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Project Description

What is SAE Baja?

The Society of Automotive Engineers (SAE)
Baja Collegiate Design Series is an
engineering challenge for studentsto design
and build a single-seat, all-terrain vehicle.

« Compete against other universities

13 members total, 4 sub-teams

 Front End, Rear End, Frame, Drivetrain
» Sponsors: Stay tuned!

» Successful performance puts NAU on the
map, strengthens internal Baja
knowledge, and grows NAU Baja industry
sponsorship connections

NAU SAE Baja 2020-2021 NORTHERN

ARIZONA
Abraham | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNIVERSITY



Background

“State-of-the-Art” University Teams

Creative innovation without rule violations is
the goal. Some teams do this better than
others due to funding & legacy knowledge:

 Baja ETS

* #1 Overall (Oregon 2023), Placed Top 3 in 8/10
Events

« Beaver Racing

* #2 Overall (Oregon 2023), Place Top 3in 4/10
Events

« Cornell Baja Racing

» #3 Overall (Oregon 2023), Place Top 3in 5/10
Events

Baja ETS SOTA Vehicle "~ NORTHERN
ARIZONA
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Benchmarking #1 — Front

Knuckle Design - Scrub Radius

Many top teams go with a zero (or near zero)
scrub radius when designing their front
suspension. This minimizes scrub radius
influence on steering and toe characteristics
under braking/acceleration.

All forces kept
in-line w/
steering axis!

NORTHERN
ARIZONA
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Benchmarking #2 - Front

Front Shock Placement

3 front shock lower mounting locations can be:

Upper A arm mounted to the upper front
brace member

Upper A arm mounted to the lower front
brace member

Lower J arm mounted to the lower front
brace member

Upper Front Brace Members

rﬁ{{)sl}nﬁ)cle%ce 2023 Oregon: ETS — Lower front brace highlighted in blue

First Place 2023 Ohio: CWRU — Lower front brace
mounted Lower Front Brace Member

First Place 2017 Oshkosh: UM Ann Arbor — Side highlightedin red
impact/lower brace junction mounted

Bryce | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023
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Benchmarking #3 - Front

Steering Design

Ackermann is most useful at very low speeds
and tight turns because that is when you have
the least wheel slip and load transfer side to

side. (Gillespie, 1992) (Team, BYU Baja, 2017)

Ackerman Parallel Reverse

Diagram showing Ackermann, parallel, and Anti- . Baja ETS - Ackermann
Ackermann steering geometries. [24]
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« #1 Maneuverability (Oregon 2023)

« Cornell Baja Racing — 50% Ackermann
« #2 Maneuverability (Oregon 2023)

« Beaver Racing - Ackermann
« #3 Maneuverability (Oregon 2023)

Cornell Ackermann Steering on Display NORTHERN

ARIZONA
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Customer Requirements

Vehicle must comply with the dimensions of
SAE Baja courses

Vehicle must have adequate ground
clearance

Vehicle must have adequate traction across
all terrains

Vehicle must be capable of safe operation
over rough land terrain

Vehicle must have agile maneuverability

Front suspension must be robust in design
(control arms, hubs, knuckles, tie rods, etc.)

Customer & Engineering
Requirements - Front

Engineering Requirements

Decrease Vehicle Width

 Max Vehicle Width = 64”
Increase Ride Height

* Front Ride Height Minimum = 10”
Increase Tire Traction

* Scrub Radius = ~0 degrees

Increase Capability in Rough Terrain

« Wheel Travel = ~12” total (3:1 bump to
droop)

Increase Turn-In Angle
* Pro-Ackerman = 40%-100%
Increase Crash Durability

« Target 40mph collision NORTHERN

ARIZONA
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QFD Discussion - Front

CR & ETSR Correlation
Many of the requirements from the rulebook
5 work together with each other, leading to a
c S|, more direct design path. The top 3 technical
g |E)F| 2|23 . focuses for front end are as follows:
:ole|%| : | 2|88 : =l < Modulatingvehicle width (track
Customer Needs 5 g é é é é é ~ o &y =t =) COm p I Ian Ce)
Comply with track dimensions 4 9 A BC
Adequate ground clearance 2 9 ] 9 3 A C B . . -gm
" Aewstvaao] 5 35 9 [0 3 +__e| <« Increasing rough terrain capability
Safe operation over rough terrain 3 i} i} 3 9 9 ABC
Agile manuverability 4 5 | 2 B 3 | g A BC (Wheel travel)
Robust design 3 3 3 9 BC A
toemcarroauramenunss| £ | £ | S221EZT | 5 * Increasing tire traction (scrub radius
il - mitigation)
Technical Requirement Targets| = =2 =] o g = ) ) ) L
Rosolwte Techmcatimporiance] 5[ B[ [ S ol 8 Other considerations include durability,
eldtive lechnical Importance — [T=] ) o o=} ~t . . .
b -
Teqend ride height, and steering angle
A NAU #74
B Baja ETS
C Cornell Racing
NORTHERN
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Textbooks

* Suspension Geometry and
Computation [3]
 Ch 12: Double Arm
Suspensions
« The Automotive Chassis:
Engineering Principles [4]
 Ch 1: Types of Suspension
and Drive

-Abraham Plis-

Papers

« Analysis of Steering Knuckle

of All Terrain Vehicles (ATV)
Using Finite Element
Analysis [5]

* Knuckle Design/FEA

* Design and Development of

Front Suspension System for

an Off-Road Vehicle [6]
« A-Arm FEA & Anti-Dive
Geometry

» Design Review of

Suspension Assembly of a
BAJA ATV [7]

* Lotus Shark Suspension
Analysis

Literature Review

Online

Suspension & Steering
Geometry (Front) |

Double Wishbone | Anti-
Ackerman | SAE BAJA |

Solidworks [8]
« CAD Tutorial, A-Arm
Geometry

Steering Knuckle |
Solidworks | 3D -

Modelling | BAJA ATV [9]

« CAD Tutorial, Knuckle
Design

NORTHERN

ARIZONA
UNIVERSITY
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Literature Review

-Evan Kamp-
Textbooks Papers Online
* Vehicle Dynamics: Theory and * Analysis of Ackermann * Tech Explained: Ackermann
Application [23] Steering Geometry [74] Steering Geometry [59]

* Chapter7: Steering  Viable Steering Angles as a

Dynamics » Steering system for SAE Baja function of Slip Angle and
* Calculationsfor Turning [46] Lateral Force

Radiusand Viable Steering * Ackermann vs Parallel

Angles Steering Design

* Baja Virtual Presentation Series

[79]
* Day8 -
Steering Calculations

* Design and Optimization of
Steering Assembly for Baja

* The Science of Vehicle
Dynamics Handling, Braking,

and Ride of Road and Race ATV Vehicle [12]
Cars [77] e Design of Ackerman
e Chapter5: The Kinematics Steering Arms |
of Cornering NORTHERN
ARIZONA
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Papers

Optimal Design of
Suspension System of Four-

Wheel Drive Baja Racing [34]
« Suspension kinematics, shock
mounting positional data

Fine-Tuning Of the

Suspension System of Baja

ATV [33]

« Camber angle, wheel axle path

Redesigning the Cooper

Union SAE Mini-Baja Front

Suspension and Steering

[35]

« Steering angle, double a-arm
suspension system, calculations

Literature Review

-Bryce Fennell-

Online Textbooks
Baja SAE, SAE International, 2023. Suspension Geometry
[32] and Computation [36]
» Competition rules and guidelines for « Chapter 7, Camber and scrub
frame/suspension integration « Chapter 12, double-Arm
TUTORIAL ON LOTUS Suspension
SUSPENSION SOFTWARE [31] Road and Offroad Vehicle
« How to recover suspension data from Dynamics [58]
the program « Suspension
Lotus Shark Suspension | Tutorial characteristics pg: 379-422

[30]
« Basic overview of Lotus Shark software
* Suspension system input into program

NORTHERN
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Mathematical Modeling #1 - Front

Equations, Tools, and Examples

Hole bearing stress equation
for bolted connections to
design against tear-out and
deform [10]

Excellent example of
how to perform FEA
analysis on a steering

knuckle to optimize
design characteristics

0.00 60,00 (mm) )\‘
— ;

Lotus Shark software
will help define and
optimize suspension
geometry, allowing
hardpoints to be
established [7]

NORTHERN
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Mathematical Modeling #1 - Front

How much bearing stress will the central knuckle hole see from

the outboard cv spline during a jump?

Cage

Outer CV Joint [12]

Splined inner race Spline to
/ wheel hub

Standard Baja Weight (with driver): 500 Ib.
Max Acceleration During Scenario: 3*g
Drop Height: ~6 ft.

Duration of Impact: 0.1 seconds

Diameter of Spline: ~1”

Thickness of Contact Surface: ~2”

Answer can be validated by comparing to yield

strength of billetaluminum (26,107 psi, meaning oy,
is 4% of that [13]). This tells us that skeletonization
of the steering knuckle around the inner contact
surfacesis possible!

NORTHERN

ARIZONA
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Type: Equivalent (von-Mses) Stress
Urdt: WPy
Tavw: |
Max; 465,36
M 0.950642
48536 199159 81,7214
310.908 127.576 52.3485

FEA of a modeled A-arm

showing stresses developing
under a compressive load

2023 ETS SAE Baja vehicle using
lower front brace mounted front
suspension

Bryce| SAE Baja'24 | F23toSp24_09 | Sep 19, 2023

Mathematical Modeling #2 - Front

A-Arm Design, Forces, and Inputs

NORTHERN

ARIZONA
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Mathematical Modeling #2 - Front

A-Arm Design, Forces, and Inputs

Dimensioned model of upper A Control arm.
Dimensions are in Inches

Knuckle Mount

NORTHERN

Shock Mount
ARIZONA
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Chassis Mount location
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Mathematical Modeling #2 - Front

2-Dimensional shear force and bending moment diagrams on the upper

A-arm during a max force compression

Instantaneous Shear force equation: Bending Momentequation:

M= [Sfd

Upper A Control Arm 2-Dimensional Shear Force Diagram Upper A Control Arm 2-Dimensional Bending Moment Diagram

0 2 4 6 8 10 12 14 16
Distance From Chassis Mountaing Location (Inches) Distance From Chassis Mountaing Location (Inches)

Upper A Control Arm 2-Dimensional Shear Force Upper A Control Arm 2-Dimensional Bending

The upper A control arm must be designed to withstand a maximum bending moment

Diagram inthe Vertical Direction Moment Diagram in the Vertical Direction

of 4050 |Ibf*in at 13.56 in from the chassis pivot point

Bryce | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023

18

SolidWorks Isometric view of
upper A control arm with shock
mounting uprights
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Center of -
rotation T
-
0
) R,
|1
Diagram of Steering Radius correlated to Inner and
Outer Steering Angles [24]

The above diagram and following equations used are under the
assumption that the slip angles are close to or are 0° during a slow
turn. To meet this condition, the chart on the right must be used to

determine viable angles.

Evan | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Mathematical Modeling #3 - Front
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Effect of Width and Length on Viable Outer and Inner
Steering Angles. These angles are calculated as a

function of Lateral Force and Slip Angle [24]

NORTHERN
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Mathematical Modeling #3 - Front

Calculating the average Steering Angle

1
cotd = (COt 0o + cotd; ) E Preliminary Measurements

Steering Radius being calculated using center of Mass (a) Wheel Center Length (I) 64in
R = /a2 + 12 cot? 6. Wheel Center Width (w) 64in
Inner wheel angle (61) 50°

Calculating the Percent Ackerman Used

Outer wheel angle (60) 30°
%Ackermann = — __ % * 100% 6an 40°
R Rear wheel to center of gravity (a2) 32in
i i Results
Percent Ackerman Used 40%

Center of
rotation

/ Hypothetical Turning Radius (R)

R

NORTHERN

ARIZONA
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Project Schedule

Project Manager: Abe Plis
Project start date: a4z0ze September October November

Serolling increment: o ( } 13 20 21 22 23 24 2526 27 26 23 30 1 2|5 4 5 6 T & A W N 12 13 14 15 6 47 15 13 20 21 22 23 24 25 26 27 25 23 3| 1 2 F 4 5 6 T & 3 10 M 1215

Milestone description Hse::"T“:::e Assigned To Progress Stant Days T‘W‘T|F‘S‘S|M‘T‘W|T‘F‘S|S‘M‘T|W‘T|F|S‘S|M|T‘W|T|F‘S|S|M‘T|W|T‘F|S|S‘M|T|W‘T|F|S‘S|M T‘W|T|F‘S|S|M
Frame Completion in " I
CAD Milestane 1003102023 1 |
R |
Presentation 1 All Team MEA [ 4 af2eznd: 7
Major Sub-System Decisions All Team Team Leads 0z AaA2023 T
‘wiire Frame Frame Cooper Lead 0z A2z 15
Diefine Front Suspension Points
& Bregin CAD Front Bryce Lead 0z Az0z023 T
Diefine Rear Suspension Foints
& Begin CAD Fiear Seth [ A2OE023 7
Define Drivetrain Points & Begin - g i Henry Lead 0% 0D 7
Can
Meazure Hailey & Design Frame CooperLead 0% 0 i
Fiollcage
Concept Generation & Selection All Team Team Leads 0z AZEIZ023 1
Prezentation 2 All Team MiA 0 10032023 7
ackasiglntealscy ANTeam  Cooper & Henn Lead 0z 04342023 8
[Wheelbase, car length, etc.) P 4
Feport 1 & Webiste 1 All Team Seth 03 002002023 8
AR A DEE e, e Frame Mames 0% 1042023 oz
rear triangle, rollcage]

Abraham | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023




Project Schedule

Subsystem Designs Ililestone 232023 1 I

.
Fough Designs in CAD All Team Mames 0= 10112023 22
Analyzis Memao All Team Mames 0 0f2e2023 T
Pres 3 & 1zt Demo All Team Mames 0z T3 el 1hedc] )
Fefined Designs in CA0 All Team Mames 0 nezoz3 23
Report 2 All Team Mames [1}-4 NH342023 1

— e e o e o e e e e e e e e e EEs s _I

Full CAD Assembly )

Completed & BEOM Milestane MNames 0x 242023 8

s s e

Znd Demo All Team Mames 0 Wevizozz a

Website 2 All Team Seth 0z 121202023 ]

Progress: On-Track...but need to be more aggressive!

Next Steps (~1-1.5 Week(s) Out): wireframe, front/rear

\hardpoints & geometry, initial powertrain calcs & geometry

J

Abraham | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023




Project Budget

3

4

Vehicle Expenses

Spare Parts

Competition
Expenses

Contingency (5%)

Raw materials, hardware, $15,000
engine & drivetrain
components, tooling,
harness & safety
equipment, labor (if out-
sourced manufacturing)

Raw materials, labor (if $7,500
out-sourced
manufacturing), hardware

Registration, travel (hotel $4,500
rooms, vehicle rentals,
gas, etc.)
Unpredicted Expenses $1,350
Total $28,350

Lars | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Fundraising Plan

This is a steep budgetthat
won’t be covered by grants
or singular donations...turn
to sponsors!

Potential Sponsors:

Copper State, Mother
Road, Findley Toyota,
Home Depot, ETM, Gore,
HASS, N.A.P.A., etc.

Sponsor Methodology:

Request funding in return
for representation at
competition via

customized livery

NORTHERN

ARIZONA
UNINVERSITY



Rear Suspension Team

Joey Barta, Lars Jensen, Seth Deluca




Benchmarking #1 — Rear Trailing
Link

RIOT Racmg LSU Baja Bengals

1st in suspension 6th In suspension 43rd In suspension
(4th overall) (21st overall) (30th overall)

NORTHERN

ARIZONA
Seth| SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNIWERSITY



A-Arm

~Angled frame

mounts
ETS — 3rd in Oregon State University —
suspension (5th 3rd in maneuverability (2nd
overall) overall)

Joey | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Benchmarking #2 — Rear Double

Vertical frame
mounts

Cornell University — 2nd
in maneuverability (3rd

overall)

NORTHERN
ARIZONA

UNNERSITY



Benchmarking #3 — Rear Single H-

Northern Arizona University of Case Western
University (2" in Michigan (4t Reserve University  NORTHERN
suspension, 5" overall) overall) (6™ overall) ARIZONA

Lars | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNIWERSITY



Customer Reguirements

Tunability
Serviceability
Reliability

Ease of manufacturing
Low cost

Maximum Traction
Maneuverability

Lars | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Customer & Engineering
Requirements - Rear

Engineering Requirements
« Decrease weight (Ib.)

* Rear suspension under 50 Ibs.
* Increase strength (psi)
* Increase rearward axle path (in.)
« 1in. of rearward movement
* Increase linkage radii (in.)
e 22 in. camber links
* Increase ground clearance(in)
« 8in. of ground clearance
* Vehicle width (in.)
 Maximum vehicle width of 64 in.
« Decrease CV axle angle (degrees)
« 180 degrees

NORTHERN

ARIZONA
UNIVERSITY



QFD Discussion - Rear

Project: Lumberjack Motorzports SAE Baja Rear Suspension
System QFD : : i : i
Date: 9923
Decrease weight Input areas are in yelow
Increase strength 3 ™~
increase rearward axle path “‘«-.,,_‘
Increase linkage radii -1 “‘*-..x Legend
Increase ground clearance -f 3 1 A |CWRUR
Wehicle width 1 3 G 2 B |RIOT Baja
Decreaze CW axle angle 3 -2 1 C TS BAJA
Technical Requirements Customer Opinion Survey
£ @
o B o
o & =
® m| T 3 ®
= = | EB| §| 3 =
g gl E| 2| 8| E s 2 -
[} = = m =
. =l 5| 8| Z| B| §| © g x
E al 2 =l = = 2| & 5 8 8
E @ m m m m o & E Ty Lﬁ
7 G & o bk = = (¥}
. = o] [} ] [} (] [n] e}
Customer Reguirements o O 1= = c c = =1 oy o 3 1y
Tunability 2 2 3 & 7 3 2 7 C A B
Servicability 2 2 G A BC
Reliability 5 3 9 3 2 7 A B
Eaze of manufacturing 3 L Fif 1 1 1 1 c A B
Low cost 5 9 9 3 3 1 3 A c B
Maximum Traction 2 T & & 3 1
Maneuverability 4 5 1 ] & 5 7 1
%
Technical Requirement Units _ %
2 |d|eleleclels
Technical Requirement Units @ | % - o4 @ = | 8
W = N [t A W —
Absolute Technical Importance 120|133 a7 az| g 45 73 NORTHERN
Relative Technical Importance 2 1 3 4 7 6 5 ARIZD NA

UNNNERSITY
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Textbooks

-Joey Barta-

Papers

W. F. Milliken and D. L.
Milliken, Race Car Vehicle
Dynamics [48]

« Highly regarded as the "bible"
of suspension engineering.
Authors developed many of the
vehicle dynamics theories in
the book

R. G. Budynas, Shigley’s
Mechanical Engineering
Design [22]

» Useful source for failure
prevention as well as design
for mechanical elements

J. C. Dixon, Tires, Suspension
and Handling [49]

» Detailed coverage of the theory
and practice of vehicle
cornering and handling

*Suspension Types —
SUSPROG [50]

sillustrates potential rear
suspensions with downloadable
excel files pertaining to each.
J. Isaac-Lowry, “Suspension
Design: Types of Suspensions,”
[51]
short list of applicable designs to
reference inthe early stages of
design
*SLASIM: Suspension Analysis
Program [52]
software through MATLAB that
analyzes functionality of
suspension kinematics

Joey | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Literature Review

Online

*Setup Suspension 101 [79]
*Article expands on preload,

compression, rebound, ride-height,

and crossover spacerstuning.

Suspension Geometry

Calculator [65]
Provides an intuitive, simple

suspensiongeometry
calculator

NORTHERN

ARIZONA
UNIWERSITY



Textbooks

Vehicle Suspension
System Technology and
Design [60]

Chapter 4: Analysis and
Design of Suspension
Mechanisms

Geometric Design of
Independent Suspension
Linkages [61]

Chapter 2.2: different
mounting systems and
joints

-Seth DelLuca-

Papers

 Fine-Tuning of the
Suspension System [62]
* Includes information
regarding thingsto
look out for when
tuning suspension
* Design Analysis of 3 Link
Trailing Arm [63]
* In depthto 3-Link
Trailing Arm
* Design Analysis of H-arm
with Camber Link [64]
* Looks into H-arm
Suspension

Seth | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023

Literature Review

Online

Racing Aspirations
suspension Geometry [65]
* Quick suspension
software analysis
Spring rate and wheel rate
calculator [66]
» Calculates shock angle
when given different
parameters based on a
simple geometry

NORTHERN

ARIZONA
UNIVERSITY



Literature Review

-Lars Jensen-

Textbooks Papers Online

« Performance Vehicle « Suspension Design and
Dynamics: Engineering testing of an All-Terrain » Float3 EVO_L RC2 ,
and Applications [67] Vehicle using Multi-body Factory Series Owner’s

* Chapter 7 — Suspension dynamics Approach [69] Manual [72] . .
Kinematics, Chapter 8 — - Flow of design calculations *  Shock'service and tuning
Dynamic Modelling of for suspension parameters * A Squ?re Cf‘ - B_AJA
Vehicle Suspension « Optimal Design of ATV Vldeos Playllst [73]

* The Multibody Systems Suspension System of Four- * SolidWorks modeling of
Approach to Vehicle wheel Drive Baja Racing [70] iUSpEPS'On systems and
Dynamics [68] « Geometric design of rear nucKies

» Chapter 4 — Modelling and suspension
Analysis of Suspensions « Design and Optimization of
Systems Rear Wheel Assembly for

All-Terrain Vehicle [71]
 FEA analysis of rear knuckle NORTHERN
and hub ARIZONA

UNNERSITY
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Assumptions:
Corner weight = 150 Ibs
Unsprung weight = 45 |bs

Dimension A =16 in
DimensionB = 20in
Spring angle = 80 degrees

Spring rate

_ (Corner weight — Unsprung weight)

Dimension A
Dimension B

* sin(Spring angle)
90 degrees

70 degrees

Spring Angle

Spring angle =
Shock ride height = 2.27 in 60,70,80,90 degrees

-+~ Shock ride height

80 degrees
Spring rate =57.761b/ in Spring rate =58.651b/ in
Ef fective wheel ratio =36.96Ib/in  Ef fective wheel ratio =36.401b/in

60 degrees
Spring rate =61.461b/ in Spring rate = 66.69
Ef fective wheel ratio =34.731b/in  Effective wheel ratio = 32.01

Seth | SAE Baja'24 | 9 | Sep 19, 2023

Mathematical Modeling #1 - Rear

W hat angle should the shock be to the

suspension system?

Formulas [66]

Sprung height Motion ratio =
= Corner weight (m':)
Dimension

— Unsprung weight + sin(Spring angle)

Static load Sprin,g rate
_ Sprung weight Static load

~ Motionratio ~ Shock ride height

Effective wheel rate
= Spring rate
x+ Motion ratio?

NORTHERN

ARIZONA
UNBERSITY



Mathematical Modeling #2 - Rear

30 in. trailing link with different front pivot heights relative to the bottom of baja
car to test rearward axle path.

] T 0 T 0 | e N [ s B > et i
2 in. mount
Car BOttom —--fmmmmmmmmmee e g oo oo

Wheel Center - e e R

Rearward Travel: 1.11 in.
Rearward Travel: 0.76 in.

Rearward Travel : 0.42 in.
. 042in. 30in. 0.76n.

30in.

5.06in.
5.02in.

NORTHERN

ARIZONA
UNBERSITY
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Mathematical Modeling #3 - Rear

How does change in upper a-arm
position/length affect camber gain?

as

View Left View Right

Fine Tune Live Reports
Upper control arm (UCA) | Upper control arm (UCA) :Ride height @
18.75 in -6.5 deg 18.75 in -7 deg Chassis width top 625 in
Lower control arm (LCA) :Lower control arm (LCA) ' Chassis width bottom 16.625 in
19.75 in -6.1deg19.75 in -6.3 deg: Chassis hei ight verticalh ly 5.75in
Height 7 inHeight 7.125in Evs bﬁﬂ:ﬁ ;ffe E‘.‘ Esd: E g g
KP / spindle of fset 2.625 in kP / spindle of fset 2.75 in:p il o
/ hub offset 5125"‘;(9 / hub of fset 45 in
¥y
J
. ] . . . o
spngBiemen~__ | Goal: design a rear suspension with 90
wolt omis
camber at unsprung weight and negative
Contact Connection
Rear double h-arm (UCA-Upright)

camber (around 3-6°) under hard cornering.

" NORTHERN
ARIZONA
[79] Contact Joey | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023 UNVERSITY



Drivetrain Team

Henry Van Zuyle, Donovan Parker, Ryan Fitzpatrick,
Jarett Berger

" NORTHERN
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New CVT Sheave Geometry with Appropriate Total

Range

2023

Benchmarking #1 — Drive

Total gear ratio change

Researched other transmissions to find out
what is a good total transmission ratio change

Michigan 4.0:1 to .75:1 total range 5.333
Cornell 2.23:1 to .5:1 total range 4.46
Gaged 3.9:1 to .9:1 total range 4.333

New ECVT 2.66:1 to .588:1 total range 4.53

NORTHERN
Henry Van Zuyle| SAE Baja'24 | F23toSp24 09 | Sep 19, ARIZONA

UNNERSITY




Rear End Optimization
Integrated CV Cups

SR

N —

Purdue University

S\ orthern
S Arizona
8 University

o Cornell ,
=% University NORTHERN

ARIZONA
Donovan | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNNWERSITY




Benchmarking #3 - Drive

Front End Optimization

CV joint o o
Use CV joint rather than U-joint
* No binding with CV joint

U-joint  Increased range of angle

« Load is equally distributed

ETS BajaCV Axles Michigan Baja Front End

Jarett Berger | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023
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Customer Requirements

High top speed
Maximum efficiency
High torque

High service life
Low weight

High transmission range

Customer & Engineering
Requirements - Drive

Engineering Requirements

40mph top speed

80% drivetrain efficiency

400Ib-ft of torque to the wheels

1000-hour service life

Total drivetrain weight (w/out engine) 60lbs

1:4.5 total transmission range

NORTHERN

ARIZONA
Ryan Fitzpatrick | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNWERSITY



QFD Discussion - Drive

1 top speed
2 drivetrain efficiency
3 torque ko the wheels 5 Legend
4 service life A Comell 2022
[} tokal system weight [wiout engine) 3 B MAUZ0Z1 #21
3 total transmiszion range 3 [ C MAUZ0ZI#T4
7 Meetz HROE Guard specifications -5 | ™
Technical Requirements Customer Opinion Survey
2 ]
s 2
3| .| B
2| 2| &
W o
£ Bl = £l E| B
= 5| £ @ g 3
& = = = m .%i
= £ @ E £ = &
il ] F E = -4
i 2l =l B 2| £ E| g : g
E 2l §| 2| 3| E & = § 3
o o o o w -— n =
& =g Bl g g 3| E 8
Customer Needs ] = = = F = B =] - o L) o [P
1 Fast 5 £ E E 3 E E 1 [ =] A
2 High effeciency 3 k) k) E E 3 E 3 C E A
3 Fast acceleration 5 3 E g 3 g g 1 = B A
4 durable 1 1 E 1 g 1 4 g AC B
[} can crawl and go Fast 4 k) E k) 3 3 k) 1 C E A
[ MEEDS TOBE SAFE 5 1 1 1 E 1 1 9 G =] I
T Aesthetically Pleasing 3 q 1 q 3 q q 3 C A E
]
]
1
1
o %
i i H o e o
Technical Requirement Units E = = g Y = <
=| 5|3 2]lal]S]| =
— | =
Technical Requirement Targets = = 3 o
2| 2| 8| 2| 2| o F
Absolute Technical Importance § g g g g § 2
Relative Technical Importance - oo - - o o~ =

Drivetrain QFD

NORTHERN
Henry Van Zuyle | SAE Baja'24 | F23toSp24 09 | Sep 19, ARIZONA

2023 UNNERSITY




Literature Review

-Henry Van Zuyle-

Textbooks Papers Online

« Shigley’s Mechanical « US Patent US20180172150A1, < Shaft Splines &
Engineering Design [22] Electromechanically actuated Serrations [42]
« Chapter 17, Flexible continuously variable « Spline strength and
Mechanical Elements transmission system and geometry
* Machinery’s Handbook method of controlling thereof « Altair Motion View: CVT
[25] [37] Model [43]
* Chapter, Gearing « ETS ECVT patent * Helped me develop my
 An Experimentally-Validated CVT design software

V-Belt Model for Axial Force
and Efficiency in a
Continuously Variable
Transmission [38]

« Factors that effect CVT

efficiency
 Modeling and Tuning of CVT "~ NORTHERN
Henry Van Zuyle| SAE Baja '24 | F23toSp24 09 | Sep 19, Systems for SAE® Baja ﬁNR\IfERDSlqu%

2028 Vehicles [40]



Literature Review

-Ryan Fitzpatrick-

Textbooks Papers Online
« Shigley’s Mechanical  Methodology for Designing « Gear Designh by AGMA
Engineering Design [22] a Gearbox and its Analysis — Theory — The Engineering
« Chapters 13 & 14, IJERT [56] Blog [82]
Gears — General & Spur » Gearbox Design General  AGMA theory source
and Helical Gears * Design and Analysis of that includes lube factor
 Machinery’s Handbook Gearbox for SAE Baja « ALook at Belt, Chain and
[25] Competition — IJERT [55] Gear Drive Technology —
« Chapter 12, Gearing « Gearbox Design for SAE Power Transmission
« Lightweight Design of Engineering [83]
Gearbox Housing of Baja « Power Transmission
Racing Car Based on Options Discussion
Topology Optimization —  Chain Sprocket Calculator
Journal of Physics [81] [84]
» Gearbox Housing Design » Used to calculate

for optimization chain drive Qg ~ NORTHERN
ARIZONA

Ryan Fitzpatrick | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNIVERSITY




Textbooks

-Donovan Parker

Papers

Literature Review

Online

« Shigley’s Mechanical
Engineering Design [22]

« Chapter 17, Flexible

Mechanical Elements
 Machinery’s Handbook
[25]

* Machine Elements ->
Flexible Belts and
Sheaves/ Transmission
Chains

Donovan | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Design Analysis and
Fabrication of the
Powertrain System for
All-Terrain Vehicle —
IJERT [80]

« Calculations
SAE Baja 24 Rule Book
[89]

« Belt, Gear, and Chain

Drives

Design of a Drivetrain for
SAE Baja Racing Off-
Road Vehicle — IJAEMS
[85]

* Powertrain

Belts and Chains Play to
Their Strengths — Power
Transmission
Engineering [88]

Belts/ Other Drives — Baja
SAE Forums [87]

Belt and Chain CVT:
Dynamics and Control —
Mechanism and Machine
Theory [86]

NORTHERN
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Literature Review

-Jarett Berger

Textbooks Papers Online
« Shigley's Mechanical « Spur Gear Designing and « Methodology for
Engineering Design [22] Weight Optimization — Designing a Gearbox and
« Chapter 14, Spur IJERT [45] its Analysis - IJERT [56]
and Helical Gears, « Designing spur gear « Design approach for
Chapter 18, Power « Design, Analysis, and gearbox
Transmission Simulation of a Four- « Design and Analysis of
« Machinery's Handbook Wheel-Drive Transmission Gearbox with Integrated
[25] for an All-Terrain Vehicle — CV Joints — Blog [57]
» Gears, Splines, and SAE [54] * CV joints integrated

Cams « 4WD analysis
« Design and Analysis of
Gearbox for SAE Baja
Competition — IJERT [55]

« Gearbox analysis NORTHERN
ARIZONA
Jarett Berger | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNIWWERSITY

with output shaft



2

2C

T x12

F, = = 1048 lbf (Tension Side Force)

1=
r

D—d
®p =+ 2sin"!——— = 4.001rads = 229.243°

&, =m—2sin"!——— = 2.282rads = 130.757°

Mathematical Modeling #1 - Drive

Wrap angle and Centrifugal Force

Creep prevention and Maximum power output
L=4C2 - (D —d)?+= (DcDD +dd,y) = 110.92 in.= 9.24 ft and efficiency for 4WD integration

« Wrap angle calculation

« Belt Length calculation

« Centrifugal force calculation

2T
F, =F ——=01Ibf (Slack Side Force)

d
Where:
@4 =Smaller pulley wrap angle
@, = Larger pulley wrap angle
L = Belt length
F, = Tension side force
F,= Slack side force

Fy=F,+F - AF2 (g A
. D-
=F,+F -Tid e

Fy=F,+F.+AF2
=F,+F. +Td

Donovan | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023
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Ifg=m
2sin (!g-) * [ZFC!amp tan [%‘) +%2'M3e!t * Rz * mz]
To(Ibf) = -
cos (E (g — n)) * (eref + 1)
Ifg<m
: 1
2 sin (%) * [ZFcMmp tan (%) "‘ﬁMﬁeaz « RZ & mz}
To(lbf) = -
cos (? (m— ;3)) x (eref + 1)
Radiusc, ,na
TM‘”s.ecandary (ft+lbf) = (T'I'augh.r Secondary — Tstack Semndﬂr'_y) * i‘-;mn =

T, = Tﬂeﬂeﬂ

T-':l Primary “bf} = Tl Secondary

Governing Equations for CVT Geometry and Forces

Henry Van Zuyle | SAE Baja'24 | F23toSp24 09 | Sep 19,
2023

Mathematical Modeling #2 - Drive

CVT Geometry and actuation force
requirements

Utilized a matlab script to iterate through

 CVT sheave geometry to ensure large
enough total ratio change

« Secondary cam geometry to generate
sufficient clamping force

NORTHERN

ARIZONA
UNWVERSITY




Mathematical Modeling #2 - Drive

CVT design with non-optimized components

Henry Van Zuyle | SAE Baja'24 | F23toSp24 09 | Sep 19,

Results

Center to center is 9.5 inches
Sheave angleis 12.77 degrees

Sheave diameters clear each other and the
motor

CVT has a competitive range of 4.533

Max actuation force from primary is 301
LbF

NORTHERN

ARIZONA
UNIERSITY



Rear Power Transmission
Did research and basic calculations to

3.00

chain or gear drive.

%@ « Gearboxtakes up 60% less space (see
modeling to the left)

3.58

Chain Drive Basic Sizing Gearbox Basic Sizing * Gearbox requires less maintenance [83]

: : * The top teams run gearboxes
By taking the torques and angular velocity on P J

each stage the minimum ANSI Chain Number of From these calculations, we have
#50 was determined. These values were inputinto decided to move forward with a gearbo
an online sprocket calculator [84] and the above as opposed to a chain drive.

dimensions were determined for a chain drive.

Ryan Fitzpatrick | SAE Baja '24 | F23toSp24 09 | Sep 19, 2023

Mathematical Modeling #3 - Drive

determine if power should be transmitted via

« Gearbox is slightly more efficient (Chain drives
have efficiencies “up to about 98%” [83] versus
o< | X gearboxes efficiencies of “less than 2%” [22]).

NORTHERN
ARIZONA

UNVERSITY



Gear?2 (Input)

Gear4

Geard

Preliminary Gearbox Design

Ryan Fitzpatrick | SAE Baja '24 | F23toSp24 09 | Sep 19, 2023

Gear 5 (Cutput)

Rear Gearbox Design

Looking to achieve a reduction of ~9.2 via a
two-stage compound gear train while
minimizing the space occupied by the gearbox
to allow for better rear suspension geometry.

teeth - (2nd Stage) - 12 teeth

Diametral Pitch : P = % ; P (1st Stage) = 16

in in

product of driving tooth numbers

Train Value : e = e = —
product of driven tooth numbers ' target 9.2

Minimum Pinion Teeth : Np, ., = 2k -(m + /m? + (1 + 2m)sin? ()

where... k = 1 (for full-depth teeth)
@ = 20deg (standard pressure angle)
Input RPM = 1200

Output RPM = 120-140

Gear d(diameter,in) N (number of teeth)
1.5

4.5

1.83

LA o | 2

5.33

Mathematical Modeling #4 - Drive

NORTHERN

ARIZONA
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Cear |

Preliminary Gear Design

Gear 1 Gear 2

Teeth 12 49
Pitch Dia. (in) 1 4.08333
Dia Pitch (teeth/in) 12 12

Gear Calculations

Jarett Berger | SAE Baja'24 | F23toSp24_09 | Sep 19, 2023

Mathematical Modeling #5 - Drive

Front Gearbox Design

« 1 stage gear reduction to achieve more
torque and steering traction

» Size of gear teeth will minimize front end
space so that suspension and steering
designs are optimized

Table 13-2 Tooth Sizes in General Uses

Diametral Pitch P (teeth/in)

Coarse 2, 3 , 3,4, 6,8, 10,[12,|16

2

e | o

P
4

2k

Minimum Teeth for Pinion: N, = i’ (1+ ‘\,‘351’?1,2(1))
sm

N sin’ ()—4k"

Maximum Teeth for Gear: N _ = >
G 4k—2N *sin” ($)

K (Full-Depth)=1
Pressure angle ® = 20deg

NORTHERN
ARIZONA

UNWVERSITY



Frame Team

Cooper Williams, Gabriel Rabanal, Antonio Sagaral

NORTHERN
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Benchmarking — Frame

g7 |
cmm@@%%u
o = (ef i

, = =,
: ’&gsn‘f-"-"’-fs?

ETS University of Michigan Cornell University
Rear Brace Rear Brace Front Brace
1st overallin Oregon 2023 4th overallin Oregon 2023 4th overallin NY 2020

NORTHERN

ARIZONA
Antonio Sagaral | SAE Baja'24 | F23toSp24 09 | Sep 19, 2023 UNWERSITY



Customer & Engineering
Requirements - Frame

Customer Reqguirements
« Lightweight

* Durable

« Easy to manufacture

« Satisfy SAE Baja frame guidelines

« Affordable

« Maneuverable

* Rigid

* Fast

Engineering Requirements

» Steel carbon content greater than 18%
* RRH angle between 0 and 20 deg

Roll Cage, Primary Members (filled in black), Rear Braced Frame

* Primary members minimum specs: 0.984in O.D. and
0.062inwall thickness

« Secondary members minimum specs: 1.0in O.D. and NORTHERN

0.035inwall thickness . , ARIZONA
Cooper Williams | SAE Baja '24 | F23toSp24_09 | Sep 19, 2023 UNWERSITY
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[}

b B = Iy I PR g ]

w00 - T e OO RO

Project:|Baja 24 Frame
System QFD Date: [9/14/23
Decreasze weight
Decrease length of body i} Legend
Decrease width of body 3 -9 A sttt
Decrease Cost -9 3 3 E st
increase aerodunannics -3 | B 3 -3 C lsitthsismsrasarilcdutsbalilal
Increaze strength of Frame i} -3 ] -9 | -6 [\'\\
Technical Requirements Customer Dpinion Survey
£
gl & 8| £
£ S| = E| %
= = 2 B g =
g 5| 8| | 8| 3| 2 2 -
2 5| 2| 8| 5| £ £ B
I @ o @ o L v . = o
g 2 Bl 8 & g B B g 2
g g 8| B 8| E gl & 2 i
£ = = = =
Customer Needs o [l o [=] [t £ =1 D o ™ -+ 0
Rigid 3 1 E 3 3 1 ] ABC
E azy to manufacture 3 3 3 1 3 [ 3 B AC
daneuryerable 2 3 ] ] 1 1 3 ABIC
besthetics 1 3 1 3 3 9 1 C B [
Durable 2 3 1 3 3 3 ] AC B
Satizfu SAE Baja Frame Guidlines 4 3 1 [ 3 1 E ABC
Stable 3 1 3 ] 1 3 B C  AB
Fast 3 g 3 3 4 9 3 BC A
Lightweight 4 ] B 3 ] 3 B ABC
Affordable 3 ] E 3 ] g E ABIC
Technical Regquirement Units
Slclele|B5|2
Technical Requirement Targets
z| 2
Absolute Technical Importance E g E E E E
Relative Technical Importance| o Te) -+ o ) —

Gabriel Rabanal | SAE Baja'24 | F23toSp24 09 | Sep 19,

2023

Main Customer Needs

Main Engineering Requirements

OFD Discussion - Frame

Satisfies SAE Rules
Lightweight
Affordable

Easy to manufacture

Increased frame strength
Decrease cost
Decrease weight
Decrease body width

NORTHERN

ARIZONA
UNSWERSITY



Textbooks

« Materials selection in
mechanical design [18]
* Ch 5-6: material
selection process
« The Automotive Chassis:
Engineering Principles
[14]
« Ch 6: loading effects on
chassis types, braking
behaviors

-Gabriel Rabanal-

Papers

A novel approach for design
and analysis of an all-terrain
vehicle roll cage [15]

« Impact analysis for rear
braced frame design

« Computational analysis for
improved design of an SAE
Baja frame structure [16]

* Rear braced frame
analysis and materials
discussion

 Design and FE analysis of
chassis for solar powered
vehicle [17]

* Frame material comparison

Gabriel Rabanal| SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

Literature Review

Online

 Mini Baja Vehicle Design
Optimization [19]
« Bracing analysis/failure
testing
« SolidWorks BAJA SAE
Tutorials - How to Model
a Frame (Revised) [20]
« CAD Tutorial, Design
of SAE Baja frame in
SolidWorks

NORTHERN

ARIZONA
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Literature Review

-Antonio Sagaral-

Textbooks Papers Online

« Shigley's Mechanical « Design, Analysis and « [Front Impact Test &
Engineering Design [22] Optimization of a BAJA-SAE Meshing] BAJA SAE Roll
« Ch 2-22: Materials Frame [39] Cage/Frame Design in
selection  FEA Analysis and Material ANSYS Workbench Static
 Fundamentals of Machine options Structural [53]
Component Design [29] « Design and Construction of a * Impact testing points
« Ch 11: Rivets, Welding, Space-frame Chassis [41] and strategies
and Bonding « Suspension forces and  Baja SAE
FEA Analysis Frame Investigations [47]
« DESIGN AND STRUCTURAL * Investigation of rear vs

ANALYSIS OF BAJA FRAME front brace frames

WITH CONVENTIONAL AND

COMPOSITE MATERIALS [44]
* Impact analysis and stress

calculations "~ NORTHERN

Antonio Sagaral| SAE Baja'24 | F23toSp24 09 | Sep 19, ARIZONA
2023

UNNVERSITY



Textbooks

« Shigley's Mechanical
Engineering Design [22]

« Chapter 9: Welding,
Bonding, and the Design
of Permanent Joints

« The Automotive Chassis:
Engineering Principles [14]

« Ch6.1: Vehicle and body

center of gravity

-Cooper Williams

Papers

Literature Review

Online

* Design and Analysis of Chassis
for SAE BAJA Vehicle [19]
« Member Stress Analysis
« Mathematical Model for
Prediction and Optimization of
Weld Bead Geometry in All-
Position Automatic Welding of
Pipes [25]
« Strength of Welds given
several factors
« Design, analysis and
optimization of all-terrain vehicle
chassis ensuring structural
rigidity [21]
« Provides analysis for different
frame impacts

Cooper Williams| SAE Baja'24 | F23toSp24_09 | Sep 19, 2023

Design Judging
Discussion [28]
Discusses how some

Getting Started with

judges approach
scoring vehicles

weldments in
SOLIDWORKS [27]

Introduction to
Weldments,
Manufacturing

NORTHERN

ARIZONA
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Densities of Suitable Steels

Density

(Ib/inA3)
1018 LC, 0.284
CD Steel

1020 LC, CD 0.284
Steel

4130 MC, CD 0.284
Steel

Table: Density Comparison

Cooper Williams| SAE Baja'24 | F23toSp24 09 | Sep 19, 2023

athematical Modeling #1-Frame

Material/Cost Comparison

Each year, about 80 feet is
purchased for frame
manufacturing

Only use about 90% of the 80ft

_m
P=Yy

p: density, Ib/in3

m: mass, lbm

V:volume, in3

NORTHERN

ARIZONA
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s tmeins Lo _Luso_Lion Lion

O.D. (in) 1.125
Wall thickness 12 12 12 12
(in)
Sp(klb*in) 3.513 4.128 3.323 4.381
Ag (in?) .3317 .3317 .3317 .3789
Equations
Sy 1
y
o ‘E; — —_—
’ CD D
_ 0\ 2 0 2
* As = () (S — twau)

Gabriel Rabanal | SAE Baja'24 | F23toSp24 09 | Sep 19,

athematical Modeling #2 - Frame

Frame Material Comparison
Calculations performed for primary members
SAE Specifications:

Minimum OD of 1”

Standard minimum thickness of .12”

t

wall
NORTHERN
ARIZONA

UNNWERSITY

2023



Equations
° Sb — M
. K, = EI

O.D. (in) 0.984
.D. (in) 0.748
Wall 0.118

thickness (in)
K (klb*in) 948.6

S,(klb*in)  3.513

Antonio Sagaral | SAE Baja '24 | F23toSp24 09 | Sep 19, 2023

0.76

0.12

948.6

4.128

1.125

0.959

0.083

1076.2

4.163

1.12

0.065

1235.5

athematical Modeling #3 - Frame

Primary Member Tube Specs

Base 1018 4130 4130
requirements

NORTHERN
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Thank you!
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“Nau Sae Baja team on Instagram: ‘so excited to see
where our team members end up in the next few
years...and that’sa wrap!,”” Instagram,
https://www.instagram.com/p/COdOnAALOOO/?utm_so

urce=ig_web_copy_link&igshid=MzRIODBiNWFIZA
(accessed Sep. 12, 2023).

“Baja ETS on Instagram: ‘Rencontre d’infromation le
21 septembre au local D-2027! il n’est pas trop tard
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