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ABSTRACT

Senior Mechanical Engineering Technology students at
the University of Cincinnati participate in Baja SAE, an
annual intercollegiate engineering design competition
organized by the Society of Automotive Engineers, as a
senior capstone project. This paper outlines the team
structure, discusses our efforts so far this season, and
then goes into further detail regarding the steering sub-
system design and analysis.

INTRODUCTION

Baja SAE is an annual intercollegiate engineering design
competition organized by the Society of Automotive
Engineers for undergraduate and graduate students
from Universities all over the world. The purpose of the
competition is to simulate a real-world engineering
design project and the numerous challenges that
inevitably arise when attempting to tackle a project of
this magnitude.

The general design goal is to produce a single-seat all-
terrain sporting vehicle which will contain the driver
within its structure. Briggs and Stratton support the
competition through the donation of a Model 20 single-
cylinder ten horsepower engine, which is required to be
utilized on all vehicles. Each team is competing to have
its design selected for approval by a fictitious power
sports manufacturing company with the intent of
producing 4000 wunits annually. The teams are
responsible for all aspects of the design process, from
fundraising to designing to manufacturing and testing.

Design validation comes in the form of a series of
rigorous static evaluations and dynamic challenges at
each competition. Each vehicle is evaluated in terms of
cost-to-manufacture as well as overall quality and
understanding of the design. After passing a rigorous
safety and technical inspection, the teams compete
head-to-head in a number of dynamic racing events over
two days, culminating in a four hour endurance race on
the final day of competition.

2013 BEARCATS BAJA TEAM

The 2013 Bearcats Baja Racing Team is seizing upon
the momentum created by the successful 2012 team last
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year and harnessing our energies to improve the team’s
performance in the 2013 competition season. The team
has continued to grow in size and sophistication, from
seven members at this point last year to fifteen active
team members now including students from outside the
MET department for the first time.

SENIOR DESIGN TEAM - The 2013 design team
consists of seven Mechanical Engineering Technology
seniors. Leading the overall design as Chief Engineer
and Team Manager is the author. In addition to the
system engineering responsibilities of Chief Engineer,
the author is also the steering system design lead. Front
suspension design is being handled by Ricardo
Hinojosa. Nick Brockman reprises his role from the 2012
team as rear suspension lead. Joining the team this year
as frame design lead is Brooks Biteman. Jason Taxis is
the brake system lead. This year’s drivetrain design is
being handled by two seniors; focusing on the CVT side
of the design is Ben Steele while Bryan Vamos is
devoting most of his time to the driveline components
after the gearbox. The team is advised by Dean Allen
Arthur.

DESIGN GOALS - Design work began in June
immediately after the conclusion of the 2012 competition
season. At one of the initial meetings a list of
performance goals and design specifications was
established. This is presented below, with comparisons
to the previous year for certain items:

e Track Width - Front: 56" (2012, 56")

e Track Width - Rear: 54" (2012, 64")

e Wheelbase: 60" (2012, 63")

e Firewall to Rear Axle: 20.5" (2012, 24™)

e Weight w/o Driver: 380 Ib. (2012, 550 Ib.)
e Ground Clearance - Front: 14"

e Ground Clearance - Belly Pan: 11"

Ground Clearance - Rear: 12"

e Suspension Travel - Front: 12"
e Suspension Travel - Rear: 13"

e Top Speed: minimum of 35 mph

Vehicle Sub-System Weights — Based on the measured
weights of various components on the 2012 vehicle and




the desired performance characteristics of the new car,
weight goals were established for each subsystem on
the 2013 vehicle. This breakdown is presented in figure
1 below.
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Figure 1 - Vehicle System Weights

2013 COMPETITION SEASON — In the 2012 season we
attended one official race, Baja SAE Auburn, and no
unofficial races. This year the team is expanding our
presence at both official and un-official Baja
competitions. We are registered as car #22 for Baja SAE
Tennessee Tech which was held April 18-21, 2013 and
car #97 for Baja SAE Rochester which will be held June
6-9, 2013. In addition to these two officially sanctioned
Baja SAE events, the team attended an informal race
hosted in Louisville, KY in October of 2012.

The University of Louisville organizes an event they call
Midnight Mayhem and this past October 6" was its
fourth running. Our team took the slightly-modified 2012
vehicle down and gained valuable experience. The team
qualified eighth on the grid thanks to some fast driving in
the  maneuverability and  acceleration events.
Unfortunately, mechanical issues with the chain driven
powertrain prevented us from finishing as strongly, but
the knowledge gained from this experience is invaluable.

BUDGET - Fundraising for a project this size is a
massive undertaking by itself. It was determined in early
April that a budget of $32,000 was necessary for this
competition season. That number assumed the team
would be competing with two cars at two official
competitions. Unfortunately, registration for the official
events prevented us from running both cars and so the
budget was modified to reflect the reduced registration
fees and transportation costs. $25,000 was the new
magic number. The breakdown of this budget can be
seen in figure 2.

A marketing brochure was created by the author in June
to be sent out to prospective sponsors. Initially, progress
was slow but by September the money was starting to
roll in.

Plan B - $25,000 Team Budfet Distribution
Frame + Composites egistration 'S

Hotel / Lodging
$3,250.00
13%

Figure 2 - Team Budget

By October 2012 the $25,000 budget goal was met.
Fundraising efforts continued through the year to
mitigate any miscalculations or oversights, but no
significant additional contributions were received due to
the lack of effort expended in this direction.

MANAGEMENT - The organization of the team’s efforts
this year has also been a major project for the author.
This year’s team is bigger than any in recent history and
keeping everyone on the same page with research and
design tasks was a major challenge.

Communication — The communication solution we have
chosen to implement this year is made up of three parts.
The primary method of communication is through a
private Facebook group. This group includes all the
senior team members as well as alumni and
underclassmen. This allows the team to build on the
knowledge gained from year to year rather than starting
from scratch at the beginning of each season.
Unfortunately Facebook is not very good at keeping
design data organized in an easily accessible manner.
This brings in the second part of our communications
strategy, Dropbox. This is a service which lets you
remotely back up all files contained in a certain folder on
your computer. This means that any file you save to your
Dropbox folder will automatically save to all your linked
computers, phones and also to the Dropbox website. It
also makes it easy to share and synchronize these files
with others. Dropbox includes version tracking and will
let you restore deleted files or revert to older versions of
files — extremely useful in a team environment. The final
part of our communications plan is the good old-
fashioned blanket phone call and email list, used
whenever something immediately important needs to be
spread to the team.

Conflict Resolution — Despite projections to the contrary
and historical precedence, through hard work on our part
the senior design team has maintained the roster it
began with in June 2012. Nothing is perfect, however,
and there have been some issues to overcome along the
way. We have managed these issues as they came up
in the way that seemed best to the author at the time.




Our first major hurdle involved redefining the scope of
the drivetrain projects for this season. The two seniors
were initially extremely reluctant to alter their ideas, but
after we sat down together and the author presented the
rationale from the team perspective we were able to
work out a compromise.

There were also some internal issues between a few
team members. As the year wore on, tempers wore thin
and mediating became increasingly difficult as the stress
of impending deadlines spiked. Eventually the author
had to come to accept that even if we couldn’t all be best
friends, we could still work together and accomplish
great things. Despite the tension between some of the
team members, we were able to execute effectively at
the competition.

Team Meetings — The team met every other Saturday
throughout the summer and then twice a week once
school began. The purpose of these meetings was to
keep the team aware of each member’s research and
design efforts, problems they encountered, fundraising
progress, etc. The author set the agenda and ran these
meetings.

STEERING SYSTEM DESIGN

PROBLEM STATEMENT - The configurations of many
steering systems implemented on Baja SAE vehicles are
too narrow and suffer from a number of adverse effects
because of this. The rack ratio must be sufficiently low to
permit precise steering motion without excessive
movement of the driver’s wheel. Other areas that need
to be addressed include mitigating bump steer as much
as possible, positioning the steering column out of the
way of the driver to permit rapid egress in the event of
an emergency, and including sufficient adjustability in
the system to permit effective tuning (caster, camber,
and toe.) In keeping with the overarching goal of this
project, the chosen solution must be optimized for
weight. Additionally, the chosen solution must exhibit the
following characteristics:

Rigidity

Compactness

Ease of operation

Ease of maintenance

Compatibility with data acquisition systems

RESEARCH' — There are at least five major variables
affecting the steering of a vehicle at any given point:

1. Steering hand-wheel position

2. Static toe angle — preset before operation

3. Bump steer — geometric property of the
suspension design

4. Roll steer - geometric property of the suspension
design

! Figures in this section come from [10]

5. Compliance of the linkages comprising the
steering system

Simplified Two-Wheel Vehicle Model —Understanding
the kinematics affecting a vehicle as it makes a turn is
more easily accomplished by first considering a
simplified model comprised of two wheels in-line, having
a wheelbase of L inches, taking a corner of radius R
inches without leaning. The required angle of steering to
make this turn is approximated as:

Ok = arctan (L/R) = (L/R)
as shown in figure 3 below. Rearranging this equation,
one may determine the turning radius in the front and
rear for any given steering input angle;

Rf =L/ sin(d) and Rg = L / tan(dy)
The difference between these two values is known as
“off tracking” and is mainly a concern in longer
wheelbase vehicles, such as trucks, or in especially tight
turns where the tighter radius in the rear could result in a
collision with the curb or other obstacle.

Cr

Figure 3 — Simplified Two-Wheel Vehicle Model

Ackermann Steering Principle — The simplistic
assumptions utilized in the model analyzed above do not
hold when considering a vehicle possessing four wheels
as shown in figure 4 below. For such a vehicle to
maintain zero-slip conditions at low speeds the turning
center must still be in line with the rear axle. In order to
make this possible, the inner front tire must turn in at a
greater angle than the outer. This is known as the
Ackermann steering principle, named after one of its
discoverers. A vehicle possessing full Ackermann
minimizes tire scrub, rolling resistance, tire wear, and
surface damage at low speeds.

Figure 4 — Ackermann Steering Principle



Full Ackermann is derived mathematically from:
A¢=-(T¢-sinBy)/ Ry = (Ts-L) / R?
and
Ai=0Lr=0L-0r
so
fa=0_r/ A; = 1.0 for full Ackerman effect

Rack Positioning — Creating the differential steering
angle at the front wheels is often accomplished through
off-setting the steering arm on the wheel hub (see figure
5 for a number of alternative ways in which this may be
accomplished.) In plan view, the included angle between
the steering arm and tie rod to have 100% Ackermann is
given to be approximately:
Osta=1.6(T/2L)=0.8(T/L)

(a) (b)

(c) (d)

1, -

Figure 5 - Alternative Means of Creating Ackermann

The ideal location of the steering rack can be
constructed geometrically through analysis of the
suspension positions in bump, as shown in figure 6
below. First define three points P4, P,, and P3,
representing the three-dimensional coordinates of the
steering arm end at -0.1m droop, static ride height, and
0.1m bump; neglecting the effect of the steering rack at
this time. The three points define a plane with a local
coordinate system (u, v, w) with its origin at P,. Axis u is
in-plane and runs between P, and P,. Axis w is normal
to the plane. Axis v is perpendicular to the first two axes.
The ideal location of the rack end is at the center-point of
an arc swept through these three points. This point can
be located by converting the point coordinates from
vehicle space to local space (u,v,w) coordinates and
applying the szthagorean theorem:

R%= ug2 + Vo~ = (Ue- Ug)” + (V- V3)?

Vo = [us” + va® = 2(ug* ug)] / (2 * va)

Figure 6 - Geometric Construction of Pivot Point Location

ALTERNATIVES - There are several configurations
which could satisfy the product requirements outlined in
the problem statement section above. Presented below
are three potential configurations:

1. The simplest configuration would be an off-the-
shelf steering wheel mated to a straight shaft
into a purchased steering rack which transmits
steering movement through manufactured tie-
rods to the wheel uprights.

2. The lightest configuration would incorporate
nothing but custom manufactured parts
optimized for weight. Existing commercial off the
shelf (COTS) parts are overbuilt for our
application. In all other respects this would be
the same as configuration one.

3. The configuration which compromises between
weight, design freedom, and the budgetary
requirements of the team is selected and
proposed below:

PROPOSAL — The design configuration which best suits
the needs of the team is comprised of a COTS fast-ratio
steering rack coupled to custom design spacers to
minimize bump steer and to optimize Ackermann effect,
transmitting steering hand-wheel motion to the wheel
upright through a custom designed tie-rod assembly with
a ball-joint on one end and a rod end on the other. The
driver will interface with the system through a custom
designed quick-disconnect steering wheel, transmitting
torque through three shafts connected by universal joints
which permit unobtrusive installation on the vehicle. A
diagram of this configuration is shown below in figure 7.

Figure 7 — Proposed Steering System Configuration

Steering Rack Selection — Due primarily to budget
considerations, a COTS steering rack was selected over
a custom design. A number of different ratios are
available from manufacturers, from 20:1, 15:1, 12:1, and
finally down to 6.4:1. The two preceding UC teams have




used racks with a ratio of 12:1. Experience has shown
that excessive steering input motion is required during
tight maneuverability exercises. For this reason, the
fastest ratio, 6.4:1 was chosen. This ratio will permit a
full lock-to-lock motion of the steering wheel without
requiring hand-over-hand movement; approximately
350° of rotation are available.

Rack Spacer Design — The selected steering rack is not
wide enough to place the tie-rod pivot point at the
optimal location to minimize bump steer (as was
discussed above in the research section). This can be
corrected through the design of a steering rack spacer.
The selected design fastens to the off-the-shelf steering
rack by shoulder bolt through the center and a slip-fit
collar which rides on the shaft. This part is shown in
figure 8 below, complete and sectioned:

‘

Figure 8 — Rack Spacer

The required width of the spacer was determined
through kinematic analysis of the suspension linkages.
This is shown in figure 9 below:

o

10.13

<

Figure 9- Rack Spacer Pivot Point Location

Tie-Rod Assembly Design — The tie-rod is a simple two-
force member in normal use. One end is fastened to a
purchased Polaris ball-joint and mates to the wheel
upright, also a purchased Polaris part. The other end of
the tie-rod is fastened to a rod-end and mates to the
steering rack spacer. The design element comes in
determining the required diameter, length, and material
properties to be used for the tie rod itself as is illustrated
in figure 9.

Figure 10 - Tie Rod Assembly

Steering Wheel Design — It was decided to design a
steering wheel rather than purchase one off-the-shelf to
enhance the steering speed. The wheel diameter
combines with the ratio of the rack and pinion to define
the overall steering ratio and the degree of input required
from the driver. Wheels offered on the market are
typically circular in shape. The selected steering rack
does not permit the steering wheel to turn more than
about £170°, so a butterfly-type steering wheel may be
employed since the driver never has to remove his
hands. A custom designed wheel also permits a more
ergonomic shape specific to our drivers. Shown below in
figure 10 is the butterfly-type steering wheel initially
selected.

Figure 11 — 10” Dia. Butterfly-Type Steering Wheel

After ten hours of testing, it was determined that the
narrow butterfly-type wheel imposed too high a load on
the driver during simulated maneuverability events,
resulting in rapid driver fatigue. Two further wheel
iterations were experimented with and a final iteration is
shown below in figure 11.



Figure 12 — 12” Dia. Cutaway D-Type Steering Wheel

PROOF OF DESIGN — The best validation of a design is
real-world testing. After vehicle assembly was
completed, the team performed twenty hours of dynamic
testing in various atmospheric conditions and over
various terrain types in an effort to simulate the potential
rigors encountered in the competition environment.
Throughout this testing, no part of the system
catastrophically failed. As was previously discussed in
“Steering Wheel Design” above, areas for improvement
were identified and iterated upon. The final system was
to the team’s liking and performed its required duties at
competition, contributing to the team taking 13" in the
Maneuverability event at Baja SAE Tennessee Tech.

Shaft Spacer Analysis — Shown in figure 13 are the
results of an angled 6000 Newton load applied to the
pivot of the rack spacer. The part is fixed on the internal
face on the right, representing the bolted connection to
the steering rack. For 6061-T6 material, the given yield
strength is 275,000,000 N/m®. The maximum stress is
located, as expected, at the concentration points created
by the cutout for the rod-end on the left side. This gives
a maximum stress of approximately 216,000,000 N/m?
and a minimum factor of safety of 1.27.

Figure 13 - FEA Results; Rack Spacer

PRODUCTION SCHEDULE - Below is the proposed
schedule for design and manufacturing of the steering
sub-system, beginning in mid-October through the end
of the initial manufacturing phase on 1 JAN 2013.

ITEM 15-Oct| 22-Oct| 28-Oct| 4-Nov|11-Nov| 14-Nov| 19-Nov| 23-Nov| 26-Nov]|

OEM part selection
Shaft support design
Rack support design
Steering Wheel Design
Shaft Spacer optimization

Design Stage

Create Machining Drawings
Finalize solid models |

Purchase OEM parts
Purchase raw materials
Machine steering shafts

Machine tie rods
Machine rack spacers
Fabricate Steering Wheel
Fabricate Custom Grips
Assemble sub-components
Vehicle Integration

= -

Mfg Stage

ITEM 30-Nov| 3-Dec| 7-Dec| 10-Dec| 14-Dec| 17-Dec| 21-Dec| 24-Dec| 28-Dec| 1-Jan

Purchase OEM parts

Purchase raw materials
Machine steering shafts
Machine tie rods
Machine rack spacers
Fabricate Steering Wheel
Fabricate Custom Grips

Assemble sub-components

Mfg Stage

Vehicle Integration

Figure 14 — Proposed Production Schedule

Due to some bureaucratic complications in dealing with
the University, our aggressive completion deadline was
unable to be met. Rather than rush to finish, an
additional month was added to the plan, with a new
completion target of 1 FEB 2012. The actual production
schedule is shown below:

ITEM 15-Oct| 22-Oct| 28-Oct| 4-Nov| 12-Nov| 14-Nov| 19-Nov
OEM part selection
Shaft support design
Rack support design
Steering Wheel Design
Shaft Spacer optimization
FEA
Create Machining Drawings
Finalize solid models
Purchase OEM parts
Purchase raw materials
Machine steering shafts
Machine tie rods
Machine rack spacers
Fabricate Steering Wheel
Fabricate Custom Grips
Assemble sub-components
Vehicle Integration

Design Stage

Mfg Stage

ITEM I 17—Dec| 21—Dec| 28-Dec| 4-Jan| 11-Jan| 18-Jan| 25-Jan| 1-Feb
Purchase OEM parts
Purchase raw materials
Machine steering shafts
Machine tie rods
Machine rack spacers
Fabricate Steering Wheel
Fabricate Custom Grips
Assemble sub-components
Vehicle Integration

Mfg Stage

Figure 15 - Actual Production Schedule

BUDGET - The steering sub-system was allotted $1000
of the overall $25,000 team budget. Below is the
accounting of expenditures for the year.



Part Qty Price Sub-total
Fast-Ratio Steering Rack 1]$ 327.95| $ 327.95
45° misalignment U-joint 2 1S 4824[s 96.48
Quick Disconect Hub 1]S 8395[$ 83.95
ALIM6TZ - FK Rod Ends - 3/8 - 24 4 ]S 18.00]S$ 72.00
Steering Shaft Matl (4130 Steel Tube 5/8" x .065) 1]$ 289 |$ 2896
Tiny-Tach TT2A 1]$ 4700]|$ 47.00
Steering Arms (Machined from 12" 6061 x 0.75stock) | 4 | $ 1857 | $ 74.28
10" Steering Wheel 1]$ 100.00| $ 100.00
Polaris Ball Joints 4 1S 15.00|$ 60.00
Aluminum Spacer Material 1]$ 1500]|$ 15.00
Fasteners
Set Screw 10-32 Thread, 3/16" Length (Pack of 10) 118 430]$ 430
Spring pins 1]$ 1200[$ 12.00
Allotted $1,000
Spent $922
Remaining 578

Figure 16 - Steering System Budget

CONCLUSION

The steering system was put to the test during twenty
hours of team testing, at Baja SAE Tennessee Tech in
April, and will be tested again at Baja SAE Rochester in
June. Through all this, the system performed its required
functions admirably and contributed to an overall 12"
place finish at Baja SAE Tennessee Tech.

The overall system integration has been a complete
success. This year’s car and team is inarguably the best
UC has ever produced. Below are the results from the
first race in April; this report is due before our final
competition at Rochester in June:

OVERALL - 12" out of 100

Design: 20"/ 100

Cost: 46" / 100

Acceleration: 31%'/ 100
Maneuverability: 13"/ 100

Sled Pull: 63/ 100

Suspension and Traction: 17" /1100
Four-Hour Endurance Race: 13"/ 100

RECOMMENDATIONS FOR FUTURE WORK

The low-ratio steering rack accomplished its goal of
minimizing steering input, but the amount of effort
required by the driver is somewhat higher than expected.
If the budget allows for it, the design and fabrication of a
steering rack with a slightly higher ratio (probably
between 8:1 and 10:1) would be a good idea and also
allow the designer to eliminate the rack spacers,
reducing the complexity of the system.

To aspiring team leaders: do not attempt to run a SAE
team while working part or full time. You will wind up
compromising either your job, your work on the team, or

both. A similar warning applies to your personal
relationships — there will be an enormous demand on
your time and it is a rare person who is able to
understand that level of commitment and obligation.
Read “Racecar” by Matt Brown for more extensive
insight into the rigors of leadership. [1]
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APPENDIX A:

DEFINITIONS, ACRONYMS, ABBREVIATIONS

SAE: Society of Automotive Engineers.

MET: Mechanical Engineering Technology

Track Width: Distance between the centerline of the contact patches of the tires when looking at the vehicle in front view.
Wheelbase: Distance between the centerline of the contact patches of the tires when looking at the vehicle in side view.

Toe Angle: The angle, positive or negative, of the wheel from straight ahead. Toe to the outside of the vehicle is, by
convention, positive and results in less stability.

Bump Steer: Steering motion without driver input resulting from the translation of the wheel and suspension through its
swept arc as a reaction to bump loading.

Roll Steer: Steering motion without driver input resulting from the translation of the wheel and suspension through its
swept arc as a reaction to the rolling of the vehicle while corning.

COTS: Commercial Off-The-Shelf

FOLLOW THE TEAM AT

HTTP://WWW.FACEBOOK.COM/BEARCATSBAJA




APPENDIX B:

Recreational Vehicle Steering System
CUSTOMER SURVEY
In order to improve our products, Company XYZ would like customer input about a NEW up and coming front
suspension system. This survey is measuring the importance of selected features that are important to the design
process.

How important is each feature to you for the design of a steering system?

Please circle the appropriate answer. 1 =low importance 5 = high importance
Steering Angle 1 2 3 4 5 N/A
Ride comfort 1 2 3 4 5 N/A
Adjustable 1 2 3 4 5 N/A
Bump Steer 1 2 3 4 5 N/A
Durability 1 2 3 4 5 N/A
Maintenance 1 2 3 4 5 N/A
Replacement parts cost 1 2 3 4 5 N/A

How satisfied are you with the current steering system?

Please circle the appropriate answer. 1 = very UNsatisfied 5 = very satisfied
Steering Angle 1 2 3 4 5 N/A
Ride comfort 1 2 3 4 5 N/A
Adjustable 1 2 3 4 5 N/A
Bump Steer 1 2 3 4 5 N/A
Durability 1 2 3 4 5 N/A
Maintenance 1 2 3 4 5 N/A
Replacement parts cost 1 2 3 4 5 N/A

How much would you be willing to pay for a complete steering system?
$50-$100 $100-$200 $200-$500 $500-$1000 $1000-$2000

Thank you for your time!
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