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Goals 
 

 The 2012 baja vehicle restoration project has many tasks that need to be completed before it 

can be put back into regular use. One of the most important of which involves the front suspension 

layout and components utilized. The customer (University of Cincinnati) has specifically stated that 

currently the vehicle’s frame sticks ahead of the front wheels by an excessive amount. Enough so that 

when the cart is racing in a course setting, the front of the frame hits rocks, sticks and other track debris. 

This has not only bent and damaged the front of the frame, but also poses a danger to the cart’s driver if 

they were suddenly stopped from a high initial rate of speed. To correct this issue our team decided that 

we either needed to cut down the front of the frame structure to reduce the overhang or to move the 

front wheels forward closer to the front of the vehicle. Weighing our options, we reasoned that cutting 

into the frame could potentially weaken its structure and cause other unforeseen issues while moving 

the wheels forward could be done relatively easily with control arm tweaks and no compromise to 

frame strength. With our final team decision set on moving the wheels forward, I could then create 

several revised control arm design concepts to pick from. As I began with my design I also needed to 

take into account the likely forces, torques and stresses the control arms typically face during use and to 

be sure that all SAE requirements were satisfied. 

 

Concepts 
 

 The original layout of the control arms on the baja vehicle positioned the center of the wheels 

twelve inches behind the front of the frame. As previously stated, this invited impacts from debris 

during operation and was therefore rather important to correct. Below in Figure 1 depicts the original 

control arm and suspension configuration. 

 



5 
 

 

Figure 1- Original Suspension Configuration 

 

 

 

 

 

 

 With the original layout deemed unacceptable, our first concept was to literally swap the cart’s 

front two control arms with each other. This layout positioned the center of the front wheels directly in 

line with the front of the cart frame which eliminated the overhang but presented another problem. 

With the wheels so far forward, the wheelbase was stretched and the steering abilities were worsened. 

The turning radius increased from under ten feet to almost twenty. We met in a group and discussed 

our options before agreeing that the cart usability would be rather limited with such poor turning 

capabilities. It was time to devise another concept. Below in Figure 2 is concept 1 with the control arms 

resting approximately where they were to be mounted. 



6 
 

 

Figure 2- Concept 1 

 

 To seek a compromise between turning radius and frame overhang, we came up with a second 

concept which moved the center of the front wheels eight inches back from the front of the frame. We 

felt that this design allowed a good compromise between limited frame overhang and decent turning 

abilities. Unfortunately going this route meant that we had to redesign the front control arms and 

produce them from scratch. Below in figures 3 and 4 are some Solidworks figures with approximate 

location and orientation of concept 2. 
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Figure 3- Concept-2 offset view 

 

 

Figure 4- Concept 2- side view 
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Calculation Assumptions 
 To begin calculating the forces, torques, and stresses the control arms typically experience, I 

first needed to make some assumptions about the conditions the cart normally sees when operating on 

the course. First, I decided on a 700lb weight approximation for the cart and driver combined. Next I 

knew the cart would typically drive on a dirt road type condition, so I used a coefficient of friction of 

0.65. Finally, I knew the cart go over large bumps possibly falling from as much as 6 feet in the air and 

landing on one wheel, so assuming the 6 foot drop I decided on a tire deflection of 5.5 inches. All the 

way to the rim. 

Static Normal Force 
 The static normal force is the force that pushes up on the cart at the points where it touches the 

ground, which in our case this was the front wheels. The force pushes up in an equal and opposite 

amount that the weight pushes down. Because the car has 4 wheels, the static normal force can be 

found by taking the total weight of the cart (700lb) and dividing by 4 to get the normal force of 175lb on 

each tire as in the equation seen below. 

700𝑙𝑏 𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

4 𝑊ℎ𝑒𝑒𝑙𝑠 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑛𝑑
= 175𝑙𝑏 𝑝𝑒𝑟 𝑡𝑖𝑟𝑒 

 

Figure 5- Static normal force 
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Skidding Force 
 After we get the static normal force, we can then calculate the skidding force, or the force that 

results from friction of the ground against the tire. This force is calculated by multiplying the static 

normal force (175lb) with the coefficient of friction on a dirt road of 0.65. It acts perpendicular to the 

direction the tire is rolling toward and is displayed in the equation below and in Figure 6. 

𝐹 = 𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑁) × 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (µ)  

175𝑙𝑏 × 0.65 = 114𝑙𝑏  

 

Figure 6- Skidding force 

Dynamic Normal Force 
 The dynamic normal force also acts on the tire and is in the same direction and location as the 

static normal force, but instead of just taking into account the weight per tire like in the static case, the 

dynamic case occurs when dropping the cart from a worst case drop of 6ft onto 1 wheel, and the tire 

deflects 5.5 inches to the rim following the impact. To get the impact force, we first need to know both 

the velocity at impact and the kinetic energy at impact. The impact velocity as displayed below takes 

into account the acceleration due to gravity, the 6 foot height drop, and ends up being 19.66 feet per 

second. 

𝐼𝑚𝑝𝑎𝑐𝑡 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = √2 × 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 × 𝑑𝑟𝑜𝑝 ℎ𝑒𝑖𝑔ℎ𝑡 

√2 × 32.2
𝑓𝑡

𝑠2
× 6 𝑓𝑡 = 19.66

𝑓𝑡

𝑠
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With the impact velocity, we can then plug our 19.66 feet per second into the equation for 

kinetic energy to get an answer of 4200 foot pound force. 

𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 =
1

2
× 𝑚𝑎𝑠𝑠 × 𝑖𝑚𝑝𝑎𝑐𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦2 

1

2
×

700𝑙𝑏𝑓

32.2
𝑓𝑡
𝑠2

× (19.66
𝑓𝑡

𝑠
)

2

= 4200𝑓𝑡 𝑙𝑏𝑓 

Finally, to get the impact force, we take our kinetic energy and divide by the tire’s impact 

deflection of 5.5 inches (0.458 feet) as shown below. Our final dynamic normal force ends up being 9170 

pounds. 

𝐼𝑚𝑝𝑎𝑐𝑡 𝐹𝑜𝑟𝑐𝑒 =
𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦

𝐼𝑚𝑝𝑎𝑐𝑡 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 
 

4200𝑓𝑡 𝑙𝑏𝑓

0.458𝑓𝑡
= 9170𝑙𝑏 

 

Figure 7- Dynamic normal force 

 

 

Brake Forces on Rotor 
Along with the forces applied by the ground on the tire, we also need to calculate the applied 

torque from the brake and the brake force the caliper puts on the rotor. First, we know that the tire has 

a radius of 11.5 inches and the rotor 3.5 inches (Figure 8). To get the total brake torque, we can sum a 
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moment about the center of the wheel and, knowing the weight force is 175 pounds at an 11.5 inch 

distance from the center, we get a total torque of 2013 inch pounds. As in the equation below.  

 

Figure 8- Brake torque/force 

 

𝑇𝑜𝑟𝑞𝑢𝑒 = 𝐹𝑜𝑟𝑐𝑒 × 𝑇𝑖𝑟𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 

∑ 𝑀0 = 175𝑙𝑏 × 11.5𝑖𝑛 = 2013 𝑖𝑛𝑙𝑏 

 

 To get the force applied to the rotor by the caliper, we can take the total torque of 2013 inch 

pounds and divide by the rotor radius of 3.5 inches and get 575 pounds. 

𝐵𝑟𝑎𝑘𝑒 𝑓𝑜𝑟𝑐𝑒 =
2013𝑖𝑛𝑙𝑏

3.5𝑖𝑛
= 575𝑙𝑏 𝑜𝑛 𝑟𝑜𝑡𝑜𝑟 

Upper Control Arm Forces 
We have calculated all the sources of force on the cart at this point but now we need to apply 

them to the actual control arms themselves. Starting with the upper control arm, we can first translate 

the braking torque that we just calculated into a force acting on the outer tip of the control arm pointing 

in the Z direction as in the side view diagram below. To get the magnitude of the force we can take the 

2013 inch pounds and divide by the distance from the center of the wheel to the start of the control arm 

and get the braking force of 671 pounds in the negative Z direction below. 

 

             

             

             

             

             

             

 114lb 

(From skidding force) 
 

114lb(57lb per pipe) 

 671lb 

(From braking force in -z 
direction) 

Figure 9- Upper control arm side view 
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𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 =

𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝑇𝑜𝑟𝑞𝑢𝑒

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑤ℎ𝑒𝑒𝑙

2013𝑖𝑛𝑙𝑏

3𝑖𝑛
= 671𝑙𝑏 

 

Next, we know that the skidding force from the tire puts a translated force on the upper control 

arm in the X direction of 114 pounds. And because we know that the sum of the forces in the X direction 

is 0, we know that the force which opposes the skidding force is also 114 pounds. But because the 

control arm is actually split into two symmetrical pipe sections at the point where it attaches to the cart 

frame, we can estimate the force to be 57 pounds per pipe as in figure 9 above. 

∑ 𝐹𝑋 = 0 = 114𝑙𝑏 − 114𝑙𝑏 

Lower Control Forces 
 Unlike the upper control arm, the lower one has to support much of the cart’s weight. This 

comes in the form of the dynamic normal force pushing up in the Y direction and the spring/shock 

assembly having to oppose most of that force through compression. To get the actual forces, I first 

summed a moment about the left tip of the control arm, and solved for the Y component of the spring 

force and dynamic normal force as in the side view diagram below. In addition to the forces in the Y 

direction, we have, like the upper control arm, a 671 pound steering force but this time it acts in the 

positive Z direction.  

 

 

 

 

 

Figure 10- Lower control arm side view 

∑ 𝑀0 = −𝐹𝑦 × 𝐷1 + 4585 × 𝐷2  
𝐹𝑦 = 9170𝑙𝑏 

 

∑ 𝐹𝑦 = 0 = 𝐹 − 9170𝑙𝑏 + 4585𝑙𝑏 

𝐹 = 4585𝑙𝑏 

 As can be seen, the Y component of the spring pushes down with twice the upward force on 

each end of the control arm (9170pounds versus 4585pounds). It should be noted though that like the 

Fy=9170lb 

Fx 
 671lb 

(From braking 
force in z direction) 

 4585lb (Dynamic 
normal force divided 

by 2 pipes) 
 4585lb 

Fx 

Spring/shock 

D1=6in 

D2=12in 
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upper control arm, the lower one also splits into two separate pipe sections where it attaches to the 

cart’s frame. The illustrations are simple side profiles that don’t capture this feature but it is present. 

Additionally, I treated the shock/suspension as a rigid member in these calculations. This is not actually 

the case but it would have been impossible to calculate forces if I had taken the compression into 

account.  

 

Bending Stress on Lower Control Arm 
 

 Finally, our last step was to calculate the actual bending stress in the lower control arm as a 

result of all the forces and torques applied to it. We didn’t bother getting the upper control arm stress 

because the forces on it were negligible compared to the lower one. To get the bending stress we first 

need the bending moment, moment of inertia, and distance to the center of the pipe. To get the 

bending moment we first need to create a shear diagram of the forces in the Y direction (The Z is 

negligible). Below is the shear diagram. 

 

Figure 11- Shear diagram 

 The bending moment from the diagram above is 6 inches times the 4585 pound force for a total 

of 27,510 inch pounds. To get the moment of inertia, we use the equation below and get 0.0203inch 

pounds squared. 

𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝐼𝑛𝑒𝑟𝑡𝑖𝑎 =
𝜋 × (𝑜𝑢𝑡𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟4 − 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟4)

64
 

=
𝜋 × (1𝑖𝑛4 −

7
8 𝑖𝑛4)

64
= 0.0203𝑙𝑏𝑖𝑛2 
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 The distance to the center of the pipe is just the distance between the pipe’s outer diameter 

and center. With a 1 inch diameter pipe that happens to be 0.5 inch. 

 Finally to get the bending stress we plug those three numbers into the equation below:  

 

𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑆𝑡𝑟𝑒𝑠𝑠 𝜎 =
𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑐𝑒𝑛𝑡𝑒𝑟

𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝐼𝑛𝑒𝑟𝑡𝑖𝑎
 

𝜎 =
27,510𝑖𝑛𝑙𝑏 × 0.5𝑖𝑛

0.0203𝑙𝑏𝑖𝑛2
= 1,355,172𝑙𝑏/𝑖𝑛2  

 

This stress answer assumes that there is no travel in the suspension, but if we divide the final 

answer by 6 for a 6 inch shock compression, we then get a more accurate number for our application of 

112,931 PSI. If we were to include a factor of safety to this answer we would get 225,862 PSI which is 

twice the breaking force for the steel I intend to use in the control arm pipes. 

Final Solidworks Models  

 

Figure 12- Upper Control Arm 
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Figure 13- Lower Control Arm 

 

Finite Element Analysis 
To get a more accurate stress analysis on the lower control arms, finite element analysis was performed 

in Solidworks to get the stress numbers. A force was placed pointing up on the tip of the control arm to 

simulate normal forces from the ground pushing up. Another force from the shock pushing down was 

applied as well and a pivot point about the frame connection spot. Below is the model in Solidworks 

before running FEA. 

 

Figure 14- FEA 

The results from the applied loading were conclusive. There were no failures recorded in the simulation 

under the loads and pivots set. 
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Manufacturing Components 
 

After deciding what would be necessary as far as acceptable stresses to the control arms, it was time to 

buy the components necessary to start fabrication. Going in, I knew that I would need a lot of pipe so I 

ordered eight four foot sections of 1 inch diameter 0.065” wall thickness steel tube. This was the same 

type of pipe utilized on the original control arms and ensured that I would have enough material even if 

mistakes were made in fabrication. The total price of the piping was $130.00. Secondly, I had to 

fabricate the control arm end pieces which were also made out of steel. Again, I modeled the new units 

after the original ones so I bought a piece of 0.625” x 3” x 12” and a piece of 0.375 x 2.75” x 12” steel bar 

section that both could be cut up and welded together appropriately. These cost $18.48 and $15.75 

respectively. 

 

Figure 15- Purchased Pipe 

 

End Piece Fabrication 
 

Originally, it was planned that the end pieces for the new control arms would be manufactured from the 

steel bar sections that were purchased, but after commencing with the fabrication, it was decided that 

just grinding off the old ones and reusing them would be the easier solution. To gain new control arm 

end pieces, a corded grinder was used to cut the piping sections away from the end pieces as in the 

diagrams below. The dashed line indicates the sport where the pipe sections were cut from the end 

pieces. 
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Figure 16- End Piece Fabrication 

Control Arm Fabrication Guides 
The next step in the fabrication process was to make guides to layout my control arm design. This was 

done by constructing wooden assemblies that would generate the slope required in the design between 

the end pieces and pipe sections. With my guides, I could place the original control arms on top and 

mark where the end pieces of the new arms would be positioned (4 inches in front of the original ones), 

and lay all materials out to the exact placement to be welded. Below are some views of the wooden 

guides both with and without a control arm positioned on them. 

 

End Piece 

Cutting point 
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Figure 17- Control Arm Fabrication Guides 

 

 

 

 

Pipe Cutting 
To cut all steel pipe sections, the abrasive saw in the shop was used. All sections were marked and 

carefully positioned appropriately to get precise results. Below is a picture of the exact saw used as well 

as a control arm model showing the pipe material that was cut.  

Top view Top view with control 
arm 

Side view with control arm 
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Figure 18- Pipe Cutting 

 

 

Fish-Mouth Piping 
For the lower control arms, it was necessary for sections of pipe to be welded directly up against one 

another to create the correct form. For the welding to occur, it was important for the pieces to fit 

together with little to no gapping to ensure proper weld strength. To accomplish this, a technique called 

fish-mouthing was employed to the ends of each pipe section to get the proper unique shape. What this 

entailed in my situation was a custom mill and fixture setup where the sections of pipe would be fed 

directly into the side of a 1 inch diameter cutting tool so that a circular section of material could be 

removed. The pipe was held securely in the fixture and slowly moved into the side of the cutter as 

needed. Below is a picture of the setup I used in the shop as well as some examples of fish-mouthed 

pipe sections.  

Pipe sections 
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Figure 19- Fish-Mouth Piping 

 

 

 

 

 

 

Mill and fixture setup 

Pipe being 
inserted 

Fish-mouthed pipe 
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MIG Weld Piping 
All welding utilized for this project was MIG welding. Piping was taped and clamped in place to be tack 

welded, then removed from guides to be welded completely. Below is an example showing the pipe 

sections welded to the end pieces. 

 

Figure 20- MIG welding 

 

 

 

Cut and Weld Tabs 
In order to connect the control arms to the baja frame, steel tabs are utilized. They were welded directly 

to the frame and were attached to the control arms with a bolt and nut assembly which allows for easy 

pivoting. There were approximately eight tabs that had to be manufactured for this project and they 

were all cut with the plasma cutter after being modeled in Solidworks. All required welding completed 

was MIG. Below is an example of a tab as well as a picture of one installed on the vehicle. 
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Figure 21- Tab 

 

Figure 22- Tab attached to lower control arm 
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Bending Piping 
For the construction of the upper control arms, it was necessary to have the pipe come in and connect 

to the frame of the vehicle at a 90 degree angle to ease adjustability of the arms before use. This 

presented two possible manufacturing options. To construct the upper control arms with two separate 

pipe sections welded together at an angle, or to create the angle by bending a single piece of pipe with a 

pipe bender. I chose the latter option for increased simplicity as well as strength. A pipe bender was set 

up in the shop and the sections of pipe used for the upper control arms were all bent with this 

apparatus. Below is the pipe bender as well as an example of a pipe after it was bent. 

 

Figure 23- Pipe Bender 

 

Figure 24- Bent Pipe 
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Heim Joint Inserts 
The upper control arms attach to the vehicle frame using screw in Heim joints which allow the control 

arms to pivot with the suspension travel. In order to implement them into my new revised control arms, 

they needed to screw into the piping with some method. The piping I used in this project up until this 

point were hollow 1 inch diameter steel units but there was no way to screw the joints into hollow pipe. 

My solution was to use solid pipe that I could tap threads into and screw the Heim joint into this. The 

solid pipe sections or “inserts” I fabricated were about an inch and a half long and an inch in diameter. 

They were made a bit long intentionally so that the end could be turned down by a lathe and fit 

perfectly into the hollow piping that the rest of the control arms were comprised of. This provided 

stability and made the inserts easy to position perfectly. They were then MIG welded directly to the 

existing hollow pipe sections and tapped for the correct threading. Below is a picture with the control 

arms and a close-up of the insert.  

 

Figure 25- Insert 

 

Figure 26- Insert welded to upper control arm 

Insert 

Hollow pipe 
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Finished Product 

 

Figure 27- Final fabricated product 

 

Proof of Design 
To ensure my newly fabricated front control arms would hold up, the vehicle was lifted at the front up 

to about 5 feet above the ground and dropped several times. The control arms held perfectly but the 

worn out shocks showed signs of failure. The shocks, however aren’t part of my project so this outcome 

is acceptable. The original proof of design entailed a 6 foot drop but that wasn’t feasible based on the 

available time and resources. There is a YouTube video available showing the proof of design test for 

those interested in a visual representation at the link below. 

https://www.youtube.com/watch?v=U-PypSer8LQ 

https://www.youtube.com/watch?v=U-PypSer8LQ

