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Introduction 
Every year the Society of American Engineers (SAE) has an intercollegiate competition that puts colleges 

against each other in a design and race competition to see who can build the best mini baja vehicle.  

Colleges and Universities also need to raise the money needed to build the vehicles.  These vehicles are 

required to use the same 10 horsepower Briggs and Stratton 4 cycle motor.  It is up to each team to 

build a vehicle off of that motor that will endure some of the harshest tests designed to break anything 

that attempts them.  This competition allows the students to test what they have learned from the 

classroom into the real world. 

The 2011 SAE Baja Racing team designed and engineered a great car that they took to competition in 

the spring of 2011.  They had to overcome some major obstacles along the way but finished strong with 

a three member team.  The competition took a toll on the vehicle and it did not finish the endurance 

race due to a bolt in the suspension coming out. 

The following report will cover the new front control arms on the new car and focus on the bump steer 

issue from the old car.  The report will contain calculations for the new arms, reason for material 

selections, diagrams, charts, FEA results, drawings and proof of design. 

 

From the Manager 
The 2012 team consists of 4 Mechanical Engineering Technology seniors that are determined to set out 

and improve on last year's results at the SAE competition.  In order to perform this goal each senior 

chose one aspect of the 2011 car that they will re-design, re-engineer, and build to make it a success on 

the new car.  The front suspension and steering of the car needs to be re-worked to eliminate bump 

steer.  This will be handled by Jeremy Jacobs, who is also managing the team.  A new drive line from the 

engine to the rear axle as well as lowering the overall center of gravity is being engineered by Rob Faust.  

Mike Ratliff will design a new frame that will be lighter and stronger than last year.  Finally, Mark 

Schmidt will properly design a new brake set up from the pedal to the wheels, including outboard 

brakes.  The 2012 SAE competition will be a nice proving ground to ensure these 4 seniors are ready for 

the real world and real applications. 

Not only are these four seniors leading the project, but the overall team has grown to 15 members, 

including 3 juniors and 2 sophomores who also have projects on the car.  The contribution of everyone 

on the team and the leadership of the seniors fielded a car that placed 39th out of 103 other colleges and 

universities in the Baja SAE competition on April 18-21st in Auburn, Al.  This was the best finish for any 

UC team to date.  The largest improvement was in design and maneuverability.  The placement finishes 

are on the following page. 
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Baja Bearcats Competition Placement 

Design   31st 

Acceleration  59th 

Maneuverability 11th 

Suspension  57th 

Hill Climb  40th 

Endurance Race  37th 

Overall   39th 

 

Managerial Duties 
Managing the team was an entire project in and of itself.  Not only was an individual project performed, 

but the budget had to be balanced, team moral kept high, sponsorships contacted, size of the team had 

to grow and the team had to get recognized as an official academic club by the university.  All of these 

goals were met.  The manager had to wear a lot of hats to get the jobs done and done on time.  

Individually, the components of the car and team may not be the best that they can be.  However, as a 

whole this team and car performed very well. 

Problem Statement 
The geometry of the 2011 suspension set up with the steering rack was perfect grounds for bump steer.  

As the suspension flexed, the wheels would turn without input from the driver.  The ground clearance 

was also too low.  The lack of ground clearance was evident with the damage that the front panels 

suffered during the competition. 

A new control arm design will also need to be implemented to allow the car to have greater ground 

clearance and zero bump steer. 
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Alternatives 
1. Design a longer A-arm where the ends of the arms are in line with the tie rod ends.  This will 

address the issue of bump steer. 

2. Design longer control arms that have a ‘J’ shape.  This will eliminate one of the sides of a 

traditional A-arm design as well as address the issue of bump steer. 

3. Design a longer rack for the steering and keep the current control arms.  This will bring the tie 

rod end in line with the ends of the control arms. 

 

Figure 4-1  illustrates early design ideas 
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Proposal 
Upon further investigation of the front suspension and steering set up on the 2011 car it was noted that 

the tie rod ends are not in line with the ends of the control arms.  The ending result is unwanted bump 

steer.  Bump steer occurs when the tie rod ends are not in line with the control arm mounts.  Because of 

this, the control arms and tie rod revolve on different arcs when the wheel hits a bump and the 

suspension flexes.  Since the tie rod has a longer arc, it will cause the wheel to turn without any input 

from the driver.  The image below shows the setup on the 2011 car. 

 

Figure 5-1 

By moving the mounting points of the control arms closer to the tie rod end, the length of both arcs will 

be similar.  This will eliminate bump steer and improve the drivability of the car.  This is crucial for an off 

road vehicle.  The front suspension travel for an off road vehicle can be as much as 12 inches.  If bump 

steer is present in the geometry of the suspension, 12 inches of travel can cause significant change in 

the angle of the tire. 

  

Control arm ends form an imaginary 

line that does not contain the end of 

the tie rod 

Tie rod end from the steering rack 
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The diagram below helps illustrate the arc rotation of the different points.  The blue line represents the 

arc of the tie rod and the black line represents the arc of the lower control arm.  Note there is very little 

to zero tangent area for the two arcs.  Ideally it is desired to have the most tangential area as possible to 

eliminate all unwanted bump steer.   

 

Figure 6-1 

Proof of Design 
To prove a design an engineer needs to quantitatively show that the new configuration is better than 

the previous.  By showing the path of the right front wheel and the changes that it goes through, a 

baseline can be formed to compare to the new design.  A diagram will be drawn showing the 

improvement.  An ideal path will be shown next to the actual and then an area measurement will be 

taken between the two paths.  This area will be used as the comparative data between the two vehicles. 

The goal of the new design is to eliminate 70% of the unwanted bump steer.  This will happen by getting 

the tie rod ends as close as possible to the plane that the upper and lower control arm mounts are on. In 

doing so the tie rod and control arms will flex on a more similar arc reducing the bump steer. 
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Calculations and Forces 
Due to creating new trailing arms to meet the new mounting locations and the new steering rack 

location, new calculations need to be made.  The setup of the front suspension will contain an upper 

and lower control arm on each side of the vehicle.  The shock tower assembly will be connected from 

the bottom control arm up to the frame.  The following illustration depicts this description. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1 

The load of the vehicle travels from the frame, through the shock tower, and into the lower control arm.  

The load then travels through the control arm ball joint, into the spindle and down the tire.  Since the 

load bypasses the upper control arms, it can be made of a lighter material or a simpler design.  The 

upper control arm is responsible for holding the top of the spindle in place and does not experience any 

of the loading from the vehicle.  

The bending stress of the lower control arm needs to be found in order to determine the material and 

verify a new design. 

 

  

Bottom of shock 

tower mounted to 

the lower control 

arm 

Top of shock 

tower mounted to 

the frame 
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Control Arm Calculation Background 
When a spring force of    and a damping force of   ̇ act on a moving body, these forces are opposing 

the forward motion. 

      ̇    ̈ 

Where k is the spring constant, x is distance traveled, c is the damping coefficient,  ̇ is velocity, m is 

mass and  ̈ is acceleration.  The worst case scenario for any type of suspension occurs when the shocks 

bottom out.  To create the proper design and choose the correct material, we need to find out the 

amount of force it takes for the shock assembly to fail.  In order for the assembly to fail, a force must 

overcome the dampening coefficient of the shock and the k value of the spring.  The dampening 

coefficient is greatest at the initial compression of the shock when the velocity of the load is greatest.  

This relationship is linear.  When the velocity slows down, the damping force decreases.  This in turn will 

increase the force of the spring because the distance ‘x’ the spring has traveled will increase. 

Since the shock assembly has now bottomed out, the dampening coefficient is 0 because the velocity of 

the load is now 0.  The remaining force must be handled by the spring.  In knowing the amount of force 

needed to fully compress the spring, calculations can be made to design the new control arms.  The 

force handled by the spring is the determining force that could bend the control arms.  If we know that 

the spring can handle 100 lbs and our impact force is 500 lbs, the shock needs to handle the 400 lbs 

difference.  The same thing happens if our impact force is 1000 lbs, the shock needs to handle the 

remaining 900 lbs or we increase the k value of the spring to handle a higher load. 

 

Calculations 
Spring constant:  k = 173 lbs/in 

The spring constant was determined by adding weight to the spring until deflection is 1 inch.  This k 

value is then multiplied by the amount of travel the shock has.  The shock’s travel is less than that of the 

spring.  The resulting force is the maximum that the spring will see. 

k x 4” = Fspring 

Fspring = 693 lbs; This force will also be used in the SolidWorks simulation 
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 Free Body Diagram 
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Force, Shear, Moment diagrams 
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With a bending stress of 58,315 psi and the yield strength of 4130 being 66,500 psi, the safety factor is 

1.14.  In racing it is desired to have the lowest safety factor possible.  A safety factor of 1 indicates the 

material strength is able to withstand the design load and nothing more.  For example, if the safety 

factor is around 5 the material could be too thick and over engineered.  Weight is everything in racing so 

the lighter something is made, the better.  The calculations are also based off of a single steel member.  

In theory, the actual bending stress will be less because it will be dispersed between more than one 

control arm member.  The final shape of the control arm will resemble an ‘A’.  The final bending stress 

will be determined by an FEA analysis within COSMOS to verify this theory. 

Fsin80 = 682lbs 

341 lbs 341 lbs 

341 lbs 

-682 lbs 

341 lbs 

2216 lbs/in 
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Material Selection 
The 2011 team used the same control arms as a previous team.  Upon further investigation it was found 

that the steel was 4130 chromoly with an outer diameter of 1” and a wall thickness of about .0938”, or 

13 gauge.  Since the new team wanted to make everything as light as possible, a wall thickness of .058” 

was chosen with the same O.D. and material type. 

Results and Design Details 
Ultimately, it was decided that a combination of two of the alternatives listed previoiusly in this paper 

would yield the best result.  Slightly longer A-arms were designed as well as a wider steering rack.  This 

setup will minimize the bump steer as much as possible. 

A second factor that arose in the a-arm design was the location of the steering rack.  Last year’s team 

had some issues with the location of the driver’s feet.  The pedals were too close to the seat resulting in 

a tight cockpit for the driver.  Part of the plan for the 2012 car was to make the cockpit more ergonomic 

for the driver.  It was decided to move the steering rack in front of the pedals and have the drivers feet 

lay between the pedals and steering rack.  By moving the steering rack further back, the A-arms had to 

be skewed slightly backwards.  This in turn made the wheel base shorter and gave the car a tighter 

turning radius from 11.5’ to 10.5’.  By having a tighter turning radius and a working cut brake system, 

the car drastically improved in maneuverability.  The illustration below from SolidWorks shows the 

design concept of the front suspension and steering set up. 

 

Figure 11-1 

Front A-arms are skewed backward. 

Steering rack and tie rods behind the 

front A-arms. 
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Based off of the SolidWorks analysis the bump steer should be reduced by about 70%.  This is because 

the locations of the new steering rack to tie rod joint and the A-arm mounting locations are now closer. 

Using the numbers from the calculations and the newly designed A-arms, a simulation was performed in 

SolidWorks’ COSMOS to verify the design.  From the results in the image below, the max stress that the 

control arms would see is just under 32 ksi.  This would yield a safety factor of 2.  The simulation verifies 

that the hand calculations and theories are correct.  Even though the hand calculations came up with a 

higher bending stress of 58,315 psi, they did not account for the shape of the final control arm.  The 

hand calculations were based off of a single bar and not an ‘A’ shape.  As stated before, theoretically this 

shape will help distribute the load, reduce the bending stress, and in turn raise the safety factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12-1 
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Proof of Design and Testing Results 
The simplest way to prove the design is to trace the path that the front wheel takes during the 

suspension travel.  To compare the two cars more precisely, more measurements are needed from the 

old car that cannot be attained because the car has been disassembled and cannot be put back 

together. 

By observing the wheel travel path of the 2011 car and comparing it to the 2012 car, one can clearly see 

improvements in the design.  The ideal travel path of the wheel would be a smooth arc.  This would 

illustrate that there is no bump steer and the wheel travels in the same arc as the control arms.  

However the actual paths will show the wheels deviating from the ideal.  This illustrates the different 

arcs that the tie rod and control arms take, resulting in the wheels turning without any input from the 

driver.  

 

 

Figure 13-1 

2011 car: area 

between the two 

arcs is 2.22 in2 

2012 car: area 

between the two 

arcs is 0.62 in2 

The black arc 

represents the ideal 

wheel path. The red 

is actual path. 
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Ideally, the path of the wheel should be a smooth arc.  This would represent zero bump steer as the 

wheel travels up and down.  As the image for the 2011 car shows, the red arc is not smooth at all.  Half 

way through the travel, the wheel is turned more outward deviating it from the smooth arc.  As the 

wheel reaches the bump position, it turns back to the ideal arc.  This clearly shows that the tire is turning 

without any driver input.  Although the red path of the 2012 is not smooth, it is more representative of 

the ideal arc.  This illustrates that the bump steer has been reduced, but not 100% fixed. 

To compare these two figures, the area that was formed between the respective red and black arcs 

were compared.  By using the 2.22 in2 of the 2011 car as a benchmark, it was found that the 0.62 in2 is a 

72% improvement. 
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Conclusion 
As shown in this paper, the bump steer project was a success.  The steering issues were improved 72% 

over last year.  With the combination of the improved steering, smaller wheel base, and cut brake 

system the team finished 11th out of 103 in the maneuverability event. 

Also, the ultimate test was performed on the car at the competition.  The four hour endurance race plus 

two roll overs proved out this design.  The team did not have any suspension failures where other teams 

were losing their entire suspension set ups. 

The results speak for themselves as to how well this car performed.  There are a lot of improvements 

that can be made, but these improvements will come in the following years with subsequent teams.  An 

underlying goal this year was to pass on the knowledge gained and / or missed during the build to the 

next team.  Based on the enthusiasm of next year’s squad, this has been done.  Next year’s team will 

score higher than ever and may even break the top 20. 
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Note to next year’s team 
 

To the 2013 Baja team, 

First off, good luck on the design and build.  Try to not get so discouraged early on in the project.  It is a 

long haul and well worth it in the end.  Being on the Baja team and picking it as a senior project is one of 

the most rewarding projects any senior can do.  Not only do you design the car, but you get a chance to 

put it to the ultimate test in the competition. 

As far as recommendations go…GET RID OF THE REAR AXLE!!!  I think that goes without saying.  The 

2007 team did a great job of designing that axle and differential because it survived 3 teams, but it has 

to go.  The second most important thing that needs to be done, give the car a diet!!  Make your goal 400 

lbs but don’t be surprised when it ends up being 450 lbs.  There are so many things that you will never 

think of that come up and you have to add a bracket or two for it. 

Finally, have fun and leave your mark for 2013.  This is your last major project here at school… make it 

worth it.  Leave a mark on the school and the Baja team’s history.  We were the best team to date but 

you guys need to beat us.  Work hard in the beginning with your calculations, check them twice, and re-

check them.  Trust your work and your numbers.  Use your instincts and trust the gut feeling inside.  You 

guys are engineers after all. 

 

Stay Dirty!! 

-Jeremy 
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Appendix A - Budget 
 

Company Cost  Description 
Sand Parts $91.19  rack & pinion; waiting on 

order 
Sand Parts shipping $13.03   

American Metal supply $104.52  1" od tube 

AMS shipping $9.00   

McMaster Carr $402.55  misc. nuts and bolts 

McMaster Carr2 $12.74  nylon bearings 

McMaster Carr2 Shipping $81.99   

American Metal supply $198.00  1.0 OD tube 

McMaster Carr4 $76.44  Nylon Flanges 

McMaster Carr4 Shipping $50.46   

    

Total $1,039.92   

Budget amount $750.00   

Final Total -$289.92   

 

By observing the final budget amount for my part of the project, it is clear that I have exceeded what 

was allotted to me.  The original budget amount of $750 did not factor in shipping for parts as well as 

extra fasteners for extra parts.  Being on this team really opened my eyes to the reality of what is 

needed for budget purposes.  We were fortunate enough to have raised a lot of money for the team as a 

whole this year.  The team’s budget had plenty of room for build mistakes, extra parts, more tools, and 

splurging on items like a data acquisition system as well as an over the top graphic design for the body 

panels. 
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Appendix C - Drawings 
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