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Abstract

Worcester PolytechnicInstitute’s (WPI)Society of Automotive Engineers (SAE) participatesin
two distinct competitions, Formula SAE (FSAE) and Baja SAE (SAE). The clubs mainly focuses on FSAE as
its flagship competition. Inthe past, WPI’s SAE has participated in BSAE and has built some frames that
have not competed. Our Major Qualifying Project (MQP) strives to create a rolling chassis that can be
builtupon by the club to create a competition ready vehicle. A rolling chassis includes acompleted
frame with attached suspension components and wheels. Our Project begins with research, design and
computersimulations to create the chassis, and ends with the physical rolling chassis which will be given

to the SAE club.
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Chapter 1: Introduction

SAE International hosts anumber of Collegiate Design Series (CDS) including the Baja SAE Series.
The CDS is designed to help students apply classroom theory to real world problems through research,
design, construction, testing, and intercollegiate competition. The Baja SAE Series challenges students to
produce a prototype off-road vehicle capable of withstanding several different rough terrain conditions.
In addition to physically testing the vehiclein competition, each team must present their prototypetoa
fictitious company. The teams must be able to defend any design decisions and expenses to the
company. The fictions company then decides which prototype is the best overall product.

Baja SAE Series are designed to be a comprehensive and challenging engineering competition.
Local collegiate SAE clubs often spend several years working on a single Bajavehicle beforethey goto
competition. Our MQP isthe beginning of anew Baja vehicle forthe WPISAE club. The club will be able
to use our work to continue preparingall the information and work to be able to bringa vehicle to
competition and represent WPI. The goal of our projectis to have a rolling chassis and the supporting
research, design and datafor the SAE club to work off of. A rolling chassis includes the frame,
suspension and wheels. The supporting research, design, and datanee ds to explain each decision we
have made and the information these decisions are based off of up to the completed chassis. Some of
thisinformation can help the club understand why we made each decision, know how we intended for
othercomponentsto be fitted to the chassis, or be used in the documentation that the Baja SAE Series
judges will use to score the Baja vehicle in competition.

For our MQP to be successful, we need to collaborate with several different groups of people
and organizations. We are designing the chassis forthe SAE club, therefore we need to keep them
informed onthe decisions we make on the design. The club can offerus advice and direction based off
theirexperience working with the Formula SAE vehicle as well as general insight from competitions and
vehicle design. Typically thereis an MQP each yearthat helpsthe SAE club with the Baja SAE vehicle.
The 2016-17 MQP group worked on designing aframe forthe SAE club. They are anotherresource we
can use to understand the methodology behind the frame design and how other components connect to
the frame. We also need towork closely with our advisor so that we can verify that we are making
forward progress with ourdesign. Ouradvisor will also need to approve any components we purchase
or send out to be fabricated. Our MQP advisoris also the advisor for the SAE Club and has additional
understanding of the requirements the club hasfor the chassis. Finally, we will need to work with
manufacturing companies, such as VR3 Engineering, to manufacture components of the vehicle that

cannot be builton WPI’s campus.



BAJASAE 2017-2018

Chapter 2: Background

A Baja vehicle consists of several different subsystems. Those subsystemsincludethe frame,
suspension, steering, brakes, drivetrain, seating, electronicand safety. Each subsystem has avariety of
components withinthemthatneedto be either purchased or designed and manufactured to work with
the other components of that subsystem. Each subsystem must fit together with other subsystems that

eitherwork with orare close to each other.

The frame is the main subsystem thatis designed tofitall other subsystems onto oraround. It
must also be designed to protect the driver of the vehicle fromimpacts or rollovers and it must comply
with all the 2018 Baja SAE rules. Baja SAE specifies that the roll cage members must be constructed out
of steel tubes. The roll cage is the part of the frame directed around the driver. Bajaframes must be
constructed as eitherafront braced frame, a rear braced frame, or a combination of the two. Afront
braced frame supports the roll cage fromthe front of the frame and a rear braced frame supports the
roll cage from the back of the frame. As mentioned inthe rules, acombination of both types of bracing
yield abetterdesigned frame. Different members of the frame are separated into two categories,
primary members and secondary members. Each type of memberserves adifferent purposeand have
different dimensional requirements. Primary members are required to have alargeroutside diameter
and wall thickness as they provide the main shape and supportforthe vehicle. The secondary members
provide triangulation forthe primary members and additional points on the frame to mount other

subsystems.

The suspension subsystem works most closely with the frame out of the other subsystems. It
attachesto the frame at many different points, including suspension arm pick up point, and shock
absorber pick up point. Pick up pointare brackets welded tothe frame that provide alocationto mount
componentstothe frame. The frame and suspension must be designed closely together. They type of
suspension system will affect where certain members of the frame can be located. There are countless

variationsin suspension systems that can be categorizedinto afew different design styles.

One such systemisthe double a-arm ordouble wishbone suspension system. This system
consists of two rigid members that attach to the frame at differentlocations and attach to the hubs at
two other location. These members known as a-arms rotate about theirownindependentaxesto help
control the vertical motion of the wheel asitreacts to the uneven surfaces it may encounter. Ashock
absorberand spring can be attached in a variety of locations to control and absorb the energy of these

uneven surfaces. Double a-arm suspensions offer the most control for suspension characteristics, but

7
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have more parts than othersuspension systems making them more difficult to design and more
expensive to manufacture. In Bajavehicles, the benefits of controllability of double a-arm suspension
outweighsthe disadvantages of design complexity and manufacturing costs. This suspension style works
for the front of Baja vehicles because it works wellwith the wheels that steerthe car and react to the

road surface first.

The rear end of the Baja vehicle does not steerthe vehicle and react to the road surface after
the front wheel. The rearwheels also provide powerto drive the vehicle forward. With theseideasin
mind, a trailingarmis a simplersuspension system that can perform well in a Baja competition. A
trailingarm suspension consists of an arm that comes off the frame back and out from the frame. The
shock and springare mounted at some pointalongthe length of the trailing arm and to a point higher
up on the frame. This system has less parts than a double a-arm makingit both simplerto designand

less expensiveto manufacture.

The steering system allows the driverto direct the front wheelsin the desired direction. This
system typically consists of awheel the driver can turn that translate the motionto a rack and pinon
that pushes each front wheel about an axis to change the direction of the vehicle. Steering systems need
to be placedina specificplace sothatthe tie rods that connectthe wheelstothe rack and pinion follow
a similar path as the two a-arms. Improper placement of the steering system causes the tie rods to push

the tiresin undesired directions as the suspension compresses and droops overrough terrain.

Brakes are used to slow down the Bajavehicle. They are important for the performance and
safety of the vehicle. Atthe wheel, brakes consist of a spinning metal discthatis attached to the wheel
hub and a stationary caliperthat compresses acomposite material againstthe metal disc. Brake convert
the kineticenergy of the vehicleinto heat, to slow it down. Brake are typically packaged within the
wheel itself. The inside diameter of the wheel determines the maximum size of the brakes. Brakes
should be designed as close tothe innerdiameter of the wheelas possible without interfering with the
operation of the wheel. Larger brakes can dissipate heat faster which allows the brakesto work more
efficiently. The brake pads, made out of the composite material, are compressed inthe caliper by
hydraulically driven pistons. These pistons are attached to a brake petal by hydraulictubes. The driver
compresses the brake petal which sends hydraulicfluid to the caliper pistons which compress the pads

on the discsto slow down the vehicle.
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The drivetrainisresponsible for producing and transferring energy to the wheels to propel the
vehicle. The main components of the drivetrain are the engine, transmission, and differential. The
engine usedinBajavehiclesinthe model 19 Briggs and Strattonsingle cylinder engine. The engine

outputsits energy through a shaftthat connectsto the transmission.

The transmission helps translate the power from the engine tothe wheels foravariety of
situations such starting on a hill or reaching top speed. The transmission accomplishes this variability by
changingthe gear ratio betweenitsinput shaftand output shaft. There are several different methods
thisisachieved. One methodis through a continuously variable transmission (CVT). A CVT consists of
two tapered pulleys and a belt attach to both. As the vehicle speed increases, the pulleys open and close
inverselyto each other, changingthe gear ratio between the engine and the wheels. CVTs are lighter

than othertransmissions but more difficult to adjust for optimal performance.

Afterthe transmissionisthe final drivetrain component before the wheels. Thisis known as a
differential. The differential serves two main purposes. The firstis thatit sets the final fixed gearratio
betweenthe engine and the wheels. The second purposeisthatitallows both drive wheelsto spin at
different speeds while still sending power to both. This feature isimportant when the vehicle turns.Ina
turn the wheel outsidethe turntravels agreaterdistance than the inner wheel. Without the differential,
one of the wheels would lose traction to spin atthe same rate as the othertire. This loss of traction
translatestoalossin powerand control for the vehicle. With adifferential, each wheel canturn at the

correct speed forthe distance they travel whilestilltranslating powerto the road surface.

The electronicsinthe Bajavehicles are all designed for safe operation and competitions with
otherBaja vehicles. The electronicsystems consist of several kill switches that cut powerto the engine.
The switches are strategically located so that the driverand crew members can easily access one of
theminthe eventof anemergency. The electronicsystem alsoincludes a brake indicator to notify other
drives when the Bajavehicle is braking. The safety features on the Bajavehiclesalsoinclude no
electroniccomponents such asthe firewall, fire extinguisher, and spill pan. The firewall protects the
driverifthe engine catchesfire. The fire extinguisheris mountedin an easily accessiblelocation. The

spill pan redirects any spilt gasoline away from hot engine components during refueling.

The seating system inthe Baja vehicle is one of the simpler systemsinthe vehicle but arguably
one of the mostimportant. The seat placed the drive inthe best spot to be able to comfortable reach

the seatingwheel and gas and brake pedal. The seatalsoincludes a five-point harness. This harness



BAJASAE 2017-2018

secures the driveratthe shouldersand hipbone to kee p the driverin asafe position during normal
operationandinthe eventofa crash. The harness must be installed properly so thatitdoes not break
duringan impact. It must also translate the inertia of the driverto the frame through the driver’s

skeleton ratherthan softtissue.

10
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Chapter 3: Design Methods and Procedures
To begin our MQP we looked at the Baja MQP from the 2016-17 academicyear. The goal of this

MQP was to design aframe and have it built. The frame from the previous MQP was designed but never
built. We picked up the project with the SolidWorks model of the frame. When we compared the frame
design from 2016-17 to the 2018 Baja SAE rules, we found thatitwas no longercompliantin several
major design considerations. While comparing the frame modelto the rules we also found that the
frame had several redundant members builtin that were not necessary to the function or safety of the
frame. These members added weight, complexity, and cost to the frame. We decided that we would
take the primary member design from thisframe and redesign it sothat it satisfied the 2018 Baja SAE
rules. Once the primary members were redesigned, we added new secondary members to work with
our suspension design. We designed the frame to have as few members as possible while still having the

capabilities to performin competition and protect the driverfrom crashes.

Duringthis process, we conducted 3 iterations of design changes. The firstiteration
involved angling the front of the frame in order to better handle frontimpacts off jumps and achieve
better maneuverability over obstacles such as logs. As we made these changes, we familiarized
ourselves withthe requirements explained in the Baja SAE Rules. After reviewing the altered frame from
the 2016-2017 MQP we understood that major design changes were necessary to have a compliant

frame.

Aftercomingto this understanding, we decided to create anew SolidWorks model as
opposedto editingthe previous file. Through multiple edits and a misunderstanding of desi gn logicfrom
the previous MQP, the edited 2016-2017 model had many errors and artifacts from the edits. This new
frame design, iteration 2, was created by referencing the iteration 1file and a list of changes we wanted
to make to optimize our frame design. Once this task was accomplished we conducted simulations on

the seconditeration model.

With our results from the iteration 2 simulations, we created a 3 iteration that both
satisfied the requirement of the BAJA SAE rule book and withstood the forcesin the simulation. This 3"

iterationisanalyzedin detail under Chapter4of thisreport.

11
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Chapter 4: Design Analysis

SolidWorks Simulations

Driverand vehicle safety are some of the key areas of concern for SAEand any engineer
adheringtogood engineering practices. Itis essential to this project that the frame is designedin asafe
way that can handle expected forces, especially those experiencedin a crash of the vehicle. Physical
testing on frame strength is costly, time consuming and impractical. SolidWorks simulations offer an
effective solution to this problem because simulations can be conducted quickly and design integration
can be created based onthe results. SolidWorks features alarge library of materials that can be used to
simulate their performance in amodel such as a BSAE frame. We used this technology to ensure the

safety of our frame design and executed design changes based on any failed results.

To properly testour model’s strength, we need to know what forces it would likely experiencein
extreme circumstances such as a full-speed impact with animmovable object. We tested ourframe
design undereightuniquescenarios where various forces were applied in different ways to understand
how the frame would performin real life. The simulations we conducted included Front Impact 1, Front
Impact 2, Rollover, Rear Impact, Top Impact, Drop Impact, Side Impact, and Driver/Engine Drop. Each
simulation represented adifferent scenario that the frame could experience during competition and

forces were calculated to represent the forces expected for each unique scenario.

In SolidWorks, simulations are set up using various steps to recreate adesired situation. First,
the parts of the model that are being subjected to the simulation are selected and their material
propertiesare also chosen using the SolidWorks materials library. Next, SolidWorks analyzes the model
and placesjointgroups and connectionsinthe appropriate locations. After verifying the proper
execution of the previous step, fixture locations are selected on the model. These locations designate
the parts of the frame that cannot move during the simulation and provide points forthe reaction forces
to originate. External loading points are then chosen, these points represent where a specified force is
appliedtothe model. Finally, ameshingoperationis conducted to dividethe model componentsinto
smallerelementsthat willbe individually analyzed during the simulation. A visualization of the resultsis
then created to represent how each meshed element behaves during the simulation. These
visualizations include stress and displacement of the individual elements. An example of the stress
visualizationis providedin Figure 1 where the individual elements are color coded to represent the

stress they experience with ascale forreference. The actual values can be accessed in the simulation

12
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report for furtheranalysis. If the model experiences astress thatis greaterthan the yield strength of the

material, the yield strength willbe represented as a red arrow alongthe scale as shown below.
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Figure 1 Example Stress Visual with Yield Strength Failure

A common metricfor a product’s ability to withstand forces is Factor of Safety (FoS).
Incorporating FoSis essential forengineering reliable and safe products. Itis not sufficient to design a
product to handle no more than the performance loads expected because unexpected situations can
occur where larger forces are experienced. If aproduct failsjust beyond its expected loading, itis
dangerous andthe likelihood of failure during use isincreased. A factor of safety for the BSAE frame of 2
was used to ensure the safety and reliability of the product we are designing. FoSis calculated by
dividing the maximum stress we predicted our frame would experience by the yield strength of the
material we usedinthe frame design. Yield strength values were provided by the SolidWorks materials
Library. For our frame design, we used AlSI1 4130 Steel, normalized at 870 degrees Celsius, which has a
yield strength value of 4.6x10°8 N/mA2. This value was then compared to the forces each meshed

elementexperienced inthe simulation to ensure a FoS of 2 was achieved.

The force calculation forthese simulations involved various assumptions such as the weight of a
fully equipped BSAE vehicle with a 95™ percentile maledriving the vehicle. Otherassumptionincluded

impact duration and FoS. The force calculation forthisimpactinvolved the vehicle mass (m,), vehicle

13
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speed(v,), duration of the impact (t,), and FoS (FoS,). We found that the duration of an impact with a
solid objectis 0.1 secondsand a movable objectis 0.3 seconds. The use of eitherduration was
determined by the characteristics of the impact we were simulating. The average mass of a fully

equipped BSAE vehicle is 204.1 kg and the mass of the 95t percentile maleis 113.4 kg.

The simulations presented below were conducted on our third iteration of the frame design.
When we tested the 2" iteration, the Front Impact 2 and Side Impact simulations failed. We analyzed
the resulting failures and reinforced the frame where necessary to achieve successful results. More

details aboutthe specificreinforcements will be discussed in their respective sections below.
Front Impact 1

The Front Impact 1 simulation was conducted to simulate the behavior of our BSAEframein a
front crash situation with asolid object, an object that would not move duringthe impact, with a
duration (tg,) of 0.1seconds. Avelocity (vg,) of 15.65m/s was determined to be a realistictop speedina
front crash situation. The total mass (mg;,) of the Baja and driver was 317.5kg the calculated force (Fg,) is

shown below.

Mpp1 * Vrnn

FF11=( )*FOS

trin

(204.1kgs + 113.4kgs) * 15.65

0.1s *2

Fepp =

FFII = 993775N

This value was rounded up to 100,000N for simplicity and an extradegree of safety. The next
stepinsettingup the simulation was to distribute the load across the frame and fixture the frame
properly sothe force was distributed throughout the model inarealisticmanner. We referenced the
simulation set up fromthe previous BajaMQP report and used logicto confirmthe placement of the
forcesand fixture (e.g. forces of afront impactare distributed across the front plane of the frame). A
mesh wasthen applied and the simulation was executed. The stress visualization of FrontImpact 1 is

shown below in Figure 2.

14
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Figure 2 Front Impact 1 Stress Visual

We determined that4 loading points on the front plane of the frame would accurately represent
forces exerted onthe frame during afront impact. Each individualforce, represented in Figure 2by an
orange vector, exerts 25,000N and represented a quarter of the total force, 100,000N. The fixture
points, represented by green vectors, were placed on the rear plane of the frame and at the rear
suspension connection points foratotal of 6 fixture points. A meshing operation was conducted and the
simulation was run. The results showed that the frame did not experience any forces beyond the yield
strength of the material. The calculation forthe force in this simulation accounted for a FoS of 2, thus
the results proved that the frame could withstand forces of at least that magnitude. The frame
experienced an upperbound bending stress of 4.387*10"8N compared to the yield strength of
4.600*10"8N.

Front Impact 2

The Front Impact 2 simulation was similarto FrontImpact 1 with an impact duration (tz;) of 0.1

secondsanda velocity (vg,) of 15.65m/s. The calculated force (Fg,) was the same, 100,000N.

15
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Mpp, * U

Fopy = ( FI2 FIZ) « FoS
trr2

(204.1kgs + 113.4kgs) » 15.65

0.1s

Ferp, = * 2

FFIZ = 993775N

The difference between the simulations occurred in the force distribution, with Front Impact 2
consistingononly 2 force vectors located at the bottom front corners of the frame a pointsE. These two
forces each exerted 50,000N on the frame to equal the total 100,000N of force. The meshtreatmentin
Front Impact 1 was used for Front Impact 2 as well. Front Impact 2 allowed for us to understand how the
frame would behave if afrontimpact was concentrated on the lower front of the Baja, a situation

especiallyimportantto consider with ourinclined frontend design.
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Figure 3 Front Impact 2 Stress Visual

This simulation was successfuland our frame meetthe required FoS of 2. As previously stated,
the simulation of iteration 2 of our model failed. With the addition of the members highlighted in bluein
Figure 4 we could achieve a successful test of Front Impact 2. The frame experienced an upperbound
bendingstress of 4.431*107"8N compared to the yield strength of 4.600*10"8N.

16
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Figure 4 New Bracing to Account for Front Impact 2 Failure

Rear Impact

The Rear Impact simulation considered a situation in which another vehicle collides with our
vehicle fromthe rear, animpact between two moveable objects, and thus an impacttime (ty) of 0.3
seconds was used. Avelocity (vg) of 15.65m/s was also used assuming that the vehicle striking our
vehicle was traveling at top speed during the impact. The same mass (mg,) as both Front Impact

simulations was used in this calculation. The calculated force (Fg) is shown below.

Mpgy * Uy

FRI:( )*FOS

RI
(204.1kgs + 113.4kgs) * 15.65°

0.3s *2

Fgy =

Fgy = 33125.8N

17
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Thisvalue was rounded to 33,000N for simplicity. The fixtures and loading of this simulation was
opposite of the previous two. There were 8loading points of 4125N each distributed across the rear of
the frame. Theirlocationsincluded 4loading points on the rear plane of the frame at pointsR and either
side of the lowest rearlateral cross member. There were 4load points at the rear suspension pick up
pointsand where the lower Fore — Aft Bracing members met the Rear Roll Hoop at points A. We
selected 8fixture pointsinthe front of the frame around the driver’slegs at points G, E, F and D. This
arrangement concentrated the forces of the impact the engine compartmentand middle driver

compartmentasshownin Figure5 below.

Upper bound axial and bending (M/m"2)
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Figure 5 Rear Impact Stress Visual

This simulation was successfuland our frame meet the required FoS of 2 with an upperbound

bendingstress of 1.851*10"8N comparedto the yield strength of 4.600*1078N.
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Roll Over

The Roll Oversimulation considered a situation in which ourvehicle rolls overand impacts the
ground, an immoveableobject, alongone side of the frame. Animpacttime (tgyo) of 0.1 seconds was
used. Avelocity (Vruo) of 5.14m/s was determined by calculating the free -fall speed of the RHO fromits

ride height of 1.346m (hgo).

2 _ 2
VRHO® = VRHO,” T 2 * @ * hgyo

URHO = Vz*a*d'(vRHOO =0)

Vrro = /2 *9.8m/s?  1.346m
Vryo = 5.14m/s
The mass equivalent (mgyo) of the RHO was determined by comparing the moment experienced
aboutthe center of mass (COM) of the fully equipped frame with adriver. The momentexperience
aboutthe COM was calculated by multiplying the mass (mcom) by the ride height (hcom) of the COM. The
mass at the COM was determined to be 320kg, whichisa rounded value of the total mass of the Baja
and driver, 317.5kg, usedin previous calculations. The calculated mass is shown below.
Mcom * hcom = Mpro * Rrro
320kg * 0.673m = mpyo * 1.346m
MpgHo = 160kg
These two calculated values, vgyo and mgyo, Wwere then used to determinethe force (Fruo).

Mpgyo * VRHO

FRH0=< )*FOS

trHO

160kg * 5.14
Fruo = 01s * 2

FRHO = 16448N
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Thisvalue was rounded to 16500N for simplicity. The fixtures for this simulation involved 8
pointsalongthe lowerside of the frame opposite of the loading pointsat points G, E, F, D, A, S, R, and
the lowestrearlateral cross member point alongthe same plane. The loading points werelocated at 5
pointsand 1 beam, the RHO. The loading points were at points located at 5 locations along the same
side as the loaded RHO member. Each load point experienced 12500N of force and the RHO member

experienced 4000N of force.

Upper bound axial and bending [N/m™2)

4.525e+008

4,146 + 006
-~ 3.771e+006
_ 3.3%e+008
- 30Te+008
_ 2.63%+008
_ 2.262e+006
- 1.885e+008
_ 1.506e+006

_ 1.131e+008

7.541e+007
3.771e+007
0000 + 000

— Yield strength: 4.600e+ 005

Figure 6 Roll Over Stress Visual

This simulation was successfuland our frame meet the required FoS of 2 with an upperbound

bending stress of 4.525%10"8N comparedto the yield strength of 4.600*1078N.
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Drop Impact

The Drop Impact simulation considered a situation in which ourvehicle falls from 6.096m (hp))
with an impacttime (tp,) of 0.3 seconds, considering the suspension exists belowthe frame’s lower
plane and will absorb part of the impact. A velocity (vp,) of 10.9m/s was determined by calculating the

free-fallspeed of the frame from hy,.
UDIZ = UDIOZ + 2%ax* hDI

vpy =V2xaxd,(Vps, = 0)

m2
Up; = |2*9.8— x6.096m
s

vp; = 109m/s

Thisvelocity was then used to determine the force (Fp)).

m * v
Fp; = (%) « FoS

317.5kg * 10.9°
0.3s

Fpp = * 2

This value was rounded to 24000N for simplicity. The fixture in this simulation was located at
the 4 upper corners of the RHO at points C and B. The load points were located along the bottom plane
of theframeat E, F, A, eitherside of the lowestrearlateral cross member, ateitherside of the two
Under Seat Members (USM), and at the rear suspension pickup points located nextto points A. Each

pointexperienced aload of 1715N.
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Upper bound axial and bending (MN/m"2)
2.365e+008
l 2.165e+008
~ 1.971e+006
- 1.774e+006
_ 1.577e+006
_ 1.380e+006
_ 1.183e+006
- 9.554e+007
- 7.883e+007

_ 5.913e+007

3.942e+007
1.971e+007
0.000e+000

— Yield strength: 4.600e+008

Figure 7 Drop Impact Stress Visual

This simulation was successfuland our frame meetthe required FoS of 2 with an upperbound

bendingstress of 2.365*10"8N comparedto the yield strength of 4.600*10"8N.
Top Impact

The Top Impact simulation considered a situation in which anothervehicle lands on top of our
frame from 6.096m (hy) with an impacttime (t;) of 0.3 seconds. Both vehicles are moveableobjects
whichisthe reasoning behind the impacttime. Avelocity (vy) of 10.9m/s was determined by calculating

the free-fallspeed of the frame from hy,.

VTIZ = vTIOZ +2x*ax* hTI

V1 = vZ*a*d,(vTIoz())

mz
vrr= |2%x9.8— x6.096m
s

vr;=109m/s
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Thisvelocity was then used to determine the force (Fy).

ms; U
Frp = (%)*Fos

317.5kg * 10.9%
0.3s

FTI: * 2

Fr; = 23071.7N

This value was rounded to 24000N for simplicity. The fixture and load points of thistest were
the opposite of those in the drop test. The fixture points were located along the bottom plane of the
frameatE, F, A, eitherside of the lowest rearlateral cross member, at eitherside of the two Under Seat
Members (USM), and at the rear suspension pickup points located nextto points A. The load pointsin
this simulation was located at the 4 upper corners of the RHO at points Cand B. Each pointexperienced

aload of 6000N.

Upper bound axial and bending [M/m*2)
9.455e+007
l 8.667e+007
- T.B79e+007
- T.081e+0Q07
_ B.303e+007
_ 5.515e+007
L A4727e+007
_ 3.940e+007
- 3.7152e+007

_ 2.364e+007

1.576e+007
T.879+006
0,000 +000

— Yield strength: 4.600e+008

Figure 8 Top Impact Stress Visual
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This simulation was successfuland our frame meet the required FoS of 2 with an upperbound

bending stress of 9.455*10"7N compared to the yield strength of 4.600*1078N.
Side Impact

The Side Impact simulation considered a situation in which another vehicle collides at top speed
with the side of our vehicle, animpact between two moveable objects. This was considered animpact
between moveable object with aduration (tg) of 0.3 seconds. A velocity (vg) of 15.65m/s was also used
assumingthat the vehicle striking our vehicle was traveling at top speed during the impact. The same
mass (mg) as previously calculated was used. The calculated force (Fg) is shown below.

Moy * U
FSI == (%) * FOS
SI

(204.1kgs + 113.4kgs)  15.65

Fsi = 0.3s *2

Fg; = 33125.8N

Thisvalue was rounded to 33,000N. For thissimulation, acombination of beamloadingand
pointloading was used, as perthe recommendations of the previous Baja MQP. There were 4 beams
loaded each with of 2358N and 5 joints loaded with 4715N distributed across the rear of the frame. The
Lower Frame Side Members (LFS) and Side Impact Members (SIM) on one side of the frame were the

loaded beams. Meanwhile 5 points alongthe same side of the frame were selected.
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Upper bound axial and bending [Nfm"2)

3.661e+008

3.356e+008
- 3.057e+008
_ 2.746e+008
. 2441e+008
_ 2.136e+008
. 1.830e+008
. 1.525e+008
- 1.220e+008

. 9152e+007

6,102e+007
3.057e+007
0.000e+000

— Vield strength: 4.600e+005

Figure 9 Side Impact Stress Visual
This simulation was successfuland our frame meetthe required FoS of 2. As previously stated,
the simulation of iteration 2 of our model failed the side impact test at both rear Lateral Cross Members.
With the addition of the bracing member highlighted in blue in Figure 10 we could achieve a successful
test of the Side Impact study. The frame experienced an upper bound bending stress of 3.661*10"8N
compared to the yield strength of 4.600*1078N.
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Figure 10 New Bracing to Account for Side Impact Failure

Driver and Engine Drop

The Driver and Engine Drop simulation considered asituation in which ourvehiclefalls
from 6.096m (hppe) with an impacttime (tppe) of 0.3 seconds, considering the suspension exists below
the frame’s lower plane and will absorb part of the impact. The study looked to see how well the
supporting structure below the engine and drive could performin adrop situation. A velocity (v ppe) of

10.9m/s was determined by calculating the free-fall speed of the frame from hppe.

2 _ 2
Vppe® = Vppg,” + 2*a * hppg

UppE = Vz*a*dv(VDDEOZO)

m2
Uppg = |2 * 9.8? * 6.096m
VppeE = 109m/s
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Thisvelocity was then used to determine the force (Fp) exerted by adriver weighing 113kg

(Mpp).

113kg * 109
0.3s

* 2

Fpp = 8211N

Thisvelocity was also used to determine the force (Fp) exerted by a engine weighing 49kg (mpg).

Foo = MpE * VppE
pE=\—"7F—

) * FoS
tppE

49kg * 1097

2
03s *

Fpg =

FDE = 3561N

The fixtures forthe driver was located at the 4 points of the Under Seat Member (USM) that
connectto the Lower Frame Side Members (LFS). Each point experienced aload of 2053N. Fourload
beamswere usedforthe engine force location because selecting the same load points and fixture points
for the engine simulation would interfere with each other. The beams selected make up the bottom X-Y

plane behindthe Rear Roll Hoop (RRH) and each beam was loaded with 891N.
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Uppet bound axial and bending [M/m"2)
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. 4011 e+008
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Figure 11 Driver and Engine Drop Stress Visual
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Frame Material Selection

Baja SAE uses a standard pipe material of 1018 Steel forthe rules and specifications forframe
construction. Primary members of the frame must meet one of two requirements for dimensions and
carbon content. The first requirementis that the primary members must be circular steel tubing with at
least 25mm in outside diameter (OD) with a minimum wall thickness (WT) of 3mm, with a carbon
contentof at least 0.18%. The second requirementis thatthe primary members must be a steel shape
that meets orexceeds the bending strength and bending stiffness of 1018 steel with an outside
diameter of 25mm and a wall thickness of 3mm. The steel shape must have at least 1.57mm in wall
thickness, with acarbon content of at least 0.18%. These bending strength and stiffness are to be
calculated from the neutral axis to give minimum values. The rules give equations to determine the
bendingcriteria. Based off the information on our manufacturer, VR3 Engineering’s website and our
research into alternative materials, we decided to choose 4130 circular steel tubing with an outside
diameterof 31.75mm and a wall thickness of 1.65mm as the material for our primary members. These
values meetthe dimensional requirements for primary members. 4130 steel also meetsthe
requirementforcarbon content withits carbon content from between 0.28% and 0.30%. We also
calculated the bending strength and stiffness of 4130 steel at 25mm OD and 3mm WT. The rules
providedthe modulus of elasticity forall types of steelas 205GPa and the yield strength of 1018 steel as

365MPa. The bendingcriteriawas calculated using the following equations.

ky: Bending Stiffness

E: Modulus of elasticity

I: Second Moment of Area
Sp: Bending Strength

S,: Yield Strength

c: Distance from Neutral Axis to Extreme Fiber
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For 1018 Steel OD: 25mm WT: 3mm
kb =ExI
k, = 2.05x10**Pa x 1.2778x108m*

ky, = 2620Nm?

Se=S,xl/c
S, = 3.65x10%Pa x 1.2778x10®m* / 0.0125m

Sp=373Nm

For 4130 Steel OD: 25mm WT: 3mm
kb =ExI
ky, = 2.05x10'Pa x 1.2778x108m*

ky, = 2620Nm?

Sp=S,x1/¢c
Sy = 4.35x10%Pa x 1.2778x10°m?* / 0.0125m
Sy = 444Nm

For 4130 Steel OD:31.75mm WT: 1.65mm
kb =ExI
ky, = 2.05x10%*Pa x 1.2778x10°m*

ky, = 2620Nm?

Sp=S,x1/¢c
Sy = 4.35x10%Pa x 1.7723x10°m?* / 0.0177m
Sy = 436Nm

Initially we looked at 4130 steel with 25mm OD and WT 3mm and calculated the valuesforbending

stiffness and strength. Thesevalues surpassed the requirements forthe primary members. After

discussing the frame design with MQP members from the 2016-17 Baja SAE MQP. We decided to

research 4130 steel with 31.75mm OD, 1.65mm WT as alternative dimensions forthe primary members.
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These dimensions have abetter weight to stiffness ratio accordingto VR3 Engineering. We calculated
that the bending stiffness of 4130 steel is equal to the bending stiffness of 1018 steel at any wall
thickness and diameter. The bending strength of 4130 steel is greater thanthe bending strength of 1018
steel ateitherof the calculated dimension. Since both values are greaterthan or equal to the values of
1018 steel, we can use 4130 steel with an outside diameter of 31.75mm and a wall thickness of 1.65mm
as the primary members of our frame. 4130 steel with 25mm OD has a greater strength than 4130 steel
with 31.75mm OD, butthe 25mm OD 4130 steelis heavier perunitlength that 31.75mm OD 4130 steel.
Both 4130 steels meetthe BajaSAErules, thereforewe chose the lighter weight 4130 steel with
31.75mm OD and 1.65mm WT for the primary members.
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Chapter 5: Design Iterations

Throughoutthe project, we created multipleiterations of ourframe design, 5intotal. The initial
iteration involved taking the design fromthe previous year’s Baja MQP and selecting the aspects that we
foundfitforour design. The pervious design was heavy compared to other Bajaframesin the
competition. We also needed our frame to adhere tothe new rules SAE Baja published forthe 2018
competition. We reduced the number of membersinthe frame and began testing ournew model to
make sure that our design was strong enough to handle the expected loads.

The second iteration was adapted to match our suspension design. The Suspension pick-up
points neededto be atspecificlocations on the frame. Members also needed to be presentat those
locations and strong enough to handle loads transferred through the suspension systems. During this
iteration we began using FEA studiesin SolidWorks to test the strength of the frame. The testing method
isexplainedin ourDesign Analysis section of the report. The initial design failed some of the studiesand
we made changesto the frame so it would pass all the studies. The design that passed all the studies
became ourthird frame iteration.

The third iteration also featured our final tube profile sizes. We had found that usinga stronger
type of tube steel, AISI1 4130, allowed us to use smallerwall thicknesses and save weight. We conducted
more FEA testingonthe model and adjusted the design further to make sure that it passed all the
studies again.

The fourth iteration explored design optimization such as weight reduction andincreased
strength. We analyzed ways to alterthe design to achieve these goals. Some changes were alterations in
the use of primary material, the largerheavier profile, with secondary materialto reduce the overall
weight of the frame. The design was also reviewed by WPI’s SAE club to ensure that our design metall
therequirementsinthe SAE Bajaregulations. We address the club’s concerns and made alteration
where deemed necessary.

Our fifthiteration featured the addition of the drive train support members and mounting
fixtures forthe components. This arrangementis explained furtherin our Subsystems section of the
report. This model was the final iteration of our project. We ensured that our design met all the
requirementsinthe SAEBAJArules. Furthermore, it was designed tofit aspecificsuspension designand
fita 95" percentile male within specificclearance requirements. It passed all our FEA impact studies and

could house the drivetrain we planned to use in our completed vehicle.
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Chapter 6: Subsystem Integration and Drivetrain Support

An integral part of the design of any vehicle frame is the consideration for packaging the various
subsystems that operate in the vehicle. The mostimportant of these is suspension compatibility. The
characteristics and function of the suspension system depend on where it connects to the frame.
Different suspension designs require different pick-up points on the frame and will influence the
geometry of the frame at those points. Before completely designing the frame, we researched and
chose suspension system designs forthe frontand rear of the vehicle. We decided to use adouble A -
arm suspension forthe frontand a 3-link, semi-trailing arm suspension forthe rear as explained
previouslyinourresearch section.

The suspension choices influenced the shape of the frame at the front and the back. We had
accounted for specificspacing of the pick-up points on the frame to preserve the performance
characteristics of the suspension design. This design sequence illustrates how we planned forall
subsystems while creating the frame. Another system that required consideration was the drivetrain
mounts. This feature consisted of two tube members running parallel fromthe bottom of the rearroll
hoop to the bottom of the bottom lateral cross memberasshownin Figure 12. The engine, mounted
justbehindthe plane of the rearroll hoop, is supported on a steel plate thatis supported by 4 vertical

members connectedtothe drive train support members.
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Figure 12 Highlighter drivetrain support members

The connection points between the four vertical members and the steel plate were at fixed
locations. The connection between the engine and mounting plate were made with slots, ratherthan
holes, where the mounting fasteners pass through. These fasteners are secured by grooved nuts
beneath the plate and the engine allowed the engine to move longitudinally in respect to the frame and
mounting plate. The purpose of this feature isto allow easy adjustment of the tension onthe CVT pulley
beltthattransmits powerbetween the engine and transmission. The transmissionisin afixed location
and movingthe engine closerto the front of the vehicle increases tensioninthe belt. Thesefeatures can

be seenin Figure 13.
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Figure 123 Highlighted fixture plates

One of the two advantages of this method are that the CVT can be installed with little tensionin
the beltand can then be adjusted toits operational tension. Anotheradvantage is apparentwhen
consideringthat CVTbelts has a tendency to stretch overtime. We can easily compensate for this
stretching by moving the engine position further from the transmission. The locking mechanism for the
slide feature involves groves on the steel support plate by the 4 slots and the fastenernuts have a

complimentary geometry to secure the engine position. The steel plate is shownin Figure 14 with the

grooved features roughly represented around the slots.
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Figure 134 Engine mounting plate bottom view

The transmissionis securedinapermanent position by two pieces of plate steel welded to the
top of the drive train support members. The transmission has aspecificbolt pattern, asshownin Figure
12. The support plates have the same pattern with unthreaded holes. The transmission bolts are
removed and the transmissionis placed between the plates and then secured using those bolts. Figure

15 shows the mating point between the transmission and fixture plates.
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Figure 145 Fixture plates shown without transmission

We had to design the rear section of the frame to fitall the components within the frame and
allow formovement of the engine. The engineis placed higherthan the transmission to reduce the
horizontal space between the two components and stillachievethe properdistance forthe CVT to
function. The transmissionis placed lowerinthe frame to align the output shafts with the half shafts
that extend towards the rear wheel. We had to design the rearsuspension and place the transmission is
such a way that they performed together without any interference.

Othersubsystems that we accounted forincluded the driver’s seat, the steering system and the
brake and throttle pedals. The SAE Bajarulesinclude clearance specifications fordriverin the seat which
allowed usto properly size the frame around the seat of the drive. Head, shoulder, and hip clearance are
represented by the respective spheres of space showninthe figure. The values werebased on the size
of a 95" percentile maleand the clearance spacing specified by the SAE rules. For pedal placement, we
made sure that the distance from the front of the car to the back of the driver’s seat accounted for
enough space for both the driver’s legs and the pedal sizes. The steering location was considered during

the front suspension design and can be decided underfuture recommendations for this project.
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Chapter 7: Implementation
The frame of the Baja vehicle isthe main building block on which every othersystemis

mounted. Therefore;itis critical that the frame be precisely manufactured to our SolidWorks model.
VR3 Engineeringisacompanybasedin Canada that uses Computer Numerical Control (CNC) machines
to precisely profiletube steelto match a CAD model. Their machines and methods can profile tube toa
tolerance of 0.005”. This level of precision exceeds the requirements of ourframe. VR3 Engineering has
experience inseveral differentfields, including SAE and student projects. WPl has worked withthemin
the past and they have a developed procedureforstudent groups. Using these procedures, we can

ensure that VR3 Engineering builds the frame to our exact specifications.

The dialogue with VR3 Engineering begins with the quote process. We send VR3 Engineeringa
3D .sldprtfile containing the tube structure of ourframe, a PDF file of the assembly drawing, and a .xls
file containingthe bill of materials. The assembly drawing must contain bubble labels for each individual
tube. The bubble labels contain anumberthat corresponds tothe list of tubes inthe .xIsfile. The .xIs file
indicates the type and dimensions of the material for each individual tube. With the above information,
VR3 Engineering sends back a quote estimating the cost to cut the profilesinthe tubesandthe cost to

assemble and weld the frame if requested.

Once we review the quote we can approve the model for manufacturing. VR3 Engineering only
requires an email confirmation to begin manufacturingthe frame. Once the frame is manufactureditis
shippedtothe address provided by us. After we receivethe frame, VR3 Engineering will send us an

invoice forthe frame payable by wire transfer, check, or credit card.
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Chapter 8: Conclusion and Future Recommendations
The goal of this project was to design aframe for an off road capable vehicle underspecific

guidelines from SAE Baja. The frame was required to withstand certain impact forces and was designed
with specificsubsystem integration in mind. We could accomplish these goals through ourresearch and
design process. Ourdesignis sustainable forfuture work to be done and can be usedto create a
competitionready vehicleby afuture project team. We were aware that a future MQP team may
continue our projectand documented importantinformation for the future team to easily work with our

design.

Our recommendations for furthering this projectinclude use of specific suspension designs, use
of the engine and transmission we researched forthe vehicle, and more detailed research into vehicle
components such as shock absorbers. The suspension design we suggestisadouble A-arm forthe front
and a 3-point semi-trailing suspension for the rear. The engine used is the Briggs and Stratton model 19
engine as specified by SAE. Furtherresearch into suspension components and the other subsystems
such as steering, braking, and throttle control must be conducted for the next portion of this project.
With these tasks completed, the frame and further work will produce avehiclethat can compete and

represent WPl atthe next SAE Baja competition.
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