Abstract

Aurorais the Olin College Human Powered Vehicle Team's first éntoythe ASME HPV
single rider speed challenge competitibmorder tobuild onpastinnovations in the field and
avoidwastingtime onwell-studied problemanuch of our itme was initially spent researiclg the
work of otherhuman powered vehicldesignersBased on this, we chose to build a recumbent
low racerin order tomaximizerider flexibility, enable eftient riding posture, and minimize
aerodynamic drag. Thehoicewasalsomotivated by the availability of guiding research that
couldassist us in dégning a successful vehicle

Our design produced a simple, effective vehicle with a number of important technical
features These includaframe geometry centered oroamg, horizontal main tube that facilitates
integration of the frame with the fairing antlows foraxial seatadjustability The seat itself
accommodates differentlsized riders by sliding along the main tube, securedduick release
mechanismthis seat setup also allows themplete exchange of one seat for another without
alterationgo the frame.Our front wheel drive system minimizes weight and overcothes
complexity and reliability issues associated with more common rear wheel drive systems.
Another notable feature @ur doublepushrod steering mechanismhich maximizes rider knee
space by displacing the handlebars from the headamtbeliminates forces on the handlebar
support tubeOur skel tubular frame is both simple arabust andaerodynamic drag is
diminished with a three part fairing consisting of a fiberglass nosecone, a corrugated plastic
midsection, and an angular tailode plan for theAurorato achieve a top speed in excess of 50
mph.

1 Design Process: Innovation alm$piration

Our design process was separated into fioajor component subsections: frame, drive train, ergonomics, and
fairing. The initial stages of design were accomplished with all teams working in parallel in order to arrive at a
cohesive set of itial specifications and dimensions. After that point we began an iterative process in which
refinements in each component set new specifications for every other component. This process allowed for the
optimization of the vehicle as a whole by optimizesgh component simultaneously.

We conducted two institutiewide design reviews, which were formal presentations to elicit feedback from the
faculty and student communities on our design. These design reviews made it possible for us to consult more
knowledgable individuals who were not a part of the team to give us useful feedback as well as generate more
awareness on campus of ouoject.

1.1 Initial Design Choices

We chose to enter the single rider event because we felt the design goals weramtbarewanted to build a
fag vehicle. After that, speed becathe primary objective andas the driving factothrough the rest of the design
process. Along those lines, we chose a recumbent rider position over prone, which was ruled out as an
uncomfortible position that impeded breathing. Two wheels were preferred over three for lower rolling resistance
and the hility to corner at high speeds by leaning into tuBwsth short wheddase ad long whedbase designs we
considered. We opted for a shontdreelbase to benefit our turning ability and decrease wetted area of the fairing.
For wheel sizes we selected a 700 mm rear wheel and al&amt wheel. Aarger wheeln the rear gives the
ability to use a low friction road racing tire. Havialyeadyselected short wheelbase, we needed a front wheel that
could fit comfortably between our legs and not interfere with the pedals when turning. A 16 or 20 inch wheel would
have been appropriate, but we selected the 16foncdn extrasafety margin



1.2 Frame

To begin the frame desigorocess we defined our two major design criteria: the frame must be simple enough
for the team to build with available shop experience and resources and it must be adjustable enough to maximize
powerand accommodate tliémensions o#ll of our racers.

We first considered frame geometAfter evaluating several designs in which the seat and its suppotengm
were built into the frame, we developed an innovative alternative design: a single horizontal steel tubg gpanni
distance between the two wheels enabling us to have a horizeadallstable seat moted on quickrelease
brackets. This innovation makes it possible to quisisy the distace from the seat to the pedals to be optimal for
each rider by loosengnonly one quick releas&his construction also means the seat is not built into the frame, and
thus one seat design can be removed and replaced bgawnitiout modifying the frame.

Figure 1. Prototype fame design

In furthersupport of our goab support multiple riders, we evaluated a range of rake and trail relationships to
optimize the stability of thA&urora. Rake and trail describe the angle of the head tube and the distance at the
ground between the centerline of the head tube and aalditie through the center of the front whekleither or
both of these variables are too big, the bike will have sluggish steering and bdtddfmantrol at low speeds.
Inversely, if they are too small, the bike will be overly responsive teistemputs, and thus difficult to control at
high speedsWe initially used ouknowledge of recumbent bikes and suggestions from our research to estimate
optimal rake and trailn general, longer trail provides greater stability and shorter trail ghesger
maneuverability. Racing road bikgenerallyhave trails in the range &f2 to 1.8nches(Whitt). Compensating for
the longer wheelbase of the recumbent we would want shorter trail, but at higher speeds, stability is greatly
preferred. Within théiPV community, at least 2 inches of trail is expected for a racing (B@"uchamp)

However, this value may be based on a straight course. We decided to use a trail of 1.5 inches for the first prototype.

At this point, we needed tthoose a material fromhich to build our frameour options included carbon fiber,
aluminum tube, steel tube, and rectangular steel iMeevaluate each of these possibilities several axes:



Carbon Aluminum Rectangular

Fiber Tube Steel Tube Steel Tube
Easeof Fabrication 1 2 4 4
Cost 1 3 4 3
Strength 4 2 3 4
Weight 4 3 2 2
Availability 2 4 4 1
Totals 12 14 17 14

Table 1: Decision matrix for frame material options.

Many of the designs we came across in our research used either carbon fiber framesaterahiriinum or
steel tube frame€arbon fiber is the beftamematerialin terms of strength to weightytit is also expensive and
requires a certain level of expertise to achieve good re¥dtsiltimately chose to simplify our design by using
tubular metal construction rather than carbon fiber in order to maximize our resources in other areas including
fairing production, drivetrain, and analysWe chose steel tube over aluminum for supdetigue resistanceilso,
all of our previous welding gerience was in steel, making it mutiore practicato use. Overall, we were more
confident in our abilities to make a safe, reliatoéane using steel tube rather than aluminum.aiéeinterested in
pursuingan aluminum frame in the future to improvenfra stiffness, especially around the drivetrain.

The option of using rectangular tubes, particularly under the seat, was discussed, but ultimately rejected because
our steel supplier did not sell a large enough steel tube with adequately thin wallsframeurould have been
heavier than desired. We chose instead to use circularcht8molysteel with a wall thickness 6f035inches
which is reasonably light while still being easy to weld.

For our roll bar, we plan to use fiberglass rather than ste@der to decrease weight and improve ease of
curvefitting. Since we do not have a tube bender, fiberglass will enable us to create a curved profile, which is better
in terms of both material efficiency and even load distribution.

1.3 Drivetran

A well-designed drivetrain is a necessity in any successful HPV since efficiency of the drivetrain is directly
related to the maximum speed a rider can attain. The team considered many options for maximizing efficiency and
reducing manufacturing diffidty, and decided the front wheel chain driveuld be the best for our needs.

Efficiency was our primary concern in the design of our drivetrain, but several athes isere considered,
includingease of fabrication, ease of operation, and robustAéss.the potential designs, which included flex
shaft, rear wheel drive -#trive, and front wheel drivevere evaluated on these axes:

Flex Shaft Rear Wheel Front Wheel K-Drive

Easeof Fabrication 1 3 4 2
Ease of Operation 3 3 4 2
Robustness 3 3 3 1
Efficiency 2 3 3 3
Totals 9 12 14 8

Table 2 Decision matrix for drivetrain options.

A) Flex Shaft Our most innovative design option used a flexible drive shaft to transfer power from the cranks to
an internally geared hub on the front wheel. Tdsign was based loosely on DynamicBicycles
(www.dynamicbicycles.com), modern production bicycles using a shaft in the place of a chaeptGalty, this

design solved several of our most challengingblems. First, it eliminated complications involiadsteering with

the front wheel. The shaft could move to stay clear @&tiinning wheel and any resultahift rotation would be
transferred to the wheel withoubticeably affecting the pedairoke. This design also solved the issue of
accommodatingarious riders. There is a foeurch difference between the inseams of our tallest and shortest riders,



which must be accounted for somewhere in the frame. A flex shaft drivetrain would allow the front boom to be
extended or shortened for different ridessmething that would be much more difficult with a chain dwtéch
needs a fairly constant distance between the driving and driven gearsisBheseweighed heavily against this
option: 1) the difficulty of fabricatinthe gearboxes required goeaty reduce the torque in the sha?) the

challenge of integrating the gear boxégth the crankseand internally geared hub anjitBe muchgreater frictional
losses in theshafthousing ad lack of torsional rigidity. Despite these, we think this destghholds promise and
we plan to explorét furtherin future years.

B) Rear WheeDrive - Thisis the drivetrain most commonly used on recumbent bicycles. It has advantages in

its similarity to a standard bicycle drivetrain, thereby increasing thahiliy of standard components. Bicycles

equipped with this sort of drive mechanism often suffer from increased weight due to the length of chain and a softer
pedal stroke due to chain slack and movement in the pins. Witbwuacer frame desigmearwheel drive would

have required a complicated and inefficient system of rollers to route the chain from the crankset over the front
wheel, under the rider, and up to the back wheel. Additionally, we expected our long, single tube frame to have a
significant amount of builin suspension, which would noticeably and negatively affect the drivetrain iféttwer

be routed along the frame.

C) K-Drive - We also considered implementing el¥five style crankset for a potentially more efficient elliptical
pedalstroke and a smaller fairing foot area for better aerodynamics. The crankset was fully designed, but ruled out
due to lack of robustness. The aerodynamic advantage would not be worth the lost time due to an almost certain
failure of the kKDrive sometime drting the race.

D) Front Wheel Drive Like rear wheel drive, front wheel drive uses largely standard bicycle components, but
adds significant complication to the system by having the driven wheel alsd hroption of rear wheel steering

was briefly cmsidered, by rejected due to the difficulty of riding such a bicyde the chain to trackrpperly,

chainline movement shoulike reduced to axial fating. The method oftensed to address this problem in other

racing HPVs is to use twarivetrains conacted through an interchange callgdekshaft which is located near the
headtube This makes one chainline stationary and restricts the other to axial twisting. This more compact drivetrain
helps address the issues of excessive chain weight and ainvégidity. Front wheel drive introduces its own

routing complications due to steering, but they are easier to overcome.

Our Design

The initial design for the drivetrain was a simple front whiFle using dual chain drive8Ve attempted to
minimizethe complexity of the whole drive system, using only one derailleur on the driven wheel and one
additional chain tensionefhe drivetrain is gared up at the jackshaft ab@ub:1 to allow for higher than normal
speeds, despite a smaller whéldieoreticlly, the gearing allows for a top speed of 54.7 miles per hour when
pedaling at 100 rpnChain routing immediately became an issue since the chain often jumped off the driving
sprocket on the jackshaft with even the slightest turn of the wheel. Theofirsos was a roller to hold the chain in
line onto the grocket as shown in Figure 2 his was later replacdy plates on either side of the sprocket to
ensure that the chacouldn't accidentally slip affigure 2c This design gave a smoother, gergtedaling action,
suggesting greatefficiency. Also, the plates werapable of guiding the chain in both directiorsraliability in
backpedaling wagreatly increased. In testing, though, the plaaded to retain the chain in the full rangegefars.
In fact, in the higher gears the plate seemed to help lift the chaimeadprocketGiven this, we reverted to the
roller design. It may be that the best solution will be a combination of the roller and plates.
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Figure 2: Various methods of guiding chain through the jackshaft.

Figure 3 Full drivetrain.

1.4 Ergonomics

The performance of a higtpeed HPV is heavily dependent on both the rider and the vehicle. As such, we
attempted to maximize rider comfort and pedaling power through an effeédiéreosition andeat design. The
first design criterion we considered was the seat akggeinitially planned to conduct tests for different seat
configurations to determine which seat angle was best for power outputveipwar researcimdicated that the
most importat factor for pedaling power is a rider's familiaritittwa certain anglenot necessarily the angle itself
(Wilson, 85). We therefore chose the andjiased on rider comfort and what best fit with our frame and fairing
designsAdditional criteria for theseat included allowing for an adjustable arfgleeasy prototypin@nd a seat that
could slide along the frame to accommodate different rider sizes.

We evaluated several seat beggfor comfort In order to determine the comfort of different seat anglesbuilt
a wooden seating ji§Ve also used this jig to take pictures of and measure the pedaling area, which was useful for
designing the fairingWe tested riders pedaling at a variety of angles and detedrbiyna consensus of subjective
riderresponss that a lower seat angle is more comfortable. In addition, a lower seat angle is more aerodynamic
because it allows the fairing to be smooth rather than bubble up to make room for the rider's head. Unfortunately,
this desigrrequires that a windove bult into the fairing
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Figure 4: Pedal stroke testing with seating jig.

Our first seaprototype was constructed wood, backed baluminum, so the entire back tbfe rider could be
supported with minimal weigland the greatest building simplicitysing an aluminum channel reduced the
number of parts we needed to manufacture by combining the structural support and the mountinyigoihis.
seat it was easy tdjust the seat back angle and distance to pedals to test various pdsitioghaas not
comfortable, light, or strong enough to be our final s&#ier determining an appropriate position with the fully
adjustable seat we designed a final seat. fié$ seat will incorporate steel tubes, a mesh back, and welded
constructionBecause the tubes will be welded, the seat back angle will not be adjustable rigidityeof the seat
will be greatly increasedt will still be adjustable for the leg lgths of different riders using a single quick release,
allowing adjustments in minimal time. In the final model, there will be a bracket on the rear seat mount which will
slide on rails angirovidetorsional stability This bracket was an innovation of auwn design, which solved the
issue of the seat shifting from side to side without compromising the ease of adjustability.

a) Seat design with form b) Rear seat bracket
fitting curvature

Figure 5: Seat design with torsionally stabilizing rear bracket.



1.5 Fairing

For our fairing design, we took inspiratifnom living and mechanical systems, combining styles to produce
creative designsWe began working on a full fairing by modeling in 3D CAD programs, and performed various
analyses.We ultimately settled on the concept of a nosecone covering only titgpfition of the vehicle (and
bearing the majority of the air pressure), a plastic midsection, and a tailbox.

Ideation claimed the majority of our fairing construction timelikide began with some designs that have been
attempted in the past, lookingtae Varna Diablo and other successful human powered vehilasteam had
limited experience in the field of aerodynamics, so we studied books on airplanes, wing design, and automobile
dynamics. We came across a promising and newly popularized stratdmydfng creative aerodynamic shapes:
looking to specific animals in nature for their shapAgrime example is Merceddenz's boxfishinspired bionic
car: a successful implementation of biomimicry in vehicle design. Mercedes adapted the formanfra that lives
in a viscous environment to make it fit their design needs. We explored this possibility, especially pursuing the
shape of a diving peregrine falcon. The peregrine falcon has been recorded as the fastest creature on Earth at top
diving spe&ds of 240 mph. After researching extensively, it was decided that the falcon evolved according to
different design parameter@f t hes e, an easily identified difference i
dimensions in its body shape, where we need the ratio to be approxi mately
Additionally, the bird requires a bulk of sensory equipment at the front of the body (i.e. in the head), whereas we had
no real use for a f or mishaal ateurfbett Wgfound too fetv magesofifalgprestoo f  a b i
use it as a base model, so the strictly peregrine design was dropped, but some ideas from its ideation were retained.

The fairing team worked largely in SolidWorks to createdirBensional designVe had a few design
requirements that were critical to follow, given to us by different task groups on our f@gam.the ergonomics
team, we were given a full sized computer model of a person and -@ha&gegd pedaling region that had to be fully
encompased by the fairing. Our basic shape then assumed a bullet shape of length roughly equal to a fully extended
rider. Our design also took the frame into account, paying attention to the proximity of the fairing to the ground and
attachment points to the steubing. As for the main guidelines we followed in shaping the fairing, we valued most
highly a shape that had no concavities. Constant change in curvature was a priority over constant curvature itself,
leading to a servparabolic shape. On the rear eitdyas decided that we should taper to a vertical line in order to
encase the wheel completefithough it did not play a role in this portion of our design, cost was also an important
design constraint. We ended up with three main dedigme withabub| e canopy to house the r
with a bulging front end, and one that positioned the head at the level of the rider's knees.

In terms of cost considerations, we then evaluated the relative benefits of a full fairing compared to a partial
fairing. Although the latter was more cost efficient, we were worried about the flow of the air once it had reached
the end of the fiberglass nosecone. However, our research indicated that laminar flow, if achieved, would cover
approximately the first 30 cm cdifing before deteriorating into turbulent flow (Carroll). This meant that the exact
smoothness of the majority of the body would not be critical, and we could replace the long flat portions of our
fairing with panels of bendable corrugated plastic calledbplast. The full fairing also produced issues concerning
entrance and exit of the vehicle; these would not be a problem if the nosecone was attached to the frame and we
used the plastic midsection as a hatch. Another benefit from the smaller scatewasj¢he lower cost and faster
pace of prototype constructiomn the end, we went with the more cost efficient option, and began working on our
previous designs to adapt them for use as patrtial fairings.

Figure 6: Fairing desigrwith nosecone and @tc midsection and tail



1.6 Controls
After establishing these four components, we eotrated on the bicycle control.

Steering The first priority in steering design wés minimize the learning curve as much as possible by using a
simple, easyto-usesteering mechanisnthis would allow as many riders as possible to ride it in various conditions.
We considered several different options, including standard handlebars, tiller steering, chain drive, and a double
push rod. After building the first frame witltandard handlebars, we realized that although they offered good
sensitivity and control, they impeded the rider's knees from forming a smooth pedal stroke. To correct this, we
implemented a tiller steering system. Though difficult to control, the stkring significantly increased the rider's
knee space. However, it was ultimately too difficult to use; only two riders were successfully able to ride it. As such,
we tried chain drive steering. The handlebars were supported with a slightly flexedatias intended to tension
the steering chain. This steering method was much easier to control than the tiller, and it also provided sufficient
knee space. However, the tube that was suippothe handlebars was able to béoad much, causing slack ingh

chain during hard turninghown in Figure .7This meant that we could effectively only steer while the vehicle was
moving. We finally chose to use a double push rod steering mechanism. It is possible to steer wighpastingld,

but, as demonstrateéd Figure8, this would have put essentially the same forces on the supparTtuberoblem is
avoided most effectively with a double pushrod mechanism, giving a highly stable four bar linkage.

Figure 7: Chain steering mechanism showing slack whitaing.
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Figure 8: Variations of remote steering mechanism

Handlebars We decided to use parallel, vertical handgrips rather than the flat handlebars typical of a bicycle.
The vetical orientation of the hands encourages the driver to holor tisr elbowlose to the body, minimizing
interferencewith the legs. The pushrods further prevent interference, by allowing riders to steer large angles
without the large displacementsthoccur with tiller steering.

Braking- The brakes were chosen fairly late in the process and so the decisigoverned mostly by other
predetermined factors. We opted to use only front brakes. 60% of the weight of the vehicle and rider is dn the fron
wheel and would shift even further in that direction when braking, up to 100%. A rear brake could not apply a
significant amount of stopping power before skidding. The center of mass is low enough that there is little risk of the
rear wheel lifting off he ground, even when braking only with the front wheel. We selectadkés because they

are very powerful, especially for their weight, and fit our needs very well. However, a set of stasidakd¥ was

too tall to fit under our drive train, so thetléfake arm needed to be shortened. This had a small negative impact on
our available braking power because it shortened the lever arm, but the brakes were still impressively powerful.

2 Analysis

To optimize our designs for speed and safety we andiywem using various tools including hand calculation,
finite element analysis, and computational fluid dynamics.

2.1 Roll Bar

In order to minimize the weight of our roll bar, we plan to construct it from fiberglass rather thaf ateel.
determine th@ppropiate size of fiberglass roll bao meet safety requirementge compared it to a steel tube using
static analysisHand analysis was the most appropriate tool to use because of the simple tubular geometry of the roll
bar.We defined equivalent safety tiee ability to support an equivait bending load before failuréhe mode of
failure for either of these tubes uld be excessive normal stress at the top or bodticitme tube. Therefore, we
started with the bending normal stresst these locations.
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where P is the load applied, d is the span, r is the radius of the tube, and | is tHsectiossmoment of inertia. By
rearranging, we equate the loads carried by each tube at yield stress.
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Again, rearranging, we find the required outer radius of the fiberglass tube given the inner radius, which is
predetermined by the size of thwld tube.
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Now, by supplying known values, we solve for the required outer radius. Yield stress for 4130 steel was found on
MatWeb and the yield stress for fiberglass was provided by Aeropoxy with a safety factorasfcdtint for the
possibility of inconsistent layup.

rg—(0.9375[in])* _ 75000[psi]  0.05885[in"] (5)
To ~15057[psi]  §-0.75[in]

r, = 1.0687[in] (6)

The analysis sets the size of the fiberglass tube at
layers of fibeglass and will be approximately 55% lighter than the equivalent steel tube.

2.2 Frame

Havingchosen a frame material and geometvg,set outo refine the detailsOur main questions concerned
theoptimalsize of steel tubing, strongest joint design, dfifiecés of gussetsWe used beam element analysis on
tubes of 1.5,0 1.750 and 20 to determine theheopti mal
structural implications of a mitered joint as compared to arfiskithed joint at poinD (shown in Figure 9)Finally,
we determined the effectiveness of gussets at increasing our factor of safety (FOS). Overall, our goal was to reduce
the weight of the frame where possible while maintaining a FOS of just over 1.5.

We conducted preliminarydme analysis idANSYS using beam elements. We used this primarily to determine
an appropriate tube size for the frame geometry. Although this type of modeling is most inaccurate at joints, where
the highest stresses occtlire analysistill identifies the highest stress joints, and gives us a basis for choosing an
appropriate tubing.

The loading cases f&ANSYS are given in Table 3 and the results frAlSYS are given in Table 4. Note that
the only stresses that have a FOS lower than 1 are locatedidethgosition and result from inaccuracies in the
loading case. In reality, the forces and moments do not act at points, and therefore would not cause such high
stresses. Aside from that, the 1.5 inch diameter, 0.035 inch wall thickness tube haslbR©®%ec0f1.11. We
concluded that this was the lowest acceptable FOS value for our purposes; lower values would prdvide weig
savings of only a fraction of a pound while risking structural deformation. A stronger tube would be heavy and
inefficient, espeially since the joints, where the maximum stresses occur could be more significantly strengthened
with gussets than with larger tube.
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Figure 9: Frame loading foANSYS FEA. Stress was calculated at the weakest points in the geometry, i.e. the
jointsand loading point R. The rider exerts a localized weight force on beam 4 and a braking force acts at node H.

ANSYS
Force X ForceY Moment
H 1351b Olb 0 lb-in
R 1351b 5301b 857 Ibin
F Fixed Fixed Free
G Fixed Fixed Free

Table 3: Loading @sedor beam element analysis ANSYS.

1.5in
Stress
Beam Point Max Min FOS
2 B 43559 -39411 1.721803
2 C 67185 -63289 1.116321
3 C 67182 -63293 1.11637
3 D 38443 -34554 1.95094
4 D 37625 -35372 1.993355
4 R 98208 -95955 0.763685
4 R 84181 -80224 0.890937
4 E 7676 -3719 9.770714
1.75in
Stress
Beam Point Max Min FOS

2 B 25390 -22301 2.953919
2 C 47579 -44482 1.576326
3 C 47707 -44354 1.572096
3 D 35752 -32399 2.097785
4 D 29045 -27406 2.5822
4 R 73532 -71893 1.019964
4 R 63437 -60342 1.182275
4 E 2760 334 27.17391
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2in
Stress

Beam  Point Max Min FOS

17713 -15154 4.234178
35513 -32948 2.111903
35704  -32757 2.100605
23789 -20842 3.152718
22946 -21685 3.268544
56962 -55702 1.316667
4935 -46843 1.518987
1868 663 40.14989

m>TDIVOOOO®

2
2
3
3
4
4
4
4

Table 4 ANSYSbeam element result®mparing tubing diameterResults show that 1.5 inch tubing is the
preferred choice because it is the lightest tubing that meets the required FOS. Note that the FOS far lbeam 4
than 1.0, but this result is due to loading inaccuracies. Realistically, point R models a human load as a point load
and moment. Stress units are in psi, and the maximum yield stress of the material is assumed to be 75000 PSI.

After concludingour preliminary frame analysis, we conductedlé@pth analysis of the joints with the highest
stresses. To do this, we used SolidWdkd3SMOSNorks FEA toolsTo accurately construct the geometme
made surface models 8olidWorksand used thin shell@mnents to mesh the shapes.

Analyzing our full framedesign using FEA auld have required a complicated model, making it difficult to
troubleshoot, as well as being computationally intensive. Therefore, we focused on regions of high stress, the joints.
We divided the frame into subsections centering on each of the main joints and applied statically equivalent loads.
This type of modeling increased the efficiency of our analysis while sacrificing some accuracy. However, during
analysis, theloadsandrestr nt s wer e applied a distance from the joini
enough that any local loading inaccuracies would not effect the joint. Thus, the results we found were still valuable,
and we were able to draw conclusions from them.

The difficulty of modeling was also reduced by using shell elements rather than solid elements for the joint
analysis. Using solid models would introduce two major difficulties. Using a mesh that is a reasonable size given the
diameter and length of thabe would result in efaents far thicker than the wall thicknesgich then would
behave in a manner uncharacteristic with their physical counterfartgoensatindor that effect would rguire an
overly fineresolution and therefongse an unreasonatdenount oftomputing powerThe shell mesh approach is
more efficient and consistent with the physical characteristics of our frame.

To decide on the best joint to uaepoint D, we alculated the resultant loads the section of tube around the
joint unde theworst case loading conditioribBhe end of the joint closest to the front of the frame was loaded, and
the other end was set as a fixed restraint, which is statically equivalent to loading both ends
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Figure 10 The results of our test for joint D. Von Mieses Stresses are measured in psi; the yield strength of the

material (75 ksi) is shown in red. The mitered construction is on the left, the uncappeddigied tube is in the
middle, and the fistmouthed joint withend cags on the right.
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Figure 11: Again, stress are Von Mieses, and indicated in psi. Stresses beyond the yield strength of steehare show
in red. This shows the results of the joint configuration test. Although the orientation of the stress concentrations
differs between the two, they are extremely comparable. Therefore, we made our decision based on fabrication
concerns
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The results ofhis test can be seen above. Figure 10 shows the resulting stresses, which confirm our initial
intuitions about the relative strength of the joints. The much larger red areas indicate the higher stresses seen by the
mitered and uncapped piece. While théemgid and unsupported fishouthed constructions have extremely similar
stress characteristics, the capped-fisbuthed construction is clearly superior to both of them.

After determining the superiority of tlimppedish-mouthed piece, wmvestigatedhe effect of different
construction configurations to see what effect the orientation of theniiehhed joint ha@nits strength. As
shown in kgure 11, there was little or no difference between them. Given that, we chose to cut tube 4, as it eased
fabrication to have a positive stop.
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.. 1.500e+005
1.125e+005

7.500e+004

Figure 12 Joint stresses in excess of yield stress. It is immediately visible that very large areas, even in the
strongest model, are beyond thelg strength of the material.

After looking at theresultsfrom the previousnalysis we saw that we had significant problems with the
stresses the material was seeing. Figureti®vs another view of the same test, this fisnéatingthe areas
experiecing stresses beyond the yield strength of the material. Even using the stronger construction, large portions
of the material are beyond their yield strength. In order to counter this, we explored the use of gussets.
In order to determine the stressasthe joints, we created models of eachtjancluding the gusset. We used
shell elements agaimvith the exception of the gusset in D, which, in order to support the jacksbaft be too
thick for shell elements to model accurately. Schematitsesf models can be seen in Figure T8ble 5lists the
loading cases used for each model; the rear end is fixed, and the front end is given loads statically equivalent to
those on the front wheel.

X

F

Figure 13 Frame loading on frontal joints f@OSMOSFEA testing.
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COSMOS
Force X ForceY Moment
Initial Assumptions

Frorma  Olb 380Ib  Olbin

Foraking 1351 0lb 0 Ib-in
Particular Loading Cases

D 1351b 380Ib 2240 Ibin

C 1351b 3801  -300 Ibin

B 1351b 380I1b  -1430 Ikin

Table 5: Loading Cases ifOSMOS.Used to load the ends of the model€@SMOS

von Mises (psi)

7.500e+004

l 6.333e+004

_ 5.167e+004

H 4.000e+004

. 2.833e+004

1.667e+004

5.000e+003

Figure 14: Results from FEA usin@OSMOS Joint D is on the left, joint C shown is shown on the right. Shown
are Von Mieses Stresses, in PSI. The highest stresses occur where the edge of the gusset intersects the tube. These
parts both have an FOS of at least 1hts does not take into account the weld beads in the physical model, which
act as fillets that wald reduce stress concentrations.

von Mises (psi)

7 500e+004

| 6.333e+004
5.167e+004
h 4 000e+004
. 2.833e+004

1 667e+004

5.000e+003

Figure 15: Results from FEA usin@OSMOS Shown are Von Mieses Stresses, in PSI. The highest stresses occur
at the juncture of the tubes. Notatlhis joint has a sufficient FOS without a gusset, although we considered one in
order to stiffen the joint
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