UNIVERSITY OF MINNESOTA

SOLAR VEHICLE PROJECT

MECHANICAL SYSTEMS STRUCTURAL
REPORT

March 15, 2008

Project Advisors
Jeff Hammer
Patrick Starr

Mechanical Team Members
Jacob Hanna
Tristan Heller
Eric Heitman
Chris Hurley
Andrew Kirchman
Jason Loeffler
Sam Schibonski
Dave Hoffman
Taylor Hill



1 — Introduction/Qverview

Since 1990, the University of Minnesota Solar VéhRroject (UMNSVP) has produced seven world ctase
vehicles. New rules regarding the driver seatingjtim added an additional challenge to the desfgrur solar
vehicle, Centaurus.

The more upright driver seating position increasadsty through improved visibility for the drivemé
increased crush space to the rear. In order totaaithe outstanding stability of the UMNSVP's poes cars,
the position of the driver was lowered, which metinad the center of gravity is approximately thmeaheight
as previous vehicles. Fiberglass, as opposed bmidiber, panels were used to increase fractode
conductivity resistance.

The decision to enter into the Stock Class was rpadearily to maintain larger vehicle size for inoped

driver operating conditions and safety. This deciadded to the challenges in designing the aesydins of
the vehicle. While the the area of the car is lahgecoefficient of drag is low, resulting in siarilaerodynamics
to previous UMNSVP vehicles.

It is the intent of the this report to document &émgineering decisions and features included irt&lens. In
addition, this report will demonstrate to NASC radkcials that our entry is a safe, road worthygda
competitive vehicle. Any questions or concerns reéigg the content of this report may be addressesither
our mechanical team leader or faculty advisors.

Jacob Hanna,
Mechanical Team Leader
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2 - Front Suspension

2.1 Material Specifications

The front suspension utilizes a double a-arm systermnis designed for low tire scrub and low weidfite
lower a-arms are made from 0.750 [in] OD by 0.0%8all 4130 steel tubing. The upper a-arms arehimac
into a 0.5[in] x 0.5[in] section from 7075-T6 alumim. The wheel hubs and uprights are CNC machinedfo
7075-T6 aluminum. The axles are made from soli@®[th] OD heat treated 4140 steel. The lower asanse
0.25[in] bore high misalignment rod end with 0.3i&h shanks. The upper a arms each have one [8]25
bore rod end with a .3125 inch shank, and one id&brod end with a .375 inch shank. The lowerrasaare
attached to the uprights by 0.375 [in] bore splaearings, and the upper a-arms are attachdx taprights
with 0.25 [in] bore spherical bearings. The sphariarings are mounted in machined cavities irataems
and the arms are positioned so the legs are twoe-fimembers producing no bending moments. The bolts
attaching the a arms to the upright utilize dowblear mounting. The spring force from the shocloddss is
directed toward the lower ball joint to reduce ¢ieg moments. The lower a-arm mounts to the chag#is
two brackets machined out of 7075-T6 aluminum. €Hasickets are bolted to two perpendicular chassis
panels. The upper a-arms attach to the chassiwli#th [in] sheet 6061-T6 aluminum brackets witd itbd
end sandwiched between them. These brackets keel bo vertical fiberglass panels that are glwethe
chassis. These upper a-arm brackets load the algpaels in the plane of the panels.

The front suspension uses Army/Navy or militarycspets, bolts and washers. All structural bracke¢s
secured to the chassis with at least 3 bolts.

2.2 Wheels and Tires

Centaurus | will be using NGM wheels with Bridgestd=copia tires in all races. The left side hulswseH
threaded nut, and the right side hub uses a RHdlerkenut to insure retention. Also all hub nutbzatisafety
wire to prevent loosening.



2.3 Front Suspension Stress Analysis

First free body diagrams were constructed for ugiéght and a-arms. Using the fact that the sumaments
and the sum of forces equals 0 the reaction farca members were solved for. The input forcastiiese
equations are the vertical force on the tire (We) braking force (Fb), and the cornering force (Foy the
worst case scenario loading (1 [G] right turn, 1 p@king and a 4 [G] bump) the highest force ia ibwer A-
arm is 1517 [Ibs] and the highest force in the upgparm is 427 [lbs].

The bending moments in the upright were calculasadg previously calculated reaction forces. The&imam
stress was found at three critical cross sectiodslas resulted in a safety factor of 5.59 forldiieg and 1.76
for fatigue strength for 7075-T6 Aluminum.

Finally a buckling analysis was performed on bagtper and lower a-arms. The Euler mode of buckliag w
found to be applicable for the lower a_arm andupyeer a_arm both Johnson and Euler buckling moees w
analyzed. The result was that the lower a-armahsefety factor 0£1.96 with respect to failure in buckling,
and the upper a_arm has a safety factor of 8.82 negpect to buckling.

Free body diagrams and values for reaction foraase found in the appendix, section one.



3 - Rear Suspension
3.1 - Rear Suspension Stress Analysis
Assumptions

The calculated forces acting on the rear suspensitized the assumed static load of 200 [Ibs] kv ear
wheel, with 1G cornering forces equaling 200 [llasid 4G bump loads equaling 800 [lbs]. Forces due t
braking and acceleration were ignored due to tiedatively small magnitude..

Reaction Forces

The first step in determining the forces in thetsyswas to determine the reactions at chassis nmgupbints.
The following figure demonstrates all the forcesragon the system. In this case, the car is tgrnight.

Coordinates (in inches)
Point X Y|Z
A 0|0 21
B 0|0 0
D 21.625| 0 7.125

Statics equations were developed to trace cornéonegs (Fc) and weight back to points A, B, an(skbck
mount point). Then a spreadsheet was developédtbte for different dimensions, weights, bump, and
cornering forces. Six different loading combinasai Fc and Wr were examined as shown in the Apgend
The largest force at point B occurs in a 4 [G] buangd 1 [G] left turn. During these conditions, tiracket at B
is subjected to 907 [Ibs] in the -x direction, &@Wl[Ibs] in the y direction. The largest force atrt A occurs



during this situation as well, with 503 [Ibs] irethhegative x direction and 67 [Ibs] in the negatidrection.
Loads in the z directions are only felt at poinbyAdesign where a snap ring holds the bearingaoeplAt point
B the bearing is allowed to slide in the z direstsw that no additional stresses are put on thesehhy holding
the swing arm. The table of calculated reactionderis found in the appendix, section two.

Stress analysis was performed for components aktliesuspension which
are made of the following materials.

Material Property Information:
7075-T6 Aluminum

Yield Srength Sy= 73000 [ psi]
Normalized 4130 Steel

Yield Srength Sy= 75000 [ psi]

3.2 Swing Arm Mounting Brackets

The swing arm is attached through brackets mactonédf 7075 aluminum located at points A and BclEa
bracket contains bearings and is attached to tassthusing five grommets. Each grommet can hark{le
[Ibs] of shear load, so that the combined gromméeach bracket can easily the maximum loads atdABaas
stated above.

3.3 Swing Arm

The swing arm experiences the greatest stressinghes forward from the axle, where the crospstpube
attaches to the swing arm. Under the 4[G] bumpld&d cornering case, tensile, bending, and tordiona
stresses exist on a plane.. Each stress compomsrtailculated, and then the equivalent principabstat this
point was determined and compared to the yielechgtheof 4130 steel in a safety factor calculation.

The tubing of the swing arm has the following getrogroperties:
Cross-sectional area fir .3440

Cross-sectional moment of inertiam .1223

Polar moment of Inertia [fii= .2446

Outer diameter [in]: 1.75

Wall thickness [in]= .065

The resulting stresses on the plane are:

Torsion: 4704.48 [in-1bf]
Torsional Stress: 16,829.49 [psi]
Bending Stress: 11,590.35 [psi]
Principal Stress: 25,384.5 [psi]
Safety Factor: 2.95



3.4 Parking Brake

The parking brake acts at the rear tire. Calcutatiwere done to ensure that if the rear tire ikdddn place,
the car will not slide down a 10% grade. The paginake utilizes a four bar over-center linkageichtallows
for locking of the brake, and provides a mecharaciiantage. Experimentation will be done in order t
determine the range of motion necessary to lockitegand car in place. Safety factor calculatiauitbe done
when the design is fully complete, in order to makee that the design will not fail.

The above drawing shows the parking brake as mdwrghe swing arm. A push pull cable actuates the
design, and is connected to a lever for the dtverse.



4 - Chassis

4.1 - Introduction

To achieve the best design the car was built witghaweight monocoqu&ame. The predicted total weight of
the vehicle including driver and batteries is 6lB3]] The composite frame accounts for 45 pounds ofdtad
vehicle weight. By placing the batteries in thentrof the vehicle the driver is allowed more crgpace, while
maintaining a center of gravity behind the fronfedine.

The chassis includes a composite frame integraittdtie bottom of the vehicle’s shell, suspension
components, and roll cage. The chassis is designednsfer loads from the driver and other congms to
the suspension mounts. The top shell is compleletgchable from the chassis to allow redirectioime array
while the car is stationary. The shell also hesnaovable canopy for driver egress.

The driver seated in the cockpit is fully enclosed isolated from the road and is clear of all mg\parts.
The cockpit contains a six-point harness, headaest,a driver ventilation system. The cockpitesigned to
me requirements for driver visibility, vehicle ingigrotection, and provide unstressed driving efubhicle.

4.2 - Mounting to Composite Paneling

Two part 5319 SERA aluminum inserts (grommets)usied at all locations that require fastening to the
composite panels. The aluminum inserts are tdgtede manufacturer to 1500 [Ibf] for in-plane shaad are
used for all attached components under load. &seyd of the insert is intended to handle bolt gy load
while distributing axial and shear loads to theds@oh panels. These inserts were used successiuliyi
previous U of M solar vehicles.

4.3 - Chassis Construction

Monocoque refers to the construction method thratcts the forces in the chassis through the sktheof
composite material. The fiberglass paneling weetehosen offers several advantages over a spaue-fra
chassis. Fiberglass paneling offers the sameniglght and high strength advantages as an alumspace-
frame design, while providing a fully enclosed spéar the driver, attachment points for electriaatl
suspension components, and significantly simplgyéonstruction and design over a space frame.

Fiberglass paneling owes its great strength tontieelacing fibers in the skins of the panelingheTacing acts
like thousands of tiny cables all strung in the satinection held in place by the matrix of resimtxned with
the facing fabric in its production. Many fabriaxe available, examples being Kevlar, glass, caraod
fiberglass. Each has a specific property thatliatageous. Fiberglass paneling was chosen tahassis
because of its high strength to weight ratio, nonetictive electrical properties, and energy diggpaduring
impact failure.

The paneling is constructed in a box-beam geomtiypanels assembled perpendicular to each offiee.
panels also have interlocking tabs and slots gbialls for improved strength, simplified assemlagd
consistent high quality joints. The panels wersigled in such a way that all loads are transfanexdthe
chassis in a direction parallel to at least onégbrécated panel.

A mock-up full-scale plywood chassis was constrdit¢tefore the chassis design was finalized to havedel
of the driver cockpit. It helped to integrate to# bar, pedals, steering, and driver visibilit% complete
vehicle assembly in Pro Engineer was also usedharee the integration between all vehicle paftse
combination of these two tools assisted driver griaent, layout of components, and integration ofaleh
systems.



4.4 - Material Specifications

Hexcel Fibrelam grade 5 prefabricated fiberglassepag was used to construct the chassis. Thelpaage a
thickness of 0.400 [in] consisting of Nomex honewybocore, cell diameter 1/8 [in], and a nominal khiess of
0.380 [in]. Each side of the core is covered Miltlerglass fabric. The paneling has an averagghweif 0.52
[Ibs/ft?]. Data from the published four point bending t&ss used to show maximum allowable stress in the
face sheet of 61,400 [psi]. See appendix for stecatculations.

3M™ Scotch-Weld" DP-460 NS was used to join the paneling at afitfi This glue is very similar to glue
used on previous cars but has a much higher viyoghkich assures us that it will not flow away fradhe joints
and will maintain correctly shaped fillets. Theogp is rated at 4900 [psi] under the surface praoam
conditions used and room temperature curing. Ypieal joints on the car have approximately 0.4i68 jof
shear area per joint inch. See figure 4.1 beldhe joint can then be assumed to carry a maximweardbad
of (0.4 inches)(4900 psi) = 1960 [Ibf] per inchjoint.

/

E.o = Outer Glue Fillet Eadius
=0375+£005m

Ri = Iimer Glue Fillet Radims
=020 +0.05

Nomex Core

Fiberclass

DP-460 IS Epoxy

Figure 4.1: Chassis Joint Bd

4.5 - Construction

The process used to machine the 4.0 [ft] by 12]@#nels was water jet (abrasive) cutting. Thiscpss uses a
high-pressure stream of water combined with a gdaggregate to erode away the material it cutse mhxture
of water and garnet is pressurized to 40,000 posi] focused through a carbide tip into a beamisha042 [in]
in diameter. The water jet tool is the best suited for cutting this type of fiberglass panelingcause there is
no clamping needed, no fibers are released intaitheo forces exerted on the material by theingoland it
cuts to very high tolerances.

The paneling was placed on a bed of plastic/camdbeaergy absorbing material, which is above d stater
tank. The paneling was held in place by its owigiMg no clamping was necessary. After the pagehas cut
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it was quickly cleaned off and dried. The panelivas also laid out in a warm dry environment foo ays to
ensure all the moisture was removed from the pagd&lefore it was glued together.

The paneling was prepped by abrading all glue sagfdllowed by extensive cleaning of the gluet®inith
isopropyl alcohol. Using 30" Scotch-Weld" DP-460 NS two-part epoxy the composite paneling wa
assembled. The epoxy was applied using the 400Fndumatic Thunder Epoxy dispenser adapted with 10
[mm] deluxe mixing tips to ensure complete mixirevieeen the resin and the hardener. The epoxyilleted
with a 0.250 [in] radius on the joints, which adatply transfers the forces from one panel to the ag if the
chassis was a unified piece. Many of the chaesissj are also reinforced by the attachment braodkthe roll
bar, suspension, and other components on the car.

4.6 - Crush Space

In the event of a collision, a system of progressafety features will prevent the driver from lgeimjured.
The design places the driver within a safety cagswith no part of his or her body extending beytrel
structural chassis. The driver's head will be engassed by a roll cage structure designed to frtitec
vulnerable driver’s head which protrudes throughdar's body.

NASC rules require 15 [cm] of horizontal distan@&ivireen the driver’s shoulders, hips and feet aadt#én’s
outer body surface. Centaurus’ minimum crush spédé& [in] is almost three times that requiredAC
rules. This large crush space around the drivermade possible by locating the cockpit in a céidcation
in the car. In a rear collision, the 122 [in] ola car behind the driver will act to absorb mo€lthe impact
energy. Likewise, in side collisions the drivesides in the center 22.0 [in] of the 70.5 [in] wichr, allowing
over 24 [in] of crush zone on either side. Thdlshaterial will crush and the driver is then prcted by the
driver’'s compartment as shown in the various ceasdlysis sections which follow.

Front crush space was maximized beyond race rgléreaments with 17 [in] of crush space. The ndsh®
car will crush easily, allowing the crash to bepgied by the structural chassis. The front bagexid help
block penetrating objects and decelerate the inmabbdy due to their mass.

Driver Restraint Description

4.7 - Driver's Compartment

The driver’s safety capsule is designed to remaivialated in the event of a collision and constridie driver
inside. The 22.0 [in] driver's compartment widtbldis most drivers snug from left to right which uabe
beneficial in a side impact. Also, the drivers évextremities are confined within the driver’s qguartment
from all sides and cannot “flail” in an acciderthe side panels are 14.0 [in] high, and when beitednly the
upper portion of the driver is above the upper plahthe chassis. The driver head is constraired moving
rearward during a rear impact by the seatback gratlded headrest. This reduces the risk of a agiphjury.
See figure 4.2 below for a view of driver positiogi(note, the head rest and back panel have beeves for
clearer viewing of the rollbar).

4.8 - Safety Harness

A six-point safety harness will be utilized. Thear harness attachment points are combined withethiback
and rollbar cross-brace (see figure 4.2), providitigngth in multiple directions. The front hamastachment
is at the lower intersection of two chassis bodygtsand the rollbar brackets. The driver is nexdiat
approximately 27 degrees from the vertical. Thie provided a guideline for harness mounting point
locations. The shoulder belts are secured sligitityve the shoulder to prevent injury incase oéadkon
collision, and also constraining the driver in gwent of a roll over. The lap belts are positioBedches ahead
of the intersection of the belly pan and seat baldkis ensures that the belts cross the hips ahthadower
abdominal region. The submarine belts securegséime location holding the driver in a frontalisan.
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Figure 4.2: Driver Location in Compartment

4.9 - Roll Cage
The roll cage is comprised of four components:

A hoop in front of the driver, with legs that extedown to the bottom of the chassis. It is attddioe

the chassis at the bottom edge of the driver commgant (floor of the chassis) and the side paneals vi
inserts, along with flanges on the top of the cisagsa inserts.

A rear hoop behind the driver welded to flanges aitached to the top of the chassis via insertee T
seat back is also placed inside the hoop and embstt from the same fiberglass panels as the main
chassis, to add structural rigidity in case of istpa

Two supports welded between the front and rear fit@pmprove front-to-back support and reduce the
chances of either hoop buckling.

Two forward facing supports welded to the front p@md attached to the chassis’s top panel viatgiser
These supports are installed to deflect any oncgmamnels over the driver’s head in a frontal calhs

as well as improve front-to-back strength.

The entire structure is constructed from 1.250 ¢uside diameter 4130 steel tubing with a 0.04Pviall
thickness and from 0.065 [in] 4130 sheet steetierbrackets mounting the rollbar to the chasslse tubing is
cold drawn normalized with yield strength reporésd75,000 [psi]. This tubing has an EI (Young'siolos
multiplied by moment of inertia) stiffness thatig.5 % larger than the 2.5 [cm] OD by 2 [mm] walbing as
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specified in the NASC rules. The larger El stifsemproves the overall strength, critical bucklioad, and
crumpling resistance. All welding was professitndbne using the TIG welding process.

Crash Loading Analysis
4.10 - Total Mass and Center of Gravity

Coordinate Reference W1t Distribution
X Centerline Front Rear
Y Ground 66.5% 33.5%
z Front Axle
Component Mass (lbm) | X (in) | Y (in) Z (in)
Chassis Panels 44.6 0.0 13.6 -29.2
Shell 97.0 0.0 18.1 -52.9
Batteries 70.0 -3.0 9.4 29.5
FS 30.0 0.0 8.9 0.0
RS 70.0 1.8 9.5 -85.5
Steering 3.0 0.0 17.3 1.6
Brakes 4.1 5.0 24.4 23.1
Rollbar 13.7 0.0 26.0 -19.0
Driver 170.0 0.0 12.4 -15.7
EE box 20.0 0.0 13.9 -55.0
Array 46.4 0 25.2 -62.1
Total 568.8 -0.1 14.1 -30.2

4.11 - Front Collision
The loading on various panels will be traced aretdje joints and panels will be analyzed for sg#musing
accepted procedures based upon the properties patiels and the bonding agent.

The bumper height ranges from 13.8 [in] to 17.T §ind the front chassis lateral bulkhead ranges Bdin] to
20 [in]. Thus the bumper will hit the chassis lhdkd and battery box, once the nose collapsesbddhemay
or may not move rearward as the nose collapsese latch and guides for the body fail and theybodves
rearward, the driver canopy will hit the front rblbop and the supports and deflect up and rearwanding off
of the car. The canopy opening extends forwartherbody approximately 24 [in] ahead of the drigdréad.
If the body moves rearward, the edges of the caoppying will hit the forward roll bar hoop whichlkeither
deflect the upper body above the driver, or statihg the body apart. Eventually, the bumper edhtact the
battery box and the front chassis bulkhead.

Each of these component weights is multiplied kg fo estimate the 5 [G] loading. The center o$snaf the
front battery pack is within the bumper height, #mel battery pack is in front of the front bulkhead the
inertia force due to the front battery pack acteatly upon the bumper. It does not load the deassa front
end collision. Thus the load on the chassis camtheced by the 5 [G] force on the battery packRa¥ce from
bumper upon chassis =5 * (570 — 70 ) = 5 * ( 562500 [Ibs]. This load will be initially felt bthe two
vertical panels, one on each side of the drivdre ffont chassis bulkhead is glued to these paaetsso will
distribute the bumper load across the front verfex@e of each panel.

The following will argue that the forces are takmsnthese vertical panels and have sufficient stietq
withstand front bumper loads under very consereatissumptions. The upper and lower panels aretased
provide edge stability to the vertical panels aredreot figured into the crash analysis. The iadidrces on the
driver, body, and chassis will all be assumed ttobated at the rear of the driver's compartmemd, &ill only
be resisted longitudinally by the two vertical plsnerhese panels are a minimum of 14 [in] high @0dlin]
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long. This is a conservative estimate because sditiee impact forces would be transmitted to thpar and
lower panels as well as the vertical panels. Eeactel has similar loading, so only one will be eiaad. The
presumed mode of failure is buckling, and the ealtstress level can be found using the metho&siatessful
Composite Techniques, by K. Noakes, Osprey Publisti992, p 133 — 141. The critical buckling foize
given as:

2
;| :(Ej EK
b

where d is the distance between outer fiberglassmskdian planes, b is the width of the panel, thés
modulus of elasticity for the skin, and K is an emgpl buckling stress coefficient related to canaterial and
panel geometry. Inputting the appropriate valnés the above equation, the critical buckling lezd

2
f, = (%fsj (913E6) * (L2) =8723bs

As such, the panels will not fail due to bucklisgice the load induced from a 5G impact is roudhlgf the
buckling load. Therefore, failure of the paneld W based on the ultimate stress for compressidre cross-
sectional area of the fiberglass skin of the vattmanels is

A = 14*4*0.010 = 0.56 i Applying the 5G load gives a stresssof 2500 / 0.56 = 4464 psi, which is less
than the maximum allowable skin stress of 61,40bps safety factor of 14. Thus, the chassisdnner’s
compartment can easily withstand the 5G impact.

4.12 - Rear Impact

The trailing edge of the vehicle at nominal ridegheis 14.1 [in], while the bumper ranges from8.n] to
17.7 [in]. Upon impact, the bumper will strike ttaél section of the body which will start to cqilse and be
driven forward. The roll bar has a rear hoop azat panel which will prevent the body from impagtthe
driver. The bumper will then strike the rear whe€he combined mass of the motor, rear wheelraad
suspension is 70 [Ibm], which will absorb somehaf impact energy and slow down the impacting vehicl
Finally the bumper will contact the rear chassikiead the same was as for the front impact. Thiehead
will distribute the load to the two longitudinalrieal panels. It has already been shown thaethestical
panels can easily handle this 5 [G] impact. Thg difference here is the added front battery paektial
loading. This creates an inertial loading of apprately 570 [Ibf] and a compressive stress of 5089 which
yields a safety factor of more than 12 against qesgve failure and a safety factor of more thag&inst
buckling. Thus the chassis can also withstand agaGimpact.

4.13 - Bending Rigidity Under Vertical Load

To assess the side impact and rollover strengtheo€hassis, it is necessary to estimate the bgmdoments
caused by inertial loads of components and theitmtaof the chassis supports. The supports arectir
structural chassis plane and the front axle lifieve presume the entire vehicle weight to be cotreged at the
CG, this produces a bending moment of MiH Rs = 3241b*27.3in = 8845 [Ib-in], located 27.3 inches
rearward of the front axle line, near the frontted opening in the top panel for the driver comparit. This is
also the section of the chassis with the lowest erdrof inertia, so if failure were to occur duebending, it
would occur at this location. The moment of ireedf only the fiberglass skin in this section is%[in?].

Using the equation for stress in a beam in bendirgMy/I = 8845Ib-in*9.5in/51.9ifi= 1620 [psi].
Comparing this to the maximum skin stress of 61 d€ilDwe have a safety factor of 38 with regardsifa
under static loading. In the event of a large buongollover conditions, where a large verticaldds applied
to the chassis, the same approach can be appliedg a vertical load of 5G, or 2850 [Ibs], theetgffactor
reduces to 7.5, meaning the chassis will not feilending under a vertical load.
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4.14 - Side Impact at 5G

This will be treated similarly to the front/rearceoollisions. The driver is within the center 28§ of the 35
[in] wide structural chassis, with the forward rir hoop ahead of the driver's head, and forstgiports on
each side cradling the driver's head, and a rdahoop behind the driver’'s head. The side impeititbe
considered a plane which contacts the vehicle hangghe over 16 [in] of body and array before ircipay the
structural chassis. The canopy would contactalibar hoops and fly off, and the body which anglpsvard
toward the driver from the side would slide upwalaohg the roll bar hoops and/or tear itself aparthee roll
bar and the fore and aft supports. Eventuallysttie of the chassis would be contacted.

Again we presume that the rearmost chassis paddramt axle line are the supports, and that therbgact is
applied near the CG and driver compartment openirige bending moment will be M=5*8845 = 44,225 [Ib-
in]. In the lateral direction, the cross sectiomaiment of inertia of the fiberglass skin is | =3]th*]. Using

the beam bending equation, the maximum stress is

6 = 44,225|b-in*17.4in/193th= 3987 [psi]. This gives a safety factor of gegahan 15 against bending failure
from a lateral impact.

4.15 - Rollover Analysis Methods

When the vehicle is in a rollover condition, th# bar and the front of the chassis will suppartTthe
following will show that the roll bar structureable to support the majority or all of the 3G |l@darious
angles. These loads will then be transferredeactimposite chassis, which it has already beensi®wmore
than capable of handling such loads.

Rollbar simulation was done using finite elemerdlgsis (FEA). The software package used was ANSYS
Workbench version 11. All simulations were donatasic structural using tetrahedral elements and a
relevance factor of 60. Because it has been slioatrthe chassis can support many times the 3G loaikhg
investigated, the attachment points of the roltbahe chassis were modeled as rigid supportsdd.aeere
applied on a 2 inch by % inch square patch addétktoollbar normal to the loading direction to yide a
convenient geometric surface. Also, all loads vaglied solely to the front hoop. This was dos@ dworst
case” scenario, since the rear hoop will have afdit support from a fiberglass panel inset int@uitd thus
will be stronger than the front hoop. Also, irealrsituation it is likely that both the front arer hoops will
share the loads, as well as the front or rear edigée chassis, depending on the impact anglees&ts were
calculated using the von-Mises equivalent stresdaioAdditionally, because rollbar analysis wasealprior
to design completion of all components of the viehia conservative weight estimate of 650 [Ibs],
approximately 50 [Ibs] larger than the actual veshigeight, was used in all loading conditions
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4.16 - 3G Vertical Load

For this load condition, the maximum stresses aea siear the fore-aft supports and where the froop
passes the top panel of the chassis. The reselts bgical, as the bending moments would be higheke
tubing at these locations. The highest stressdsd locations is less than 30 ksi, which givesfety factor of
more than 2.5 with respect to the yield strengttheftubing. There were local stress concentratiamch
peaked above this value, but they were constrameadeas near the small square where the load ppied,

and can be attributed to stress concentratiorteeatdrners of this artificial geometry, and therefoave been
neglected.

4.17 - 3G Load, 45° fggteral from Vertical
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When the load is applied at 45 degrees from véiinealocation of the maximum stress shifts togtraight
portion of the front hoop. This is because thellaas applied at the middle of the straight secfpurtting it in
bending. The peak stresses are near 70 [ksi],hnwdikes a safety factor of 1.1 with respect todjied.
However, again this is a “worst case” scenariohwisingle hoop taking the full 3G load. If logédlding
were to occur, the other roll hoop or chassis waoldtribute to the load-bearing. Also, the stressehe front
roll hoop alone, though near yielding, are stillMaelow the failure strength of the material.
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4.18 - 3G Load, 22.5° Lateral from Vertical |
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As one would expect, the stresses for a 3G loatieapiop the front roll hoop 22.5 degrees in theat
direction from vertical are somewhere between éselts for the 45 degree and vertical loads. Bez#uwe
application point is nearer the peak, the bendiregs in the straight sections of the tubing adeiced
significantly compared to the 45 degree case, gigimaximum stress of less than 50 [ksi]. Thiglpoes a
safety factor of greater than 1.5 for this loaduogdition.

4.19 - 3G Load, 45° Forward from Vertical

Time: 1
3f1/200s 12:47 P10

If a 3G impact is loaded 45 degrees from verticattee peak of the front rollbar hoop, it producesaimum
stress of nearly 150 [ksi]. This exceeds the ysttdngth of the tubing by a factor of 2. Thigsfis located
just above the intersection of the fore-aft crasses, where the bending moment is highest dugeteetarward
component of the impact force. Again, this is astxgase scenario. In a realistic situation whieecforce is
applied at this orientation, the impacting bodporface that the solar vehicle is impacting agantsild
contact the vehicle in multiple locations. Speuwfiy, at 45 degrees a plane normal to the forceldvimtersect
well into the front of the chassis. It can therefbe assumed that in a rollover or other impat @iplane that
the front of the chassis would take a large portibthe frontal load and at least some of the galfioad. In
this case, the load felt by the rollbar beginsstgemble the pure vertical loading condition whiah be
handled by the front rollbar hoop alone. Regag]le& are investigating either adding supplemeritdrgs
between the front and rear hoops nearer the rglieak, or moving the existing fore-aft cross brddgher, to
reduce the maximum bending moment in this typ@adling, and bring the stresses down to acceptetddsl
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4.20 - 3G Load, 22.5° Forward from Vertical

For a 3G impact loaded at the rollbar front hoopkp@2.5 degrees down from vertical in the frodiegction,
as in other loading scenarios a maximum bending embimccurs where the front hoop meets the forerafts
braces. At this point, local stresses are sedmgasas 100 [ksi], which exceeds the yield strésb®tubing,
though it is still lower than the ultimate stregss was true of the aforementioned loading condgjdhis is
again a worst-case scenario. The weight of thecleehas been over-estimated at 650 [Ibs], anduth8G
load is applied solely to the front hoop. In tbése, the front hoop would yield slightly, dissipgtimpact
energy, and distributing the excess load to ottractiral members such as the rear rollbar hoopframd of
the chassis. However, as was mentioned for thaeegfee forward loading case, we are currently iinya&isng
means to reinforce the fore-aft strength the robs, to avoid any yielding of the rollbar for lahding
conditions.

4.21 - Battery Enclosure

The Battery box, although not structurally partted chassiss madeof the same Fiberlam paneling and uses
the same non-conductive 38totch-WeldTM DP-460 NS two part epoxy to join gange The cells are
secured inside the box using a combination of 3VHIMStrength 90 Sprapdhesive and soft foam. This
mounting system has been proven on Borékland provides a measure of vibration resistdiocehe fragile
electrical connections between cells. The box caseecured using 4 grommets, the same fasteredrbdld

on suspension components and will hold the batténgide the box in thevent of a vehicle roll over. The box
is removable and is fastened to tmassis by 4 grommets in the same matter.bEtteries’ weight is
distributed to the bottom of the chassis by a &etater jet cutFibrelam ribs. At least two panels must be
penetrated for angf the batteries to contact the driver. Batterylicmpis accomplishethrough the use of two
60mm fans pulling air across a heatsink consistingppper bus-bar. This air is then vented ouhefitehicle
through thdeft wheel well.

5.-Brakes
Centaurus uses two independent hydraulic brakistesys acting at the fromtheels, assisted by regenerative
braking through the motor at the rear wheel.

5.1-Material Specifications

Each hydraulic system has a master cylinder wilitv [in] diameter pistowhich actuates two cylinders, one
at each front wheel. The master cylinderssangplied from CNC Brakes, and are made out of alumiwith
steel sleeves. This is a design change from theque car which used resin master cylinders. Thipes are
from Martin Custom Products ama@ve 1.000 [in] diameter pistons. There is a cu®2d@00 [in] diameter brake
disc at each wheel. The discs are machined frorb @#ninum and hard coated with “Alpha Coatingnfro
Surface Solutions, Fridley, MN, which provides &ace that is twice the hardness of titanium nérid

custom pedal assembly actuates both hydraulicregssamultaneously and is adjustable to balance oedne
pads. The regenerative brake is controlled wittvat on the steering wheel. Components were siaseido
upon an optimistic tire-roacbefficient of friction of 1.0, which with front wéel braking only, corresponds to a
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| deceleration of 0.85 [G] using the design valuessoeelbase and CG location. (The value of 1 [G]
deceleration shown previously was used for sizirgpension components, but here we need a morstieali

| value to check pedébrce and stresses, and line pressures). A pexta & 108 [Ibf] will supply line pressure
of 565 [psi] and produce deceleration of 0.85 [Gje master cylinders are rated for 1200 [psi]nk tnydraulic
system fails the pressure in the remaining systedB& [G] would double to 1130 [psi] which is kbelow the
rated value. The pedal is constructed from 0.pxih.25[in], 7075 Aluminum bar stock, machinedaira
modified I-beam design. The maximum bending stuesker a pedal force of 200[Ib] results in a safatyor of
4.7. 1t should be pointed out that the rules remaibraking deceleration of 0.5 [G], and at thi®lethe above
pedal force and line pressure will reduce and aapsafety factor would increase.

Loading Conditions/System Analysis

The master cylinder and pedal
assembly will be mounted on the top
of the chassis with a pedal that drops

- down into the driver compartment as

shown below. The assembly is
mounted to the chassis using four
grommets capable of withstanding
over 6,000[Ibs] of shear load. A
pedal force of 200[Ib] was used in
calculating the stresses in the system,
which results in a 457[Ib] reaction
force at each of the master cylinders,
and causes internal stresses in the

L bracket due to the way the master

cylinders are attached. This means
that only the 200[Ib] pedal force will
load the grommets in shear. The
mounting holes for the bracket were

spaced far apart along the front-rear directioargrer to reduce the amount of vertical load appitethe
grommets. The brackets are waterjet cut from 70iBnfkum, and bent to the shape shown to the left.
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6- Steering
6.1-Material Specifications

Directional control of the solar vehicle is accorspéd through the use of a rack and pinion steeystem.
Driver input and system feedback is relayed thraugtmposite fiberglass and foam steering wheelledup
a steel steering shaft. A female steel splinedrimaates with a steel pinion splined with the cep@nding
male pattern. The steel pinion gear acts uponwanialm rack within a custom aluminum housing botted
the chassis longitudinal panels. Rack motion isgmaitted to the front suspension uprights through a
aluminum tie rod, steel rod ends, and aluminunrstgearms. The circular-shaped rack is preventiom
rotating by a piece of Rulon J that acts upon ahima&d flat portion of the rack and is secured iaglte gear
box.

Stock components used for the system include:eh giigion from Stock Drive Products successfulljized in
our previous solar vehicles, a rack machined fragnoaind 7075 aluminum rod 0.625 inches in diameter,
steering wheel quick release from Mark Williamsétptises, bronze and Rulon J bushings, and Auigha h
precision rod ends. All fastening hardware israitograde AN or NAS series bolts and fastenersygtem
overview of the right front wheel is included igdire 6.1.

6.2-Analysis

The steering employs Ackerman geometry as welliagmal bump steer. Steering stability is accom@isioy
a self-righting moment about the kingpin axis frarhh.14 [in] scrub radius and a 0.831 [in] mechdrtieal.
The needed steering angle at the wheels was detirfiom the maneuverability requirements statetien
rules and increased slightly to provide a safetygna

Loading of the steering system during a 1 [G] comas used as the worst-case situation for stressen
system. Stress analysis results show safety faot@tsleast 6.42 on all critical load-bearing caments when
loaded with 135 [lbf].

Figure 6-1: Top view of the right front wheel
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Appendix

1.- Front Suspension Stress Calculations and FreeoBy Diagrams
Free body diagram of upright from the FRONT

UPRIGHT FED By
FROMT VIEW 1R
H R
d3 d2
Ax
% 1
d1
[:k
-+
y
1'-.-"'.". r
X

A and B are the upper and lower spherical beaiimgjse upright. Ax and Bx are reaction forces atetl@ are

dimensions. Fc and Wr are loads applied to theobotif the tires.
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Free body diagram of the upright from the RIGHT BID
LPRIGHT FED
RIGHTVIEW
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Ay, Az and Bz are reaction forces on the upright Bh and Wr are forces applied to the bottom oftitiee
Free body diagram of the upright from the TOP

UPRIGHT FED Fh
TOP VIEW

Ax, Bx %% I

7 Az, Bz

X
Ax,Bx,Az,Bz are reaction forces on the upright.dfta Fc are forces applied to the bottom of the tire

Free body diagram of the lower A-arm from the RIGEIDE



Y LOWER &_ARM FED
, RIGHT VEEW
Fshock SIN(B4)
I }—TAN(&S)M S — TAN(B3)d4—{ "
— - Tﬁ‘a
T Az Hy

Ty Ay

Jz,Jy,Hz,Hy are reaction forces on the chassisarilyAz are reaction forces from the upright, F&hscthe
force applied by the shock absorber and d4 is @ison.

Free body diagram of the Lower a_arm from the TOP
LOWER. &_ARM FBD

TOP YIEW z
H
Hz ¥

H

ik

)
Fehock COS( a4) !

| 4

H,Hz,Hx,J,Jx,Jz, are reaction forces on the cha&gisnd Ax are reaction forces from the uprigtshéck is
the force applied by the shock absorber and d4limansion.

Free body diagram of the Lower a_arm from the FRONT

g LOWER A_ARM FRD
FRONT WIEWY

Ay Fshock
[
< : Hx, 11
AX T

: Hy, Jy
Hx, Jx, Hy,Jy are reaction forces on the chassisad Ay are reaction forces from the upright.dedtis the
force applied by the shock absorber.
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Free body diagram of the upper a_arm form the top

LIPPER. A_ARM FRD Z
TOP WIEW "
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L by
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Z Cz

E,Ex,Ez,Cx,C,Cz are reaction forces on the chaBgisBx are reactions from the upright.

The following is a table of the input forces to thent suspension and the reaction forces at mtgdor eight
different loading situations. Each loading situatassumes that the static weight supported by taa&cis 1/3
the weight of the car or 570/3=190[Ibs]. For titaaions that include cornering it is assumed thatcar is
cornering on two wheels therefore 2/3 the weigha&0*2/3=380][lbs] of the car is supported by thésodront
wheel and 2/3 the weight of the car 380][lbs] isreeckas a cornering force. All of the situationshwiraking

assume that the weight of the car is distributezhvbetween the two front tires 570/2=285 [IbBpr 4[G]
bump situations the static weight supported byheel is multiplied by four or 190*4=760[Ibs]. Adlf the
loading conditions described in the chart eitheehoe exceed the loading conditions specified endtructural

report instructions.

24



Situation 2:

Situation 1: car traveling Situation 3: Situation 4:
magnitudes(lbs car straight with 1g right turn 1g right turn,
Known forces stationary a4g bump no bump 4 g bump
magnitudes magnitudes magnitudes magnitudes
weight of car (W) 570 Input forces | (Ibs) (Ibs) (Ibs) (Ibs)
Wr 190 760 380 760
Fb 0 0 0 0
Fc 0 0 -380 -380
distance
Known Lengths (inches)
Output magnitudes magnitudes maghnitudes maghnitudes
(d1) 7.6471 forces (Ibs) (Ibs) (Ibs) (Ibs)
(d2) 10 AX 34 137 739 807
(d3) 1.8 Ay -190 -760 -380 -760
(d4) 13.0337 Az 0 0 0 0
Bx -34 -137 -359 -427
Bz 0 0 0 0
known angles C -30 -121 -317 -377
thetal 45 E -6 -25 -64 -77
theta2 8.26 H 157 627 701 1014
theta3 30 Hy 0 0 0 0
thetad 38.7 J 157 627 701 1014
Jy 0 0 0 0
known angles radians Fshock 304 1216 608 1216
thetal 0.785398163
Situation 8:
Situation 6: Situation 7: 1g right turn,
Situation 5: 1g brake 4g 1g right turn 4gbump,1g
theta2 0.144164196 1g braking bump 1g brake brake
magnitudes magnitudes maghnitudes maghnitudes
theta3 0.523598776 Input forces | (Ibs) (Ibs) (Ibs) (Ibs)
thetad 0.675442421 Wr 285 760 380 760
Fb 285 285 285 285
Fc 0 0 -380 -380
Output magnitudes magnitudes magnitudes magnitudes
Max Upper A-arm force 427 forces (Ibs) (Ibs) (Ibs) (Ibs)
Max Lower a-arm force 1517 AX 51 137 739 807
Ay -285 -760 -380 -760
Az 503 503 503 503
Bx -51 -137 -359 -427
Bz -218 -218 -218 -218
C 147 72 -124 -185
-278 -294 -334 -346
H 738 1130 1203 1517
Hy 0 0 0 0
J -268 124 198 511
Jy 0 0 0 0
Fshock 456 1216 608 1216




To determine the stresses in the upright Pro Eegiwas used to find the cross sectional area, mteod

inertia about both x-x axis and y-y axis, and distafrom the centroid in the x direction at 4 diiet planes.

These planes were the plane going through the lbaléjoint(A_prime_plane),the plane going througk
axle (Axle_plane), and the plane going throughuper ball joint (Upr_BPRIME_plane). Because of the
symmetry of the cross section the location of #etioid in the x direction is at the middle.

]
| |

O

Definitions of Stresses

oy = M xYx
IXX
oy = MYy
IYY
_ N
oy —X
Vv
Vv
I =Ty —T,
or =402 +3r7
SafetyFactor
S
SF=—2
JE

To calculate stresses in upright, the worst loaditwation was used (4[G] bump, 1[G] turn, [G] cering) and
the bending moment, axial force and shear forcemmd in XY and YZ plane. The total bending stress

found with the root sum of squares.

Section Properties

cross section location UPR_BPRIME_PLANE AXLE_PLANE | A_PRIME_PLANE

cross sectional area (in2) 0.74779 2.353 0.6645
Ixx (in4) 0.0107655 0.4657 0.0950195
lyy(in~4) 0.2298 1.14415 0.4677
y distance to centroid(in) -0.8409 -0.7153 -0.38
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Upright Loading

XY Plane Bending Moment (Ib-in) | Axial(lbs) Shear(lbs)
UPR_BPRIME_PLANE 0 0 -427
AXLE_PLANE -3610 760 -807
A_PRIME_PLANE 0 760 807
YZ Plane Bending Moment (Ib-in) | Axial(lbs) Shear(lbs)
UPR_BPRIME_PLANE 0 0 -218
AXLE_PLANE -1775.576325 760 503
A_PRIME_PLANE 0 760 503
Upright stresses

UPR_BPRIME_PLANE calculated stress (psi)

OX 0

oy 0

on 0

ot 0

™ -572

Ty -291

Tt -863

oE 1495

AXLE_PLANE calculated stress (psi)

oX -12635

oy -1218

on 323

ot 13017

™ -343

Ty 214

Tt -557

oE 13053

A _PRIME_PLANE calculated stress (psi)

oX 0

OX 0

on 1144

ot 1144

™ 1215

Ty 757

Tt 458

oE 1392
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oY fatigue
Safety Factors oE (psi) oY (psi) (psi) SF actual SF fatigue
UPR_BPRIME_PLANE | 1495 73000 23000 48.84 15.39
AXLE_PLANE 13053 73000 23000 5.59 1.76
A_PRIME_PLANE 1392 73000 23000 52.44 16.52
A arm buckling analysis
Upper A Arm
Length | Area Max_load | Safety
(in) (inn2) Ix (in?4) | E (psi) Sy (psi) | r L/r Pcr (lbs) | Buckling | (Ibs) factor
Arm 1 2.42496 | 0.197559 | 0.005099 | 10400000 | 73000 | 0.1597 | 31.177 | 11931.88 | Johnson 346 34.51
Arm 2 4.97902 | 0.197559 | 0.005099 | 10400000 | 73000 | 0.1597 | 46.49 | 9384.28 | Euler 427 21.96
Lower A Arm
Length | Area Max_load | Safety
(in) (inn2) Ix (in"4) | E(psi) Sy (psi) | r L/r Pcr (Ibs) | Buckling | (Ibs) factor
Arm 1 12.9062 0.1261 | 0.007606 | 29700000 | 161000 | 0.2456 | 52.552 13384 | Euler 1517 8.82
Arm 2 12.9062 0.1261 | 0.007606 | 29700000 | 161000 | 0.2456 | 52.552 13384 | Euler 1517 8.82
Material properties from matweb.com
2.- Reaction Forces for Various Loading SituationsRear Suspension
Input Forces Output Forces
Wr Fc AX Bx Ay By Fshock Az
1 200 0 -74.35 -175.46 -39.29 39.29 320 0
2 800 0 -297.38 -701.82 -157.14 157.14 1280.01 0
3 200 200 -280.3] -381.41 51.19 -51.19 320 -200
4 200 -200 131.61 30.5 -129.76 129.76 320 200
5 800 200 -503.34| -907.78 -66.67 66.67| 1280.01 -200
6 800 200 -01.43] -495.87 -247.62 247.62 1280.01 200

Case 1 is for when the car is stationary
Case 2 is car traveling straight ahead
Case 3 is 1G left turn, no bump

Case 4 is 1G right turn, no bump
Case 5is 1G left turn, 4G bump
Case 6 is 1G right turn, 4G bump
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3.-Material properties of Fibrelam grade 5 fiberglass paneling

Equations have been obtained from Hexcel Fibrelaohanical testing data sheets.

P2 P2
A
L - | 24 | I

Z
; r 0.010 thick fiberglass face
rg

* 0380 nomex core

P2 P2

Figure7-3: Four point bending test diagram and data

Variables:

Load at Failure: =280 Ibs
Deflection Load P =100 Ibs
Span: S=20in
Distance Between Loads A=5in
Panel Width w=3in
Skin Thickness t=0.010in
Deflection at Middle d=0.55iIn
Panel Thickness h=0.40in

Critical stress:

Maximum moment is constant and equals
Mmax = (Perit / 2)*A = (280 / 2)*5 = 700 in-lbs
x = lo.a- 1 0380= .00228 ifi

Ocrit = - Mmax'y / 1x =700 * .2 / .00228

ocrit = 61,403 psi

61,400 psi will be used in the computations.

Elastic Modulus:
E = (11/384)*(P/d)*(&/(w*t(h-t) %)) = (11/384)*(100/0.55)*(28(3*0.010*(0.40-0.013))
= 9.13E6 psi



