) to true
airfoil cross sections.

The frame was made even stronger by using low tef@nk foam,” which added stiffness as well ageamanent
structure to wrap the carbon around. Another betwetising this foam was that it acted as struectorguide internal cable
routing. This internal routing keeps the frameaoland hides the shifter and brake cables frortowirf

At the same time, the designs low slung shapevalfor mounting and dismounting clearance for aewihge of
riders (Figure 5). This also meant that the desiguld accommodate the team’s smaller female ridard in the case of
production, would require less size runs. The tegmototype of the P.F.C.S.U.2.W.H.P.G.V. V86, Wbbe considered the
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larger of the two models. V86 allows all of outtais, who range from 5'7” to 6'4”, to fit comfortighwith just the exchange
of a seat mast. The seat mast, acquired from @ 3p8cialized Transition, accomplished this throthghuse of different
setbacks. Sethacks allow the frame to have arstdijie top tube and seat angle range.

The low slung design feature was also carried tjindo the bottom bracket. The bottom bracket afopSUN’s
vehicle is about 90mm below the axle of its 700e&lk. This equates to a bottom bracket heigtgrofriches. The net
effect of this adjustment recesses the rider inoftame creating less frontal area, and accomrasaasleeker fairing.

Figure6. Cross Section of Tube Shape

Figure 7. Cross Section lllustrating Pink Foam Coe and Internal Cable Routing

Internal Cable Routing

A new industry standard for bottom brackets hasitset forth by Cannondale Bicycles. A larger hottoracket
shell, dubbed BB30, offers clearance for stiffed fighter cranks spindles. This feature has tlabeantages: increased
lateral stiffness, by eliminating deflection in thi@nk arms, no thread interface for simple slippéaring installment, and
adaptability to older standards if desired. The3BBvas chosen for the P.F.C.S.U.2.W.H.P.G.V. toeiase strength, reduce
flex during cycling, reduced weight, increasedfséés during operation, ease of manufacturing,elsas keeping current
with industry standard.

Figure 8 shows the most innovative feature integréto the vehicle: an adjustable head tube adgeriilis
feature allows the team to customize the rake aofflee steering system based on course conditibhs.rake angle has
settings of 68, 70, and 72 degrees. The slacke@8ee setting is designed for stability at higbkesis, such as the sprint
course. But when nimble handling is desired ferttght corners of the endurance course, the hdsgldan be accurately
adjusted to the steep (72’) setting. This is acdmingd via two keyed aluminum eccentric cups whioh offset along a 2
degree axis. The keys keep the offset cups alignedrately, and without binding. The cup sets veése designed to be
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adaptable for any commercially available fork’seséz tube size. Any combination between 1” and &t&érer tubes may be
used with this system, and will still allow for thdl 6 degree range of adjustment.

Figure8. Eccentric Head Tube Assembly 6 Degrees Atcurate Angle Adjustment

Aerodynamics

Aerodynamic drag is by far the largest resistivedoon human powered vehicles traveling above 10. impfact, at
22 mph the aerodynamic drag constitutes approxign8&% of the total resistive force exerted onkaicle. For this
reason the aerodynamics of the HPV are of the utmgmrtance.

In order to improve the aerodynamics of the HP\t&deare was taken to optimize the aerodynamidsodti the
rider and the vehicle. Since the rider accountsfiproximately 80% of the total aerodynamic dfhfyont and rear fairings
are employed. Both fairings were designed primadldirect the flow over and around the rider, ttargely reducing the
total drag. To achieve this, approximately 50%hef frontal cross-sectional area of the vehicle richet is covered by the
front fairing. Despite the streamlining at the frofthe vehicle, a large amount of drag still &isThis drag exists as
pressure drag and occurs behind the riders backastérior as flow separation creates large turiiwlertices. These
turbulent vortices create a suction or pressurg Hedind the rider. To combat this phenomenon #ségth employs a rear
tail cone fairing. The rear fairing is designedkowly reintroduce the disturbed air into the feb@am and prevent the
abrupt transition from rider to empty space.

In an attempt to further streamline the rider, tb-shelf aerodynamic helmets will be used byidé#ns in all
phases of the competition, aerodynamic helmetsceegdtessure drag behind the riders head and helipeitt the air
smoothly down the riders back.

The wheels of the vehicle are yet another sourckagf. For this reason aerodynamic wheels will $elin both
the front and rear for all competitions. Deep sectiarbon rims and spoked wheels were chosenéddrdht as they possess
excellent drag characteristics while limiting systdaility to large side forces. Because the frothtewl is used to steer the
vehicle, side forces resulting from yaw angles ordagusts are of prime concern. Deep section carinon with spoked
wheels have a low side force coefficient for yawlas between 0 and 90 degrees, relative to otliedgeamic wheel
options. The aforementioned design also possessedient drag coefficient characteristics ovegéayaw angles and wheel
speed ranges with consistent and predictable val@eslid carbon disc wheel is the ideal wheeltfar rear of vehicle for
its exceptional drag coefficient characteristidac8 the rear wheel sees limited yaw angles andtisesponsible for
steering, side forces are less critical. Solid earlisc wheels have the lowest drag coefficiersliofierodynamic wheels for
yaw angles near zero. However, the drag coefficeiaw wheel speeds (below 10 mph) and around&degrees of yaw
sharply increases due to flow separation. Thisceffedrastically attenuated at higher wheels speed is therefore not a
hindrance to performance. Due to the nature ofafge solid surface area created by the carbornvdisel the side force
coefficient can be extremely large. At yaw angle8@degrees the solid carbon disc wheel had thledsit side force
coefficient of any aerodynamic wheel tested. As tioerearlier, at around 6 to 8 degrees of yaw angtklow wheel speeds
(below 10 mph) flow separation occurs. Howevethis case, the flow separation drastically redibesside force
coefficient. For this reason, side forces during &peed corners should not be an issue. The ireteasface area of both
front and rear wheels makes them more susceptibdéntd gust . Therefore a deep section carbon rifred wheel and solid
carbon disc rear wheel would be used during faveraieather conditions onfy/.

Based on aerodynamics and cost considerationsiesign will employ Easton EC 90 Aero wheels in kbt front
and rear. The EC 90 aero wheel is a traditionakegavheel with deep section carbon rims. Unfortelyadue to budget
constraints, a full carbon disc rear wheel will betused on the rear of the vehicle.



Figure 9. Solid Works Model of Frame Fairing and Rder.

Material Selection and Manufacturing Process

The ideal material for HPV construction should hioxe weight and high strength. Specific propertémterest
are density, elastic modulus, Poisson’s ratio,tandile strength. For a given set of design caigs, there will be an
optimal material for each component.

Previous CSUN designs proved to be robust but hegayive to the competition. Having such a lamggess made it
very difficult to accelerate out of corners durthg endurance course, and it lengthened the negessavay for our vehicle
to achieve its top speed during the sprint couidee 2008 HPV weight was in the range of one huhginds, whereas the
top competitors were approximately forty to fiftgynds. Therefore, vehicle weight reduction wasavily weighted design
consideration.

Previous frames produced for the HPV project haentmanufactured mostly using aluminum tubing.t kaar’'s
frame, besides being heavy, was not sufficientff; sthe frame allowed for too much deflection ohg intense rider input
to the cranks, as well as in corners. This waseaby the torsional deflection, of the main sparit was poorly braced and
overly long. Thus the efficiency of the vehiclesn@mpromised by the frames lack of rigidity. Tblservation informed
the materials research performed by this yearmiea

Table 2 provides a summary of the properties fodate materials. Compared to steel, aluminunt@same
specific modulus, while also having a density et jover one third. Thus, potentially a frame baiit of aluminum could be
stiffer and lighter than a frame built of steelitafium could also be a great choice for frame niwte Titanium has the
same specific modulus as aluminum and steel, valléle having a tensile strength nearly as highesd.stt is possible to
produce a very lightweight and stiff frame usirtgrtium, though there are still other viable materia consider.

Table 2 shows the properties for several compaosiéterials, which offer significant advantages avetals. For
example, carbon fiber displays a density lower tttat of aluminum with a specific tensile strenfiile times that of steel
and specific modulus over 6 times larger than stié@hium, and aluminum. Another advantage i$ tlanposites typically
have stress or fatigue endurance limits that arhemrder of six-tenths the static (one cycleimdte strength. Hence, over
the entire fatigue loading environment and freqyeange, the composite can exhibit a six-fold inverment over metals in
the 16 — 1 cycle rangé®. The larger tensile strength, modulus, and fatiife of carbon fiber reinforced plastics coupled
with the freedom to shape the piece to nearly amptex geometry makes carbon fiber a very desirfthlae material.



Table 2. Materials Comparison Figure 10. Tensile Strength and Modulus Comparison

MATERIAL DENSITY TENSILE SPECIFIC TENSILE SPECIFIC TENSILE STRENGTH OR MODULUS DIVIDED BY DENSITY
(g/ce) STRENGTH TENSILE MODULUS MODULUS - 5 10 15

(ksi) STRENGTH (Msi) I ' ' T I l
Steel 78 145 19 29 3.5 KEX;"‘E;ZQ KEXl—:ﬂf‘i; 49
Titanium 45 134 30 16 35 10 [~ — 25
Aluminum 2.8 67 24 10 35 | SN PHEGITED
Glass Fiber 2.5 246 98 10 4 SIRANDE
Carbon Fiber 1.9 228 120 55 29 i Jss
Aramid Fiber 14 385 275 19 14 LR HT GRAPHITE
Boron Fiber 2.6 443 170 23 9 - l
SiC Fiber 35 500 143 57 16

From Figure 10, Aramid fabrics (Kevlar®) display
much larger tensile strengths compared to carb
fibers(Graphite). Though the tensile strengthsttef Aramid
fiber reinforcements are much higher, the spedcificdulus of
this fabric is much lower than that of carbon fabrirhe specific
modulus is one of our most important parameters;esit will 3
determine the amount of strain that will be experéal per given
load. Simply put, the higher specific modulus, tbever the ——
strain for a given load. In order to maximize tiders’ input ' I | | | | | |
energy translated into forward motion, minimal gyeshould be & : £ 2 4 & 6 7
lost to component and frame deflection. Therefoeebon fiber SRERETENBl e MOOULLS 0N
is the optimal candidate for frame material.

Disadvantages of using carbon fiber as our mairen@twere also considered. Carbon fiber is mongeasive,
more difficult to manufacture, has longer proceggimes (due to curing of epoxy), requires morenplag and preparatory
work, and involves more complex analysis in ordeathieve the maximum benefits offered by the nelteHowever, these
difficulties can be worth the extra consideratiforssuch a substantial increase in performance.

As mentioned previously, the team decided to ussirg bicycle components on the market to save tiwhich
was then devoted to the design of the frame amihdapieces. In order to use standardized compsnémwas necessary to
manufacture inserts that are bonded into the cafibenframe. Theses inserts consist of dropdwad tube cups, and
bottom bracket shell. These components were madtiom 6061-T6 aluminum. The 6061 alloy is repdiailable at
nearly any local materials supplier, which makes #fioy an exceptional choice for prototyping. cBase carbon is
electrically conductive, galvanic corrosion occeith many aluminum and cadmium-plated materiatsour case, the
inserts are bonded in place with adhesive, 3M-DP#&(ch insulates the aluminum from the laminatd arakes nickel-
plating or painting unnecessary.

In order to obtain the greatest stiffness posdiiom the frame, the team has chosen to implementige of a core
material. By using a core material, one can sigaiftly increase the stiffness of the laminate aithadding significant
weight. From Figure 11, the stiffness effects mfecmaterial are demonstrated. Core materialvagnwidely in acceptable
uses, strengths, and weaknesses. Through cormultath experienced individuals from AeroVironmdnt. and extensive
research online, a suitable foam material was detedd. The core
material chosen was Foamular 150, by Owens Cor@aigs, LLC. —
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Foamular 150 has the lowest density of foams tleaewesearched - .

at approxir_nately 1.4_4 Ib/ft3. It also has a verya#iroell structure, T [T l m]mm .

for low resin absorption. : == J_ l
h i

Manufacturing Methods: Frame P

The foam core of the frame is a fairly complex getm e W W3 »l

and thus presented a manufacturing challenge. Gaipe foam Relatioe

core can be done in a few different ways: by hatwitting and  |yight 10 104 108
sanding, a CNC foam cutting router, and a CNC &ixis machine.
Shaping the frame by hot-wire cutter and sandirtgesmost difficul Figure 11. Core Material Effects t

requires the simplest equipment. CSUN has a CN@fmouter, but it can only cut in 2D, thus it woblel necessary to cut
many separate pieces, and then bond them togefiheroptimal way to cut the foam is to have thenfaat by a shop with a
five axis CNC machine. This alleviates the taskutfing the foam frame that would otherwise regain estimated two
weeks to cut by hand. Therefore, the team dedi@ay for the foam core to be cut by an experidrfoam cutting



machine shop. The foam core veas in two pieces down the middle from the fronthe rear. This alloed the cables to
be routedhrough the frame before bondithe halves together.

Once the foam frame is cut the next sis to hold the fame and the aluminum inserts in place in the egagmetry
determined by our solid modeKeeping in mind that future teams might wanadjust the geometry or size of the fra
dramatically, the device used to hold all the pseceeedto be adjustable. To hold the frame and all isserplac, a
frame jig was constructed. Unlike jigs foonventional bike frames, this jholds the frame in such a way tlit can be
accessed from both sides, allowirlgmiy of room for a compositayup. Through researching adjustable fr jigs the
configuration shown in Figure Mas discovere. Our jig incorporates the use aflbt extrusions for quick adjustments
in Figure 8, but uses different supporting structt. This enables us to wrap tframe from both sides without removal ¢
adjustments between each layer.

Figure 12. Adjustable Frame Jig

The bottom bracket area wdssigne as a separate component to be fabricatserted into the foam frame a
wrapped with the frame as one compkggstem. The aluminum ttom bracket shell waslaced inside a cylindrici
container in which the piece was surroeadith epoxy thickened with microspheres and chopgaatior, increasing the
toughness of the epoxy, and creatingery rigid structure with a much larger surfarea to bond into the foam cc Once
the bottom bracket area was fabricatedat bonded into the foam core in its exbatation by the use of t frame jig.

The head tube wamnstructed by w-layup without vacuum bagging. An aluminum tube drahwas cut just
under the inner diameter of the designed headttub#ow for the thickness @wax release layer. The mandwas then
wrapped with the carbon fiber in the desired oagah of [0°, 90°-45°, +45°]2 one lagr at time. After each lay was
thoroughly wet out, the layer wasmpressed using a two inch wide strip of peelnpaterial wrapped arourl inch
diameterPVC pipe, to aid in applying tension to the wrahe peel piywaswrapped around the wet out layer spiral
across the mamel and held tight at the opposite end by duct.tapieis procesallowsfor the extra resin to be evacua
from the fabric without the inherent pinching oétfabric on two sides as obtained from vac-bagging or molds. Th
layers were applied in thimanner one at a time to decrease the possibilagytra resin being trapp, and to increase
uniformity of the dimensions and fiber orientatioBach layewasallowed to cure to about 90% of the suggested ttome
at room temperature, at which tirtkee peel ply wrajwas removed. A light dry sanding of the layexs the conducted
using 400 grit sandpaper, removiaigy excess peel ply materprior to the next layer. This takepproximately twc
minutes, sincéhe sanding is only intended to clethe surface, not tochange any surface features. Acetwas used to
clean the surface after sanding, thenldyeip of the following layer commerd.

The frame will need to be vacuum bagged since evessure cannot be achieved around the edgesdes. A
quite complicated bag will be trimmed out and pthoger and around the fixtures on the frame jigrisher to keep the frar
mounted in the jig between the start and finisproduction so as to keep the desired geometry kignhzent fixed. The
reinforcement layers of unidirectional carbon Wi applied one at a time in the necessary locatibtize frame for optiial
rigidity in the desired directions. Following thaidirectional fiber application the joints will lverapped to the desir
number of approximately ten or twelve layers to i the rigidity of the bonding and high stresasrSubsequently, the
two or three cap layers of plain weave carbon &will be applied to the entire frame to add strength ando$imite joints
andheavily wrapped areas. Once the desired wrapapuied, a single layer of epoxy will be appliedite entire fram
surface as a clear coat protecting the fiber regeiment and improving the aesthetics. This epaygd will then be polhed
to thedesired luster before the competitic

Manufacturing Methods: Fairing

Currently, our focus lies on manufacturing theifegjr The fairing will be built using layerf aramid and crows-
foot weave carbon fiber. The number of la is based upon the results of our sample pieErsing the sample process"
variedthe number of layers, orientation, and weight dfifausecto achieve an optimal weight gtiffness balanceThese
results yielded two options: carbon fabric as tutermost layers with a middle layer of Kevlar, devlar layer as th
innermost layer and a carbon outer laymth would yield a structurally sound outer shéfi.the second case, a dye v
need to be added to the epoxy to eliminate the ferquhnting, since Kevlar has poor UV characteristiUsing this
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number of layers and not having to wrap fabric mtimbular form allows us to use a mold and theiuaebagging method,
creating a fast process.

A female mold would have been preferred, as ittaserwould have been against the mold surfaceltirggin an
improved surface finish. However, due to the amadimaterial needed for female molds, time, arudifees, the team was
limited to using a male mold for the front and réarings. The exposed surface will be left azalply print, and surface
treatment will be done afterward. The fairingslwibunt onto the frame by carbon slip tabs, whicl wge a rectangular
piece bonded to the outside of the frame and adalled to the fairings. This method of attachméhteliminate the need
for mechanical joining and expensive titanium akei coated hardware. We will be able to use ¢imerant carbon from
the fabrication of the fairing and frame to malenalcessary tabs. All composite parts trimmind é done using a
reinforced cutoff disc with a Dremel tool due te ttomplex contours of the edges. The edges witl beeprotected via
plastic tubing halved and adhered to the edges.

The molds were manufactured by using the solid risocteated in SolidWorks. These files were coradkihto
parasolid files and imported into Esprit, wheredts used to create the NC codes. CSUN’s threeGiXG foam router used
the NC code to cut out sections of the fairing.eButhe travel limitations of the router along4tsxis, the mold had to be
cut in layers, and then stacked and bonded usiBgeBfanding two part adhesive.

Figure 13. Tail Cone Male Molds

Developmental Testing

In order to properly design and analyze the P.FICZSW.H.P.G.V., the team made it their task talfatcurate
base line data from standard road bikes. Thisagasmplished through geometry measurement, acoedten road testing,
power measurement, material testing, body scanaimgjmotion capture. This data, in conjunctiorhwésearch, hand
calculations, computer based simulations, and imthdit physical testing, were used to accuratelygieand analyze a
structurally sound, aerodynamic, and ergonomic é&amd fairing. The portions of developmental tegtint previously
discussed are explained below.

Load Distribution

The frame is the largest structural member andsipigce of the entire vehicle; all the hardwatadites to it and
all loads pass through it. There are also varioumsponents that need to be pre-fabricated thangegiated into the frame to
make an inseparable assembly. The head tube @&¢hevhere the fork passes through a set of besaaimgj attaches to the
handlebars. At the rear of the frame there are ialum pieces called dropouts that attach the reaewto the frame. Lastly,
the bottom bracket is the tube area that supploetpédal cranks and associated bearings.

11



Before a conceptual design could be made, an sisa§the loading conditions needed to be perfdroea
standard bike. A basic sketch was created baséukdit-bike measurements of all the riders to dateiwheelbase, seat and
handlebar distances and height. Using the weigtiteoheaviest rider, calculations were made obthtc reactions on the
HPV from the rider and the ground. It was decittethen perform the calculations with the ridettia so-called “aero”
position as this provided the most weight tranefesr the front tire and would provide for a consgive analysis; this is
especially critical because the head tube to friameeface is crucial and a failure at this pointulgbbe catastrophic to both
the vehicle and rider.

Using a trainer to support the rear wheel, therrédel a standard bicycle were positioned on a stadeused to
verify the calculated loads and weight distributimween seat and handlebars. It was found thia ifider’s weight is
2501Ik then while in the aero position, 160Would be concentrated over the handlebars ant; 9@®uld be left acting on the
seat. The reactions acting through imaginary vartines passing through the front and rear axtespoints of contact on
the road were found to be approximately 1p@Hbthe front axle and 143lbn the rear. With this basic information
established, the design team was able to startcom@eptual design while allowing for further, carrent analyses to take
place.

1032.15 mm Wheel Base

1143mm_ Height of C.G

AQD mm Wheel |

1

Figure 14: Weight distribution diagram of final vehicle design, location of center of gravity is indiated by a star

Accelerometer G-force Acquisition

As part of the testing program conducted whiledésign was being formulated, aluminum mounts wabei¢ated
to accept the threaded end of an accelerometeepaoitl the other ends made to fit on a standadibike at the head tube,
rear axle and bottom bracket. The acceleromettnaunts were used on several occasions to deteriméng’s that one
encounters during normal riding. After severalitessessions, it was found that during normal gdinvas quite common
to see readings of around 2 g's and at times rgadin high as 5 g's. This information was provittethe design team to
aid in the stress analysis of the frame.
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Power Test and Race Simulation

To determine the amount of power that our riderdatgenerate under typical riding conditions, a BoWap® was
used to obtain actual data from each of the rideie. Power Tap is a hub which is mounted to a wiva@h uses a series of
strain gauges to measure torque. The system ippepliwith the hub and wheel, a computer receivet heart rate monitor
(HRM) which send the measured data wirelessly ¢éar¢iteiver. From the Power Tap, the riders’ cadeiocgue output,
power output, distance, and speed can be obtalisl wheel was used in an endurance test and spsititwhere several of
the riders were tested and their results analyzed.

The course that was used for this event took piacéne Kern River Trail near Bakersfield, Calif@niThe event
route can be seen on the CSUN HPV website. Thedotation of the event was approximately 7 miléthwa turn-around
halfway. The starting, ending, and turn-aroundi(fdocations can be noticed in the plot below. ®aé output from the
Power Tap® for one of the riders, during the endoeaest, can be seen in Figure 16.

Figure 16. Plot of Power Tap Results for one Rider During théendurance Test
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Figure 16displays the output torque and power and also shiogvspeed and cadence of the rit Data was

recorded every two second§he time at which data is shown corresponds tetde of the cours The data then ends

when the riders reach the starting point ai From the plot above, the point where the turnarcaswlrred is clearl

visible, due to the dramatic decreasspeed, cadence, torque, and output po The peaks indicate the maximum vis
generated Immediately after the turn around point, all pargereincrease and peak dramatically due to the sigienting

from almost a complete stop to approach and 1ain speeds before the turn around.

The results for all of our rideese summarizein Table 3 The Power Tap had some issues the day of testiigh
affected the results for one of our riders (Mamj also the heart rate monitor failed to recordsend data. The data w
obtained after plotting the Power Tap results awdting the largest peak in each of the param

Table 3.Power Tap Final Results for AllRiders For the Endurance Event

Maximum Average Average Maximum Average Maximum Average Total
Rider Power Torque (N- | Time

Power (W) W) Cadence (rpn | Speed (km/h)] Speed (km/lh)  Torque rtly- m) (min)
Anna 457 193 79 36.752 30.81 19.659 7.44 22.575
Josh 1345 270 9C 42.107 32.88 48.809 9.84 20.517
M arc *kkk *kk%k *kkk *kkk *kkkk *kkk *kkk *kkk
Nick 1035 273 9k 44.659 34.24 35.816 9.38 19.677

The bold values in Tabler@present the best o-all results from all of the riders. As cae seen, Nick produce
the best results in 4 out of the 7 measured outphish resulted in the shortest tin

A sprint test was also conductselt up similar to the sprinting event in the coritjpet. The course was held or
smooth, straight, levelrget. The timed portion is approximately 100 meteng), which is preceded by a -up of
approximately 500 meters. Thrams through this sprint te were done by each rider. The Power Tap resulthe runs for
one of the riders can be seen in Figurd h@ threeseparate runs amearly visible by the three power output pe:

Figure 17. Plot of Power TapData for Three Sprint Events of One Rider.
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The point where the rider begisprinting is indicated | a noticeable jump ipower outputtorque, speed, and
cadencelt is interesting to note that the maximum spaed maximum output power do not occur at the same. fThe
maximum speed is reached several seconds afterakienum power iigenerated bthe rider. This can be seen more cy

in Figure 18.
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Figure 18. Power TapData for the 100 Meter Sprint Timed Box for One ofthe Riders.
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The maximum speed is reachedrst end of the 100 meter timed box. The total titaeation to pass through tl
timed box and the maximum speed carsbenn Table 4for one of the riders. The bold value represergsaistest spee

Table 4 Sprint Results for One Rider br Three Sprinting Events, No Fairing.
Total time End speed
(sec) (km/h)
Sprint 1 7.56 52.447
Sprint 2 7.56 48.639
Sprint 3 10.08 43.092

As mentioned,He testing discussed thus far was conducted ompiaght bicycle. The sprirtest was then
performedon a recumbent bicycle on the same cc for comparative purposes. In Figureth® results othe test for the
recumbent can be sedor the same rider used in Fig13.

Figure 19.Recumbent Sprint Test of One of the Rider:
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Comparing the resulshown in Figure 9 with those of the upright sprint shown in Figu7, a dramatic difference
can be seen. The maximum power generated on a becunis much less than the power that can be pestiwhile on ai
upright bicycle. Table 5 shows the result both tests.
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Table 5 Maximum Speed and Power Output for Upright and Recumbent Vieicle in Sprint Event.
End Speed (km/hr) Max Power (W)
Upright 52.47 987

Recumbent 38.18 643

The testing using the Power Tap described abovealsagperformed by an average -cyclist female colleg
student. The endurance course was exactly the aaiiat used for the other riders; however it was@aimately half the
distance. The resultingot of data obtained from ttPower Tap® is shown in Figure 20

Figure 20. Plot of Power Tap Resultsdr Average Female Rider During Endurance Test
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As can be seen in Figure 2Be variations in output are much more dramatit @ancontrolleccompared to that
obtained from the rider shown in Figure. Tthe average values are also much lower, witinthgimum output power n
much more than the average power. This rider asgpteted three sprint events. The plf this data is shown in FigL 21
below. Similar results were obtained in this eva@ihe fina top speed and maximum power weignificantly less than thos
produced from the other riders. These results pected since this rider has had no prior traiind exhibits averac
bicycle handling and pedaling skills.

Figure 21. Power TapResults for Average Female Bicycle Usen Three Sprint Events.
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Composite Testing

As with the aluminum parts, in order to performaacurate analysis it was necessary to know theriabaed
subsequent material properties. Due to the natucarbon composite and the endless possibilitiesveave/resin
combination, it was first necessary to define thectfic material properties of the carbon and resimbination used. To do
this, three batches of twenty total sample pieoe®wonstructed and a tested to failure in a ®bsiit machine. The data
was collected in a spread sheet and all the drjt@ameters calculated. Averages were calculatethé shear stress, strain,
and Young’'s modulus; Poisson’s ratio was assumde 1.4 and stress v. strain graphs was created.iB¢he figure 22 is
a typical stress v. strain curve from the tenskt tlata, and below it is the tabulated averagenahproperties calculated
from the test specimens.’

Figure 22: Typical stress v. strain plot of test spcimens Table 6. Mean Material Property
Values Note: The small irregularity in the curve irdicates failure
of a single fiber

. . AVG Carbon Test Strands
Adjusted Stress V. Strain
Stress 109.32 KSI
__ 150000
2 100000 - .
” / . Strain 0.1428
£ 50000 /
@ 0 Young's 776.627 KSI
0 0.05 0.1 0.15 Modulus
o Shear 206.035 KSiI
Strain (%) Modulus
Analysis
Aluminum

Once the conceptual design was complete an analgsiglone to optimize the pieces for strength agid .
Starting with the aluminum pieces to be manufactutiee dropouts were analyzed. The specific allmysen for these pieces
was AL ALY 6061-T6. With a requirement of a safédgtor of at least 2.5 at yield, the solid modetse meshed,
constrained and loaded in COSMOSWorks and theryaedl For the loading conditions, the static reactit the rear wheel
of 143Ibf was used, or 71.5Ibf bearing load whexehedropout meets the axle. This process was mgesat/eral times until
the requirements were met by “tweaking” the modiglraeach analysis. Figure 23 shows the final tesaflthe dropout
design.
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Figure 23: Right Rear Drop Out

The head tube assembly was designed as a pre-mamaethsub-component to be integrated into the drdtrwas
designed as a carbon tube with bonded upper aret logaring cups. These cups will also be machirad AL ALY 6061-
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T6 and will be lightly bonded in to maintain aligent only. The preload on the headset bearingsoeilufficient to keep
them in place. Additionally, there are two aluminaotentrics that allow for an adjustable head auimge without binding
through the full range of turning, and they are patible with commercially available forks.

The set of four aluminum head tube pieces wereaisdyzed in the same manner as the dropouts, tisngame
requirements. The load set was created by resottimfpandlebar load and reaction at the front wiméelnormal
components in relation to the head tube center axithe top a load of -159Ibf along the axis watbearing load of 13.9Ibf
was applied, and at the bottom, a load of +100 &iiof bearing load of 36.61bf was applied. Duedsigh restrictions there
was little room to optimize the size and weightledse pieces, however, they were held to at lea$ aafety factor.

Figure 24. Solidworks Cosmos (Head Tube Pics)

Carbon Frame

The next step was building an analysis model in&efrom the solid model designed in SolidWorks.akgsolid
file was made of the foam frame with the aluminumpbuts and the carbon portion of the headtubengdyge With the
geometry imported into Femap via parasolid andhibéerial created, the meticulous task of meshiegetitire surface area
where the carbon was to be wrapped was done. Dile tmomplexity of the design, professional guidawas sought to
ensure the analysis was done properly.

Figure 25: Completed mesh of frame assembly

Next the load cases were modeled. In order torately model the concentrated load from the haradkela point
was created where the stem clamps the bars agdlaelement attached between the point and the tued The point load
of 160Ibf was then applied to the point and rigidil, and 90Ibf was distributed about the seat. \Wighload case for the
“aero” position set, the boundary conditions weieled. Since the analysis is for the static logdiondition, the rear was
pinned and the front is left as a roller, or whéélis means that the rear dropouts were literdtipgd about the axis of the
axle. The fork was modeled as a straight, rigidnelist attached to the bottom of the head tube fatiguts axis with a
spring connecting the end to a node representmd¢imt axle.
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Before exporting a data set to be solved in MSCSNRAN, a geometry check was done. The net effetitisf
process was twofold: first it provided a check take sure all the components of the assembly wedelad correctly in
Femap and reflected the design intent, and se¢@uded as a modal analysis. The results yieldedn@des with a range of
14.7-344 Hz and corresponding strain energy pldis. first mode, at approximately 14.7 Hz, is shawfRigure 26; the
deformation is exaggerated to provide a betteradiseference. The green areas show the highensrargy concentrations
and the pink areas represent lower strain energy.

]
u
B

Figure 26: Strain energy plot of first mode, or natiral frequency

With the satisfactory results of the geometry chéokas possible to move on to a stress analysis.same
program, MSC Nastran, was used to solve the datAsetated before, the rear was constrained tuyipg the rear axle and
the front via a rigid body and spring attachedh® head tube and front axle, respectively. Theilgadase was the
aforementioned “aero” case with 90Ibf distributddat the seat and 160Ibf on the handlebars repexbséy a point and
rigid body. After running the analysis several tgrand “tweaking” the number of layers, it was deieed that at least 15
layers of carbon was needed to achieve a safetiyrfatat least 1.57. Further analysis is beingediandetermine the number
of layers necessary to raise the factor of sateground 2.5 respectively.

The second load case to study was the static Igawif the 2-5g’s measured through the acceleranesting.
These accelerations were caused by imperfectiotieinad, small cracks, speed bumps, dips, arftfest in other words,
they were measured shock loads. The nature of dbading is very complex and hard to account fauaately without
extensive testing and complex analyses. Instedir@étly analyzing the shock load scenario, thenté@oked for a way to
qualify the design for impacts at up to 5g’s. TWis done by modifying the static aero position loaske to be a constant
load multiplied by 5g’s. The goal being that if thealysis shows a factor of safety of at leastd @instant 5¢’s of the load,
then the vehicle will be able to sustain a shoclmfo 5g’s without any difficulty.

Braking Analysis

In order to account for as many loading conditiasgossible, a braking analysis was also condu€tad.analysis
was purely theoretical and therefore, certain agsioms were made to simplify the process. Theragsions were as
follows:

» The total weight of the vehicle and heaviest ride250 pounds

* A 40/60 weight distribution for the vehicle in att state. Center of gravity is placed directlyime with the
bottom bracket of the crank set.

» The height of the center of gravity is 45 inches4@ millimeters) from the ground

* The wheel base length is 39.89 inches (1013.22meiters)

» The brakes will apply a constant braking force.

*  The minimum braking requirement of stopping withidistance of 20 feet, traveling at a velocity prximately

15 mph will occur on a flat surface.

To calculate the minimum braking force requiredtimp the vehicle within the ASME regulations, tbédwing equation
was used:
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(Vehicle Velocity)?
stopping distance

1
Fp min = 3 * Vehicle mass * = 93.94 b,

This Rz .min, minimum braking force, was then computed inteeeateration rate 2

FB Min
Dy=——"2" =121 ft/s?
X Veh;':cle Mass ftls
BMin =03764's

Gs: Vehicle Weight

In order to understand the distribution of the Iomgkkorces applied to each wheel of the vehicle,absumptions
about the weight distribution and center of gratiggght were made. These assumptions were refatdrara the book
Bicycle Science, written by David Gordon Wilson, and shown in Figave Typically, the weight distribution on an ugrig
bicycle is split at the vertical centerline thag thottom bracket creates on the frame. For the foaise design, the location
of the bottom bracket, chainstay or swing arm lenghd wheel base were designed for the curreatsidThe static weight
of the front and rear wheel were calculated a® et

Wg (STATIC) = 98.70 Iby Wy (STATIC) = 151.30 lbf

When the vehicle undergoes i, the weight will transfer from the back of the ig to the front. This weight
transfer effect for the front wheel was calculadbydsumming the moment forces of the rider and \ehieight, the braking
force, and the weight of the front wheel in the aiyic braking state, about point 2 in Figure 14 sTdalculation is shown
below:

Wgp = 250 by — 204.69 b, = 45.35 lb;

The results shown above provide a very importatgil@nder minimum braking requirements, 82% @& theight
is shifted to the front wheels, leaving only 18%tbe rear. The thought of running a single reakéta reduce any weight
or aerodynamic drag force would render the vehidigble to stop in compliance the competition resqaint.

The maximum amount of deceleration that the veldaola rider can withstand without tipping forwardswa
computed by setting the weight reaction on the waael to 0 lband computing the summation of forces about point 3
Figure 14.

t
Dy max = 17.28];—2 or 0.536 g's
FB,M{ZJC = 134’.11 lbf

The braking torque is related to the braking fdreeugh the radius of the wheel. The wheel to lelus 700mm in
diameter resulting in a minimum braking torque 8f3 ft-Ib for the front wheel and 19.55 ft;lfor the rear. The caliper
brake system that is common on most bicycles wilitzorporated into the vehicle design. This design be modeled as a
disc brake system as shown in Figure 28. The bgadtisc is the vehicles rim, and the cantilever brpéd is the disc brake
pad that is providing the normal force on the rithe coefficient of friction between the vehiclesirand the SRAM red
brake pads was assumed to be 0.5. The radiug dfish where the brake pads will be applied wasqa@.25 inches below
the top of the rim, resulting ind17.47 inches (1.46 ft), with a pad surface are@. 5 irf.

The minimum brake pressure for the front wheel e@aputed with the following formula:
Tgr =88.32 ft — lby = 2% 05 * 1.46ft  0.0052 ft* * Py
Pg p = 80.91 psi

Similarly the rear wheel brake pressure under mimmiraking force and torque was computed to belljFs@
Figures 29 and 30 graphically depict the brakiregpure needed, for the front and rear wheel uritferaht decelerations
and combine vehicle and rider weights, to stop.

Figure 28: Free Body Diagram for the Braking System
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Figure 29: Minimum To Maximum Values of Deceleratis Versus Required Brake Pressure for the Front Whde

Deceleration Values versus Required Brake
Pressure, Front Wheel
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Figure 30: Minimum to Maximum Values of Deceleration Versus Required Brake Pressure for the Rear Wheel
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After careful consideration of the results of thaking analysis and the information that it proddi was decided
not to use the brake loading as a separate loadfeathe finite element analysis. The team fedt the load cases that were
run would exceed the loads encountered during bgaéid would therefore be accounted.

Aerodynamics

In an attempt to predict the performance of ouliclehan aerodynamic analysis was completed. Théysis uses
the simple drag equation to model the total aeradyin drag on the vehicle. Reynolds numbers weritzked based on a
buff body with the characteristic length being kxegth from the bottom bracket to the top of tliers head and for a
streamlined body with the characteristic lengtingedqual the length of the bike from nose to Hile Reynolds numbers in
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Draglb]
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) N ——Simall Rider {Af=3.7)
* Medium Rider (Af = 3.9)
~——Final Fairing (Cd = 0.58) ¥
{AF=42)

each case were found to be 297,000 and 455,0Qkatbeely. Therefore, the majority of the flowassumed to be turbulent
and the simple drag equation applies. Based osithygle drag equation, the frontal area and dradfictent are key
parameters in the total amount of aerodynamic dFag.this reason it was extremely important terafit to minimize both
parameters.

Figure 31 displays the how the total aerodynamégarhanges with frontal area. It is apparentttiadrag
increases linearly with increasing frontal areahBps a more important observation is that the doagficient has a drastic
effect on the total drag, for any value of frordeta.

Figure 31. Drag vs. Projected Frontal Area fgure 32. Drag vs. Velocity
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Figure 32, displays how the total aerodynamic atsnges with velocity. It is apparent that theodgnamic drag increases
exponentially with increasing velocity. Similar argents regarding the importance of the drag caefftdrom Figure 32
can also be applied here. Due to the quadratitioeship between drag and velocity, there existslacity such that the
drag is increasing so rapidly that an effectivetliom vehicle speed is introduced.

Initial Predictions where made using the US stath@&mospheric model with an elevation of sea levéipntal
area of 4.098 square feet, and an assumed drafice@fof 0.65 the total aerodynamic drag forcéhattarget sprint speed
of 65 ft/s (44.3 mph) was calculated to be 13.39 Taking into account rolling resistance from siraple rolling resistance
model, the total drag force increases to 14.14 geu@iven this total drag force, a power requiedeach the
aforementioned speed can be calculated. At thettaggint speed of 65 ft/s 1245 watts would be iregudisregarding drive
train efficiency and 1268 watts accounting for w@train loss of 2%.

Figure 33, displays how the power required chamgtsthe calculated frontal area. It is apparéettorsepower
required increases linearly with increasing framtza

Figure 33. Power Required vs. Frontal Area
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CFD analysis was done using the body scans of tifrée riders. These riders were indicative ef tbmall”
“medium” and “large” size riders that would be catipg in the HPV Challenge. Using FloWorks, thefifairing choices
were analyzed. The leading design was selectegtitmsits FloWorks drag forces at multiple inpubevivelocities. Figure
34 displays the first of two fairing choices, atsl i

Figure 34. First Fairing Design

FloWorks simulation. The first fairing was desidrte divert the flow up and over the riders heathmvertical direction
and around the rider’'s hands in the horizontalafioa, thus completely cover the rider. Howevere to geometric
constraints the fairing was fairly blunt. Figure &Splays the second of two fairing choices.

Figure 35. Second Fairing Design
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The second fairing was designed to minimize froatal wetted areas while maintaining safety andtjoadity. Due
to the limited frontal area of the head and theafseero-helmets, the rider’'s head was not faihestead, the front fairing
was designed such that the air flows smoothly uparer the shoulders and torso while the head steyssed to the free
stream. Thus, the frontal and wetted areas, asasdhe structural, weight are kept to a minimuimil&rly, instead of
increasing the width of the fairing to cover thaeri completely, bodily protrusions such as the kieys are covered through
the use of blisters in order to minimize the fromtad wetted areas. The final geometry of theotaricut outs may differ
from Figure 35 depending on rider-fairing interfeze. Table 7 displays the aerodynamic drag fof¢heotwo fairing
designs.

Table 7 — Aerodynamic Drag Force

Design | Velocity (mph) | Aerodynamic Drag Force (lbs)
33 6.26
1 40 8.43
45 10.84
33 5.68
* 2 40 8.07
45 10.21

From Table 7 it can be shown that design two hadehading aerodynamic characteristics, and wasecpestly
chosen as the final fairing. For the final fairifigrther analysis was done. The frontal area dated via SolidWorks, and
the drag force at multiple velocities, shown in [Eab, were used to calculate the vehicle and ridérag coefficient, and the
subsequent power required to attain target speétith these new drag forces from Floworks, an updatrag coefficient
was calculated and a new top speed predicted. Bummrmost current analysis it is estimated thatditagy coefficient of our
vehicle is.58 and our top speed will l80.5 ft/sec or 41.2 mplwith 900 watts input power. Figure 36 compares the power
required for each rider to achieve specific velesitwith the final fairing and with no fairing.
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Figure 32. — Sm, Med, Lg Power Required vs. VelogitWith and Without Faring

From Figure 36 it is apparent that the power remlincreases exponentially with increasing velofttyall riders and
configurations. In fact a cubic relationship exjsthere incremental increases in velocity resu#t threefold increase in the
power required to achieve the increased velodityhigh speeds the drag coefficient becomes inanghsimportant as
aerodynamic drag quickly becomes the largest resifdrce.

Figures 37 through 39 demonstrate power requiredelscity for the small, medium and large ridessagll as each rider’s
output power at various states of exertion. Tlergections of the horizontal lines and cubic csmerrespond to each
rider’s calculated maximum, 5 second sustainalflese2ond sustainable, and infinitely sustainabéedp. Power outputs
used in the figures below were determined frompihwer analysis discussed previously. The drag miefit of 0.58
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represents the calculated drag coefficient forsthall and medium rider on the final vehicle desifimese drag coefficients
were calculated based on total drag forces obtdnoad the Flo Works analysis, as discussed aboke.drag coefficient for
the unfaired bike and rider was estimated to b8 ¢.8obtained from Bicycling Scienand represents the drag coefficient
for an “average” sized rider in a crouched raciogifion on a “standard” upright race bike.

Figure 37. Small Female Rider's Expected Speed Rga
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Figure 38. Medium Male Rider's Expected Speed Rary
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Figure 39. Large Male Rider's Expected Speed Range
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A compilation of the small, medium, and large rad@erodynamic information and maximum velocitiesre
compiled into Table 9. The table accounts for Hosises in the drive train, and also from rolliegistance. It can be seen
that through the use of the second fairing itergti@ers will gain approximately 6mph at their rimaxm power outputs.

Table 9. Maximum Rider Velocities

Fairing Rider Size Frontal Area (s ft.) o Max Power (Watts) Total Drag (Ibs) | Velocity (ft/s) | Velocity (mph)
Anna 3.7 0.60 550 7.82 519 353
Iteration 1 [Nick 40 0.60 1035 12.09 63.0 429
Josh 4.2 0.62 1345 14.74 67.3 458
Anna 3.7 0.58 550 1.74 525 358
Iteration 2 |Nick 40 0.58 1035 11.96 63.8 434
Josh 4.2 0.60 1345 14.59 68.0 46.3
Anna 3.7 0.88 550 8.85 458 312
No Fairing |Nick 40 0.88 1035 1371 55.7 379
Josh 4.2 0.88 1345 16.54 60.0 40.9

-Motion Capture Analysis

In collaboration with the Kinesiology DepartmentG8UN, motion capture was conducted on two of ithers-one
male and one female. The process included placariiens on specific locations along the body whiehthen picked up by
several infrared cameras. The motion capture syessad, named Equalysis, utilizes six cameras tatéoeach marker in
almost any body position. After processing the aédi@mined from the cameras with the supplied softwa skeletal model
was created. This was done by using the displaysatters projected on the surface of rider, wherg there then identified
according to the kinesiology ‘plug-in gait’ standarThis standard uses an algorithm, derived bihesiology
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Department, to locate the joints of the subjechc®the data was cleaned up and the appropriats jdentified, a skeleton
was created. This allowed us to visualize the omotif the rider. Specific joint markers were theated to see the motion
pattern throughout the pedaling stroke. This amaltowed further verification of clearance wittetframe and fairing. The
clearance also verified that riders would not congany parts of the fairing during normal operatithus ensuring a safe
design. In future iterations of this design, tlatadcould also be used in conjunction with an ed@yogram, which sense
muscular impulse, to further optimize geometryasftf saddle, and handlebar position for an evereracgonomic human
powered vehicle.

Figure 40. Equalysis Motion Capture of Female Rider

The motion capture model in Figure 40 above shawtk the front and side view of the female ridereTiaces of several
joint markers can be seen in the image. The frapekrace shown in white is seen to be formingedtep shape. Ideally,
the front of the knee should be moving in a veltycstraight line. By using motion capture, theas become immediately
visible and can easily be corrected by properlystilig the foot position over the pedal and heajhthe saddle.

Another purpose in utilizing this technology wasedmining the boundaries of the riders in differpasitions. By
choosing the largest male rider and the female,riie minimum and maximum possible body boundawieie obtained.
The surface boundaries found from the initial moti@apture were used to ensure the boundaries watlcdonflict with the
riders’ safety. After applying graphics softwatels as Maya, a more in-depth body can be creatézhwiven can be used
in conjunction with Solid Works to better visualiary clearances or obstruction between the faifragge, and rider.

Cost Analysis

Another objective of this project was to analyze worth of this project as a business model. BHewing will
discuss the capital investments, parts, matetadsr, and overhead it would require to producevignicles per month. This
data will be used to determine the final retaitps required to support the business model andde@n acceptable profit
for its investors within 3 years.

The prototype design of the P.F.C.S.U.2.W.H.P.Gs¥t to unveil at the ASME 2009 West Coast Humand?ed
Vehicle Challenge on May™1.2009 is the first of its kind. Our flagship dgsi the P.F.C.S.U.2.W.H.P.G.V. will be featured
with top level components at the competition. isthitost for this prototype reflects the manufaetwost without a retail
margin. The flagship build will be the top tiemaplete bike build, and will be offered to the patftor 35% profit The
P.F.C.S.U.2.W.H.P.G.V. is designed to be availakla frame and fairing combination, or each seplgrafhe pair will
retail for a 40% margin, and the retail price foe frame or fairing alone will be set at a 45% nvard his margin increase
is rationalized by the low overhead cost of puredasomponents that can be added to the higheHEdgétframe and
fairing.

The following is a small scale business propogeainded to launch the Partially Faired CompositeiSdpright 2
Wheeled Human Powered Ground Vehicle (P.F.C.S.UR.NG.V.) frame and fairing into the free markie estimated
costs of manufacturing 10 vehicles per month aedyaed and the financial feasibility of running bucbusiness is
documented in this report.

Table 10 Cost Analysis

The process of analyzing costs for this produginates with the materials and machining costscatsal with the project.
Provided are the expenses for the production of thmee and finally, ten frames respectively. Upooduction of ten
frames, the costs are significantly reduced (3084 eesult of bulk quantity order. Below are thets@f materials required
for mass production of the Partially Faired ComfgSiemi Upright 2 Wheeled Human Powered Ground gfehi
(P.F.C.S.U.2.W.H.P.G.V.). The initial productiowét of this business is 10 units per month.
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MATERIALS
\1 \3 \10
Carbon $800/frame $2,400.00 $5,600.00
Aluminum $20/frame $60.00 $140.00
Foam (Formular 150) ?
TOTAL $5,740.00
The carbon was purchased from CST and the alumfram Industrial Metal Supply. Foamular 150 inswdatfoam was
purchased from .Alongside the matettla¢ssmachining costs associated with mass produatiems follows.
MACHINING
\1 \3 \10
Foam $600.00 $1,800.00 $12,600.00
Aluminum $220.00 $660.00 $4,620.00
TOTAL $17,220.00

One important factor affecting the machining césthe possibility of CNC machines being purchafeedn-house
machining. This would eliminate the machining cobtg add to the monthly expenditure of payingtbé equipment.
Nevertheless, one look at the costs of these meashind the overhead required to pay off their cetagdrice within a year
projects the favorability of picking to buy the éguent. Below are the estimated costs for purclygsia required machines
from a university, which is an extremely lucratimetion since these machines are used far less edrapared to the other
used machinery in the market.

EQUIPMENT
Haas CNC Lathe $25,000
Haas CNC 4 Axis mill $25,000
Welder (Millermatic 212) $1,925.00
TOTAL EQUIPMENT $51,925

The labor and manpower required to run this pradodacility is approximately one worker per thifeemes, one machinist
and one supervising engineer. In this particulainmss proposal, the business is assumed to beddwrtée practicing
engineer who shall make his or her pay from thénass revenue (initial revenue of $50,000 per yedt)other salaries are
approximated in the Table below.

LABOR
Wrapping time 8 hrs
Workers 1 worker/3 (3 workers)
frames
Machinist 1
Supervisor 1
/hour Iweek /month lyear
Pay per worker $18.00 $720.00 $2,880.00 $340860.
Total Worker Pay (3 workers $54.00 $2,160.00 48,60 $103,680.00
Total Machinist Pay (1 $21.35 $854.17 $3,416.67 $41,000.00
Machinist)
Total Manpower cost = $12,056.67
Futhermore, the overhead expenses of running a esomhwarehouse are listed below.
Overhead
/sqft | Total sq ft /month lyear
Property lease $1.50 1000 $1,500.00 $18,000.00
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(Commercial/Industrial
Electricity $150.00
Gas $50.00
Phone $80.00
Insurance $500.00 Lower Estimate (nick) - $5900@/ public
Total $2,280.00 access; $1500/yr w/o public access

The total costs, on a monthly basis, are as follows

Month Cost

January $42,121.67
February $42,121.67
March $42,121.67

April $42,121.67
May $42,121.67
June $42,121.67
July $42,121.67
August $42,121.67
September $42,121.67
October $42,121.67
November $42,121.67
December $42,121.67

*Updated results from the cost analysis will besgrged during the unveiling at the 2009 west cd&{C on May 1st

Performance Testing

Head Tube Tear Out

The head tube/down tube section is the most criticza since a failure of the bonding wrap can eaasious
injuries to the rider. A spare head tube has lseastructed following the exact specificationsha head tube to be used on
the final frame. This spare head tube will be mhdnd wrapped to a small mock section of the diolva for a failure test
to obtain the ultimate strength of that specifinjo

The joint between the head tube and down tubéhigldy critical area. Due to the nature of theigesa relatively
high moment is induced by the fork at this poinisiag the head tube to want to tear away from tvendtube. A failure
here would be catastrophic for the vehicle andrrise in order to account for this inherent weakip@ multi-stepped,
conservative approach was taken.

First, with the static loading condition of thder in the aero position (160Ibf on the handlelaad 90Ibf on the
seat), a hand calculation was done given the leoigtie fork and offset to the axle. It was fouhdtta moment of about
60Ibf-ft was encountered at the bottom bearindnefliead tube and 5.75Ibf-ft at the top. In a sHoaking scenario of 5g’s,
as measured by an accelerometer test due to arregdlarity, these numbers would be five timesaage or 300Ibf-ft and
28.75Ibf-ft respectively.

Second, special care was taken in the meshinggsan the Femap model to ensure an accurate kaidleeesult
from the FEA. The nodes of the intersecting dowretwere meshed directly into corresponding noddékeopre-fabricated
head tube by modifying each tetrahedron to convatdiee nearest node. The results showed thattétlayup schedule
proposed the vehicle saw at least a safety faétbr53 in this area, which met the project requieats. The 5g shock load
results were simulated by a constant 5g loadirigeép within the scope of an undergraduate studysawd time, while
keeping the analysis conservative. Since a conkiading of 5g’s was conservative, a result shoverigctor of safety less
than 1 at this joint would still signify high suwebility if the constant load were converted tdack load.

Third, and finally, a physical test will be condiedt using an identical section of the vehicle wude a head tube
and partial down tube. A solid steel rod has beemed to the exact interfacing dimensions of thik find a steel structure
has been fabricated to hold the partial sectiot@fdown tube. A force measuring device will baeted to the mock fork
and the equivalent load for the static conditioallshe applied. Then a constant load equivaletitéoconstant load at 5g’s
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shall be applied. These two tests will serve tadad the previous steps of calculation and amalysdllowing this test, a test
of the ultimate strength of the head tube to davtretjoint will be performed. Using the force reguirto fail the joint, a
subsequent calculation may be done to rate thegepd collision survivability of the vehicle. Irhet words: the fastest
possible speed at which the vehicle may collidénait object of mass much larger than itself ardsstivive.

Tuft and Wind Tunnel Verification

In order to test the aerodynamics of our desigd,tharefore validate our calculations, a few simpks will be
conducted. The tests will include a verificatiowgo test around the same course as the developrpemtar test, and a tuft
test. A tuft test consists of taping several seegments of yarn or string to the fairing and thsing the fairing under real
world conditions. The tuft test will provide a uaization of the flow and indicate problem spotseve flow separation or
turbulence exists. From these test our fairing kéllevaluated and any necessary changes will be.mad

Subject to time constraints and logistics, thergimwill also be tested on the vehicle frame dudngw test. The
tow test will take place on a straight flat roadhalittle wind and will consist of the vehicle, cpiate with fairings and rider,
being towed behind an automobile at incrementaltygasing speeds. In line with the tow cable bella data logging force
transducer that will measure the total drag ofvifleicle at a given speed. This test will validate aerodynamic analysis
and provide real world numbers as to the true vafube total drag. Finally, after the final framed fairings are complete
the vehicle with fairing and rider in place will bested in a low speed wind tunnel in San Diegdif@aia. The wind tunnel
data will be used as a finial validation of theaaiymamic analysis and previous testing. From timeliunnel data an
accurate prediction of the vehicles performancebsanalculated.

Safety Discussion

Through countless hours of research and cyclingempce, the 2008-2009 CSUN Pedal Sports teamdeset
that an upright vehicle configuration provides ligst combination of performance, practicality aafitty. Our final design
consists of a composite monocoque frame of a reditional design as well as partial front and fe&ings. The bike and
fairing are designed around the rider such thafahing will not jeopardize the safety or practitaof the vehicle. No part
of either the front or rear fairing covers the ridéody or extremities. Therefore, the rider vadl able to "dismount” from
the vehicle in a traditional manner. In the casarohccident in which the rider chooses not to rsgpdrom the vehicle in
the traditional manner, he or she will be partigligtected from side impacts by the front and fa@ings. Due to the tall
slender design of the vehicle, complete roll ovér ot be an issue. In addition, a roll bar woudgtrain the rider from a
traditional bicycle dismount and could thereforeate an unsafe situation for the rider. Similaalgafety harness system
would force the rider to stay attached to the vehiluring a crash and could also create an extyedaigerous situation.
For these reasons, we felt that roll over protectind safety restraint systems would have hindégredverall safety of the
vehicle. Furher Motion Capture Verification ofeidclearance during normal operation will be présgionce at the
competition.
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