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Abstract  

 

This report provides a summary of our progress midway through the Spring 2021 

semester. So far this semester we have made substantial progress in construction of the 

frame and engine mounting components. This has included bending and notching steel 

tubing, CNC and manual machining, and welding. Going forward with the remainder of the 

semester, we have continuing design work to do as well as fabrication of components for the 

steering, braking, and suspension systems.  

 

Introduction 

  The fabrication process has been a whirlwind affair that has required quick thinking 

and has made evident the necessity to be able to adapt and think on your feet in a fast paced, 

engineering environment. The team has made great strides towards the production of the 

buggy and the team leads could not be happier. In the report that follows, each of the teams 

have outlined and explained the progress made thus far and have laid out their intentions 

for the future. If all goes to plan, the buggy should be in rolling chassis form by the beginning 

of April and vehicle testing should begin in the second week of the same month. This 

experience has been a rewarding and challenging one and the team cannot wait for that first 

drive! 
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Frame Revisions  

 

  

Figure 1: Working Frame Model 

The frame of the buggy underwent both minor and major revisions following the 

conclusion of last semester. Some of the major revisions included the complete redesign of 

the rear suspension mounting points, the redesign of the drivetrain tunnel, and the 

alterations of the side impact members. Some of the more minor changes included revision 

of the nose section of the frame as well as tweaks to the rear roll hoop design. Each of these 

revisions will be covered in the following sections which are broken down by frame location. 

The covered locations will include the nose, cockpit, rear suspension area, and the drivetrain 

tunnel. The remaining sections will cover changes made during the fabrication process and 



the path forward for the frame team. A 90% working model of the frame can be seen in figure 

1 above.  

Nose Revisions  

   

   

Figure 2: Nose Revision Illustration  

The nose segment of the frame underwent the fewest alterations when compared to 

the design from last semester. As can be seen in figure 2 above, the nose already had a 10-

degree inclined floor segment as well as a hoop style upper member and two parallel 

suspension mounting bars per side. All these features were retained in the final design. Some 

of the areas that were altered included the shape of the vertical members, the overall length 

of the nose section, the distance between the suspension mounting points, and the addition 

of reinforcing members.  

The first minor revision to the nose section was the redesign of the vertical nose 

members. In last semesters design, the floor members and front vertical members consisted 

of a single, bent tube. This was deemed to be a hinderance when the decision was made to 

move the suspension mounting points to the frame nodes. The front vertical and floor 



members were split into two separate pieces which would allow mounting tabs to be 

welded on each side of the node for suspension mounting. This change would decrease the 

bending moments that the lower floor member would experience when forces were 

transferred to the frame through the lower suspension A-arm.  

Next, the overall length of the nose was reduced. This change was made in 

conjunction with the tube redesign mentioned above as it allowed the front and rear 

suspension mounting points to be relocated to frame nodes without the need to alter the A-

arms. It was deemed simpler and more structurally beneficial to decrease the length of the 

nose section than it would have been to increase the width of the suspension arms.   

The third change to the nose was driven by the dimensions of the front wheel hubs. It 

was determined by the suspension team that the mounting points of the upper and lower A-

arms to the front knuckle could be a maximum of seven inches apart. In order to keep 

the upper and lower A-arms in a parallel configuration (which significantly simplified the 

geometry tuning of the front suspension) the decision was made to make the mounting 

points on the frame match this distance. To accomplish this change, the distance between 

the upper and lower suspension mounting bars was increased from five to seven inches in 

the final design. Increasing this distance should serve to increase the wheel and knuckle’s 

ability to resist camber changes through lateral loading conditions.   

The final change to the nose section of the frame was the addition of diagonal 

reinforcing members. These members were added to increase the force transferred directly 

to the upper nose to cockpit connecting node. By adding this member, the bending moments 

that both the upper and lower nose members experienced when the front of the nose was 



vertically loaded was reduced. This helped to reduce the chance of the nose bending upward 

in the event of a nose heavy landing after a jump. This change was not a necessity 

but provided much needed peace of mind. The final design including all the alterations can 

be seen in figure 2 above.  

  

Cockpit Revisions  

The cockpit section refers to the center third of the frame that houses the driver and 

control interface. This section must not only protect the driver during operation, but also 

connect the front and rear suspension segments and resist buckling. The design of the 

cockpit section originally relied heavily on the stiffness of the floor section and the parallel 

side impact members to resist these buckling forces. This meant that very little force was 

meant to be experienced and supported by the overhead roll hoop members. The decision 

was made to attempt to distribute these buckling forces more evenly throughout the floor, 

side impact members, and overhead roll hoop members.  

  



  

Figure 3: Rear Roll Hoop Revision  

The first section to be revised was the rear roll hoop. The node locations of the side 

impact members were originally quite low on the frame. This kept the side impact members 

in a single plane when viewed from the side of the buggy. In the revised design, these nodes 

were moved to roughly the middle of the rear roll hoops height. The changes can be seen side 

by side in figure 3 above. This move can This move should allow the side impact members 

to divide the load more evenly between the upper roll hoop members and the floor 

members.  

    

Figure 4: Side Impact Member Revision  

  



Once the node locations had been moved higher on the frame, the side impact 

members could be redesigned to take advantage of the new geometry. The side impact 

members were revised, and the single plane design was abandoned. By changing the angle 

of the side impact members roughly halfway along their length, the front suspension 

mounting nodes could more efficiently transfer forces to the center of the rear roll hoop. This 

improvement in frame triangulation significantly decreased the bending moments that the 

floor segment experienced when vertical loads were applied at the suspension mounting 

points to simulate wheel forces. A full analysis of these forces will be included in the final 

report. Furthermore, by decreasing the forces that the floor experienced, less of the frame 

forces were transferred to the upper roll hoop members. The redesign of the side impact 

members can be seen in figure 4 above.  

  

Rear Suspension Area Revisions  

After the end of last semester, the trailing arm design for the rear suspension was 

reevaluated. Upon further review, it was determined that this suspension configuration 

would be too complicated to implement effectively. The main reason for this decision was 

the complex, multi-planar wheel path that would need to be modeled and adjusted for 

optimal handling. After some further research and frame tinkering, it was determined that if 

the rear section of the frame could be narrowed, a double H-arm style suspension could be 

implemented. This setup would allow for a single plane suspension travel path and would 

simplify the tuning process immensely. With this decision made, the frame revision process 

began. 



To achieve single plane travel, the upper and lower H-arms needed to be mounted 

parallel to one another along the frame. This meant that suspension mounting bars would 

need to be implemented that resembled the A-arm suspension mounting points at the front 

of the frame. One major difference would be that the H-arm connection points would be 

parallel to the ground instead of inclined. Another consideration was that to accommodate 

the engine and drivetrain, the length of the H-arms would need to be shorter than those of 

the front A-arms. With these constraints in mind, the rear suspension mounting design 

started as a simple box.   

Once this basic structure was in place, the dimensions could be massaged. The 

result needed to be a cage that retained the parallel mounting bars but was also as narrow 

as the drivetrain space would allow. This narrowness would allow the H-arms to 

be if possible, which would make extracting their maximum travel much easier. Ultimately, 

this design stage would require final drivetrain dimensions before it could be completed.  

  



 

Drivetrain Tunnel Design  

 

  

  

Figure 5: Driveline Tunnel Fitment   

Once the driveline design was finalized, the solid model was imported into the frame 

assembly and the final alterations to the rear of the frame could be completed. Once the 

drivetrain was in place, the main objective was making sure the frame and drivetrain 

“tunnel” fit as closely as possible. This fitment process is illustrated in figure 5 above.   

 



    

Figure 6: Driveline Tunnel and Rear Suspension Revision  

The upper H-arm mount locations were completely driven by the width of the 

driveline. This was due to the mounting location height being alongside the driveline. 

However, the lower H-arm mounting bars were not subject to this constraint. Because these 

attachment points were located beneath the driveline components, they could be narrowed 

significantly. What resulted was a mounting location arrangement that allowed for an 

asymmetrical H-arm design. This would allow the lower H-arm to be longer, providing more 

wheel travel, while the upper H-arm could be shorter for increased stiffness and rigidity. 

These H-arms are currently being designed along with the rear knuckle and shock mounting 

points. The finalized design of the rear section of the frame can be seen in figure 6 above.   

  

Fabrication Driven Alterations  

There were a few stumbling blocks during the fabrication process that required real 

time alteration of the frame design. During the fabrication of the first frame component, the 

rear roll hoop, a translation error was made when transferring the dimensions from the solid 

model to the BendTech software. The error was simple, the measurements were entered on 

a vertical plane instead of a 20-degree reclined plane, but what resulted was a rear roll hoop 



that differed from the solid model at nearly every dimension. To rectify this issue, careful 

measurements were taken of the real-world rear roll hoop and the solid model was adjusted 

to match these dimensions. The model was then updated, and all further parts were 

fabricated to the new specs. After the initial alterations were completed, all 

further components fit perfectly.  

The second major fabrication driven design change was the alteration of the floor 

section of the drivetrain tunnel. The original design featured an x-shaped crossing support 

structure that was supposed to increase the rigidity of that frame section. Not only was this 

reinforcement deemed unnecessary, but it would also have been incredibly difficult 

to fabricate. The decision was made to move to a boxed, ladder style structure that would 

achieve many of the same structural benefits while being significantly simpler to produce. 

This finalized, ladder style floor can be seen in figure 6 above.  

  

Path Forward  

As the fabrication of the frame nears completion, the frame team is focused on the 

challenges to come. In the coming week, the team will work to finalize the rear suspension 

design which will determine the location of the final rear frame node. After this decision has 

been made, the final few pieces of the frame can be fabricated and welded. The aim is to have 

the frame fully assembled and tacked together by the end of next week. Jack will spend a 

couple of days fully welding the frame together and that chapter of the project will end.  

The frame design team will then pivot to the fabrication of the suspension 

components and finally the mounting of the frame tabs and assembly of the rolling chassis. 

After the rolling chassis is completed, the suspension and frame design teams will devote the 



remaining time to suspension tuning and testing. We expect to have the rolling chassis 

completed by the second week of April at the latest.  

 Fabrication 

 

To help aid in the Baja Buggy fabrication, we decided to use the Bend-Tech Pro 

software. Even though we used SolidWorks to model our buggy and determine suspension 

cycling, Solid Works is extremely difficult to use for tube manufacturing and tube 

bending. The Bend-Tech software is CAD (Computer-Aided Design) software for fabricators. 

Bend-Tech and SolidWorks's key difference is that Bend-Tech supplies the user with all the 

info on their design for fabrication based on user tooling and material selection. This allows 

the user to bend and notch every tube in the real world so you can build it instead of just 

looking at it on the screen in SolidWorks. Due to the Bend-Tech software's advantages, we 

have saved countless hours of work and decreased the learning curve drastically on learning 

how to bend tubes and fabricate our frame. Another key benefit of the software is that we 

have saved money by not wasting material with rework or scrap. We can meticulously think 

out our fabrication process based on all the information provided by Bend-Tech and ensure 

that when we start building, everything will piece together like a giant puzzle without 

wasting any material in the process. Some of the features that Bend-Tech provides the user 

are assembly designs, notching wrapper templates and information, bending calculation 

outputs, tube bending spring back calculations, and bending simulations. These critical 

advantages that the Bend-Tech software provides have allowed our team to save time, be 

efficient, and save money during our Baja Buggy frame fabrication.   



The use of a tubing bender was also critical in the fabrication of the Baja Buggy 

frame. For our project, we decided to use the RogueFab Model 600 Tubing 

Bender. The RogueFab model 600 bender is the best value on the market. It competes in 

price with machines that have nowhere near this bending capacity, versatility, and 

technical support. The model 600 bender is easy to use, accurate, and portable. This 

bender can make bends 180 plus degrees. It can bend carbon steel, stainless, brass, copper, 

and aluminum. It has the capability to bend round and square tubes as well as pipe. The 

model 600 is designed to run an air over hydraulic ram. This ability allows the user to make 

quick and accurate bends. Because of the RougeFab model 600's numerous features and 

ease of use, it has been one of the critical tools in the Baja Buggy Frame fabrication. 

  

  

  



 

Figure 7: Rouge Fab Model 600 Tubing Bender  

  

Transferring from SolidWorks to Bend-Tech   

Because we modeled our entire frame in SolidWorks but are using the Bend-Tech 

software for the frame fabrication, we had to transfer our complete model from 

SolidWorks to Bend-Tech. Bend-Tech does have a version that allows the user to import 

SolidWorks models into Bend-Tech, but that version of the software costs over fifteen 

hundred dollars which was more than we could spend due to our budget constraints. The 

PRO version of Bend-Tech that our team utilizes requires us to rebuild our model utilizing 

SolidWorks measurements. This was achieved using the SolidWorks measurements tool and 

getting XYZ coordinates based on a reference point such as the origin or a node on the frame. 

This is shown in figure 8.  



 

 

Figure 8: Using the Measurements Tool in SolidWorks to get XYZ coordinates of Frame 

Points   

Once we obtained all the points required to recreate the frame in Bend-Tech, we were then 

able to set those points in space in the Bend-Tech software shown in figure 9.  

  

 

  



   

Figure 9: SolidWorks to Bend-Tech Point Configuration  

  

After we set the points in space shown by the green dots in figure 9, we can then make our 

material and die selection. For our material, we are using 1 [in] .120 [in] wall DOM (Drawn 

Over Mandrel) tubing and 3.5 CLR (Center Line Radius) die for our tube bender. Once the 

material and die are chosen in Bend-Tech, we can add our straight members and bent 

members by simply connecting the dots per our SolidWorks model. The final transfer of the 

frame model is shown in figure 10.   

 



 

Figure 10: Bend-Tech Model of the Frame   

  

Bend-Tech Features and Tools  

Once each section of tube is added to Bend-Tech, a detailed parts list is created. This 

parts list can be used to name each section of tube, determine if the tube is bent and with 

what die, determine the material used, length of tube to be cut, and amount of bends in a 

tube. This list was extremely useful when cutting multiple tubes from a twenty-foot stick of 

DOM. We were able to determine which pieces would be the best cut together, so there was 

minimal wasted material. The parts list also gave the bent tube's length before being bent, 

so no measurements were required in the Bend-Tech software needed to determine the 

overall length of bent sections of tube. This parts list saved us valuable time and kept our 



team extremely organized while fabricating the Baja Buggy's frame. An example of this parts 

list can be seen in figure 11.  

 

 

Figure 11: Bend-Tech Part List  

 

For the pieces of tube that needed to be bent, the Bend-Tech software gave us a 

detailed bending list based on our RougeFab model 600 tubing bender. This was done by 

importing the information on the RougeFab model 600 tubing bender and calibrating the 

software to the tubing bender by taking measurements from the 3.5 [in] CLR die and 

measurements off of a piece of tube that was bent to 90 [degrees]. Once the software was 

calibrated to our specific tubing bender, each bent part of the tubing's bend list was 

guaranteed to match our model. The only errors that occurred during the bending process 

were from the person operating the bender and were usually correctable. A detailed 

version of the bend list with all the calibration and blocking measurements can be seen 

in figure 12. 

  



 

Figure 12: Bend-Tech Bend List and Bend Calculations   

Bend-Tech will also show a bend simulation. This allows the user to get perspective 

on how the bend will take shape during the bending process. This is helpful, especially with 

complex bends. In the simulation, the user can change the bends' starting points, add 

material if needed, and break the bend into multiple bend stages. All these updates also get 

reflected in the bend and parts list. A visual representation of this simulation can be seen 

in figure 13.   

  

Figure 13: Bend-Tech Bending Simulation  

After the tube was cut to length and several iterations of bending simulations were 

run, we could utilize our RougeFab model 600 tubing bender to start bending the tube. This 

is shown in figure 14.   



 

Figure 14: RougeFab Model 600 Tubing Bender Bending Tube   

Once all the pieces for a given section of the frame are cut and bent, we then used 

Bend-Tech to aid in the coping of the tube. This was done using the cutting feature in the 

Bend-Tech software. In the software, we can select a tube that we would like coped to other 

tubes and then select the other tubes as a reference for that tube to be cut to. This was 

a handy tool for nodes where multiple tubes meet and can be shown in figure 15.   

 



 

Figure 15: Bend-Tech Coped Tube    

After the cut is complete in the software, we could select the cut from the master cut list. 

From this selection, a cutting template is displayed that can be printed out and taped onto 

the tube, ensuring the cope will match perfectly to the node that we are welding the tube too. 

Along with the template, several other essential measurements are included, such as 

distance to the end of the tube, hole saw size, and cut angle. The cutting template can be seen 

in figure 16.  

  



 

Figure 16: Bend-Tech Cut Template  

 

Conclusion   

Without the aid of the Bend-Tech Software and the RougeFab model 600 

tubing bender, our Baja Buggy frame fabrication would be behind schedule and over budget. 

Because we could utilize these tools, we have wasted very little material and increased 



productivity within the group culminating in the frame fabrication taking less time than 

anticipated.   

 

Path Forward  

To finish the frame's fabrication, we still need to add the back roll hoop section to the 

Bend-Tech software then cut, bend, cope and tack the final pieces in. Once this is completed, 

the Baja Buggy's frame will be ready to be fully welded. After the frame is fully welded, we 

can then utilize Bend-Tech to fabricate our front and rear suspension arms. Once the 

suspension arms are created and mounted, we can then move into our Baja Buggy 

suspension testing.   

 

Fixturing and Assembly 

 

Material Preparation   

The frame is made out of 1020 steel drawn over mandrel tubing. The tube has 1” 

outside diameter and 0.120” wall thickness. The material comes in ~20’ lengths and has a 

coating of oil from the mill. The first step was to clean the material with a solvent to remove 

the oil. This makes future handling, marking, and welding much easier. Each frame member 

was sawn to length using a horizontal bandsaw. All cuts were square and notching was 

accomplished in a later step.   

Tube cut lengths were generated by the BendTech software and are given as a 

decimal to the nearest 0.001”. Measuring for the cutting process was performed with a tape 



measure, so these measurements were converted from a decimal to fractional format and 

rounded to the nearest 1/16”. Most measuring was done by pushing the end of the tape 

measure against the band saw blade and measuring to the overhanging end of tube before 

clamping. With careful work, a tolerance of ±1/32” can be maintained. There are some 

occasions where it is appropriate to cut a tube short of the length on the print to ensure it 

fits between surrounding members. In cases like this, a tolerance of +0” -1/8” is acceptable. 

In this way the part will drop in without interference. When the part is centered, a 1/16” gap 

on either end is easily filled when welding.  

 

Tube Notching  

After cutting parts to length, most tubes needed further preparation for proper 

fitment. By creating a curved cut on the end, one tube may meet another without gaps for 

proper welding. There are several ways to create this notch. The most sophisticated way is 

a computer-controlled machine capable of cutting around the circumference of the tube with 

a laser or plasma cutter. While the BendTech software can drive such a machine, we did not 

have this equipment available. In a production setting this would be incredibly useful, but 

manual methods were satisfactory for this project. One technique for manual tube notching 

is to use some sort of rotating milling tool. Shown in figure 17 is a tool made for this purpose.  



  

Figure 17: JD Squared “Beast” Tube Notcher  

It includes a clamping mechanism and sliding spindle to which a hole saw is attached. 

The tool is powered by a standard ½” drill motor. The angle between the spindle and 

clamped tube is easily adjustable. By cutting through the end of the tube with a hole saw of 

equivalent diameter to the tube being joined to, the resulting notch allows good fitment.  

If a tube is to join several others in a node, multiple cuts would have to be performed. Due to 

difficulty in aligning these cuts properly, we used the hole saw notcher to perform single cuts 

only. These members making up the floor shown in figure 18 were easily notched with the JD 

Squared hole saw notcher.  

 



  

Figure 18: Notches Easily Performed By Machine  

For more complicated junctions, we used a 4 ½” electric angle grinder to free hand 

the cuts. While this method uses the simplest tools, it can be very effective. figure 19 shows a 

frame node where tubes were hand ground. These tubes mate with a bend in another tube, 

resulting in geometry that cannot be cut with a holesaw.  



  

Figure 19: Hand Ground Notches  

First the paper templates were traced onto the tube with marker. Then a cut-off wheel 

was used to remove most of the material. The cut-off wheel can only make a straight cut, and 

so the final curved profile cannot be followed exactly. To finish the cut, a flap disc is used. 

Conventional flap discs are meant to be used on their sides. They work very well on outside 

corners, but do not fit well on inside corners. Cutting on only the circumference of the wheel 

results in premature wear. For this reason, we used a specialty flap disc in which 

the sandpaper flaps are bent around the outer edge of the wheel. The “Polifan Curve” model 

from Pferd shown in figure 20 served our needs well.  



  

Figure 20: Pferd “Polifan Curve” Flap Disc with Rounded Edge  

After checking the cut ends against the paper templates, the tubes were tack welded 

together to form the frame. The frame was fully assembled with tack welds before any finish 

welding was performed. In this way, distortion from welding is minimized. Additionally, if a 

tube needs to be replaced or repositioned due to an error, it is much easier to do so if it is 

only tack welded.  

 

Frame Assembly  

When searching for a way to hold frame members in place during assembly, we 

considered constructing a purpose-built jig. One option is to create a wooden jig cut with a 

CNC router. Ultimately, we decided that it was possible to design the frame in a way that it 



could be constructed without a jig. As we are only producing a single frame, construction of 

a jig was not worth the effort.  

We did our fitting on a table specifically designed for welding. The table provides a 

flat, level, rigid metal surface with provisions for clamping. We also used measuring tapes, 

rulers, squares, levels, and digital angle finders to ensure proper alignment of components.   

Whenever possible, we built portions of the frame that exist in a single plane flat on the table. 

The roll hoop behind the seat was the first part of the frame to be constructed and was first 

aligned and clamped flat on the table. After tack welding, the floor of the cockpit was 

constructed flat on the table and joined to the roll hoop before adding the other members of 

the cockpit. Some pieces such as the side impact members were simply held in place by hand 

while another person welded. This technique relied on the dimensional accuracy of the part 

and triangulated nature of the frame for proper alignment. After the cockpit was assembled, 

the nose section was added followed by the engine compartment. Then engine compartment 

was the most complicated section and required the most care in assembly. For this we 

utilized various clamps, and machining fixtures such as angle blocks and 123 blocks during 

alignment. Figure 21 shows this process.  

 



  

Figure 21: Engine Compartment Construction  

The frame is nearly finished with several members in the engine compartment to be 

added before assembly is complete. Then all joints in the main tube structure will be welded. 

After this, mounting tabs for the engine and suspension will be fitted. By waiting until after 

welding of the tube joints to add mounting tabs, any potential distortion of the structure can 

be accounted for in tab placement. After frame construction is complete, our suspension 

components will be constructed with the same techniques.  

 

Welding  

The construction of this vehicle relies heavily on welding. While both the Metal Inert 

Gas (MIG) and Tungsten Inert Gas (TIG) welding processes would be suitable, TIG welding 

was selected for this project. Both processes use an electric arc to melt the metals to be 



joined and utilize an inert gas to prevent atmospheric contamination of the weld. The method 

of filler metal delivery is different between the two processes. In MIG welding, filler 

metal comes as wire stored on a spool. The wire, typically between 0.023” and 0.045” in 

diameter, is fed to the weld by motorized drive rollers. Additionally, the filler metal wire 

serves as the electrode in the welding circuit. This arrangement necessitates that the volume 

of filler metal and quantity of energy delivered to the weld remain constant through the 

length of the weld. MIG welding is great for performing large quantities of welds with simple 

geometry.  

In TIG welding, the filler metal comes as straight lengths of wire typically between 

0.035” and 0.125” in diameter and 36” long. An electrode made of tungsten supports the arc 

while the filler metal is added by hand. With this arrangement, the current in the welding 

circuit can be varied by the operator during a weld. This allows the operator to better deal 

with complicated joints.   

This project has many unique joint configurations, making the increased control of 

TIG welding worth the extra time required. Another benefit of TIG welding in this application 

is its lack of spatter. MIG welding throws tiny droplets of molten metal into the air which 

can damage things like chrome plated shock absorber shafts, angle plates borrowed from the 

machine shop, and seat upholstery. TIG welding, on the other hand, is much cleaner. This 

allows us to weld without removing delicate components from the work area.    

  



 

Brakes, Throttle and Clutch Update 

From the end of last semester to now, we have been able to finish calculating the 

master cylinder bore sizes based on the updated data from the rest of the team. Based off the 

calculations, we decided to go with .5 inch and .75 inch bore sixes for the front and rear brake 

systems, respectively. With these master cylinders and the current brake calipers, we are 

confident in locking and sliding all wheels while both at rest as well as in motion. Live testing 

will need to be completed to validate the calculations made. In addition to the brake and 

throttle pedals from last semester, we are now also adding in a cable clutch pedal to assist in 

changing of gears, due to the utilization of the motor chosen, which is a motorcycle engine 

instead of the standard BAJA Briggs and Stratton engine.   

After measuring and verifying driver ergonomics, the prior decision to mount the 

pedals in the nose area of the buggy will be scrapped, and the pedals will now be floor 

mounted in the main cabin area. This is due to the differences in leg lengths between the 

shortest and tallest drivers. The shorter drivers will not be able to reach the pedals if it is 

mounted in the nose.  

As there are no pre-made pedal assemblies that include two cable style pedals and 

the dual master cylinder brake pedal, the decision between manufacturing a separate pedal 

assembly to meet the teams needs or to put together different pedal systems into a 

“Frankenstein” system will need to be made. While manufacturing the assembly may help 

save a lot of money for the team, the manufacturing process may take longer than expected 

and may affect finishing the project by the end of term.   

 



In addition to the pedals, plumbing for brake, throttle, and clutch lines will also need 

to be completed so that there will not be any snags or pinching due to having two separate 

systems for the front and rear in regard to the brakes. This planning will also need to 

consider that the clutch and throttle cables are not being redirected more than 15 degrees in 

any direction outside of the cable jacket for safety purposes. The pedal and 

master cylinders will be ordered soon as well as rotors and plumbing materials.   

 

Front Knuckle Update 

For our vehicles front steering and suspension application two identical 

knuckle attachment assemblies were designed to accommodate suspension, steering and 

brake caliper components, and to house bearings, hubs and spindles for each side. The 

knuckle will need to properly provide attachment points and housings that contribute to the 

vehicles desired track width of 58” inches, and a turning radius of 155 inches and provide 

an environment for all incorporated components to function properly and withstand 

applied forces without failure per a factor of safety.       

In order to study the front knuckles safety during extreme conditions, a static load 

example was conducted where the vehicle has experienced max stresses from taking it off a 

jump and making a landing on its front wheels. This example used an acceleration (a) of 3 g-

force during the vehicles impact with the ground. With the wheel experiencing the initial 

impact for the sake of studying the knuckle, the bearing housing was shown 

to subsequently experience the load (F) of the vehicles mass (m).   

  



It was determined that a value of 1800 lbf was obtained for F and was observed acting 

on the bearing housing in the –y direction. With this determination we were then able to 

calculate the maximum lateral force acting on the steering knuckle, for the center of rotation 

(R1) at speed (v) given by a centripetal force (Fc) on the vehicle. Due to the ground friction 

this force will be coming from the tires and was determined by equations (20) and (21).   

  

  
ac=v2R1ac=v2R1 

  
(20)  

 

  

  
Fc=m(1−x)acFc=m(1−x)ac 

  
(21)  

  

  

With ac as the centripetal acceleration, and x as the weight on the portion of rear axle 

assembly. Then the ground reaction in the tire (Rb) and the friction force (Fb) was 

determined using equations (22) and (23).   

 

  
Rb=(mg(1−x)∗(t2)+v2)tRb=(mg1−x∗t2+v2)t 

  
(22)  

  

  

  Fb=RbμFb=Rb𝜇 (23)  



  

 

Where t is the vehicles track, h is center of gravity height, and µ is coefficient between 

the ground and the tire it was then taken that if the vehicles center of 

rotation is determined to have a radius of 155in, while traveling at 15 mph and using 

a coefficient of friction, 0.7, the force Fb was calculated as 53.393 lbf, and this is the 

force applied transversely to the wheel bearing while in position. Then the force the driver 

exerts on the steering wheel which is transmitted through the steering assembly and acts on 

the steering knuckle was applied as 45 lbf.   

Where d is the distance of the drivers applied force to the center of rotation on the 

front axle and will be the force that is applied to the steering knuckle. A free body diagram 

showing these forces applied is displayed in figure 22.   

   

Figure 22: Steering Knuckle Free Body Diagram  

With the vehicles entire build being performed in designated sections with the rear 

end as the main starting point, and the team working towards the front end; there will be a 



need for front wheel spacers. The main purpose of this addition is for the front-end track 

width to match the rear-end track width. This will be achieved by the thickness of each 

spacer acting as a controllable factor where the difference in the vehicles front and rear 

track widths will be determined and divided between the two spacers. Having control over 

this parameter prevents the need for revisions to other key portions of the vehicles 

engineering design and manufacturing of parts and assemblies, such as the frame and 

suspension. Without the addition and benefit of wheel spacing during the final assembly of 

the front portion of the vehicle, the front and rear track widths would otherwise be 

separately matched by the revisions of some key components and would result in lost time 

and engineering resources by team members.   

The design for the wheel spacers is displayed in figure 23. Once the rear wheels are 

mounted the spacers will be ready to manufacture and will be one of the final components 

to the completion of vehicles build. The design was conducted so that the thickness of the 

part may be altered without affecting any of the prior known parameters such as the 

counterbored holes for fasteners, fasteners and their respective bolt patterns, and the inside 

and outside diameter. A rendering of this design is displayed in figure 23, and in figure 24 an 

example of how the part mates with the front knuckle.   

  



  

Figure 23: Front Wheel Spacer   

   

Figure 24: Spacer Mounting Position to Knuckle  

  

Once the addition of wheel spacers has been completed, we are expected to 

experience some parameter changes. One differences will result in a larger moment acting 

on the front hub and knuckle assemblies compared to the calculations shown in figure 



24, which will be a result from the distances between the centerline of the wheels and their 

respective mounting surfaces and how those factors will increase. An example of this 

increase is shown in figure 25.  

 

  

Figure 25: Wheel Center Line Distance Increase Example   

Wheel spacers will also have an impact on the vehicle’s suspension geometry. With 

increasing the track width there will be the benefit of less lateral load transfer over 

cornering, which will also give a more even distribution on the tires and give more grip. We 

will also experience an increase in the scrub radius, and the deflection force on the lever arm. 

Tire wear, steering stability under braking and other steering efforts may also be 

impacted. These collective parameter changes are predicted to be negligible with respect to 

safety factors and performance issues because we will not be inserting a drastic increase in 

distance from the knuckle to the wheel’s centerline.   

 



Driver Interface  

 

The seat is very important to the driver especially when running endurance races and 

driving on rough roads. The seat adds comfort and protection to the driver which could 

ultimately lead to a better finish. An ideal seat must be firmly planted in the cockpit of the 

vehicle and accommodate a variety of drivers.  

We decided to stick with the 17-inch Kirkey 38 series racing seat with the vinyl seat 

cover as previously discussed. Before the seat could be secured into place, we added two 

additional horizontal bars to the firewall and a multiple more to the floor to accommodate 

for mounting brackets. The lower firewall bar is for seat support while the top firewall bar is 

for the shoulder harness to loop around.   

  



 

 

 

Figure 26: Added supports to the floor and firewall 

Once all the additional tubing was welding to the frame, we placed the seat in its final 

position to see how everything would align and where we would need to place the 

brackets. The first set of brackets were triangular pieces that would attach to the floor, but 

since the seat is made of aluminum and the frame is made of steel, we had to make brackets 

out of both materials. The steel pieces are welded to the frame while the aluminum 

pieces are welded to the seat and to connect the two, we drilled holes and screwed them 

together.  



 

 

Figure 27: Steel and Aluminum plates secures together with screws and lock nuts 

The brackets that are fastened to the seat itself were inspired by the original Kirkey 

brackets. They were made by tracing the seat lap harness cutout and then making them the 

same length as the triangular floor brackets. After the brackets were cut out, we clamped 

them to the seat and got our desired seat angle of 18°, we then drilled three holes on each 

side to secure them to the seat. These brackets are made out of aluminum just as the top 

floor brackets are, so we were able to weld them together once we had our final alignment.  



 

 

Figure 28: Seat bracket and floor bracket welded together while the seat is fastened by 

screws and lock nuts 

At this point the seat is very secured to the floor, so for added stability and safety we 

put two brackets on the top of the back of the seat. For the rear we cut out two square steel 

plates and drilled them to the seat. There is a 1.5-inch gap between the seat and the firewall 

and to join the two together we added a small piece of steel tubing and welded it to the 

firewall and the steel plate on the seat.  



 

 

Figure 29: On the right side is just the steel plate screwed to rear of seat while the left side 

has the steel tubing as well 

The seat is now in its final position with all mounts and brackets made. Any screws 

that protruded the seat and had the possibility of interfering with the driver have been 

replaced with button head screws, so when the cover is placed back over the seat they won’t 

be noticed or felt. The next step for the seat is adding tabs on the sides for the lap harness 

and D-rings for the shoulder harness and sub-belt.  

   

  



 

Steering System Design  

 

For our steering system we have acquired a rack and pinion that is 15.5 inches in 

length along with tie rods. We have also accomplished the calculations for the inner and 

outer wheel angles. Our next goal would be to find the most accurate mounting point for the 

tie rods to achieve the right Ackerman set up. We have a plan of using a software that would 

finding that mounting point to be easy and that software is called OptimumK. This software 

performs simulations based off our suspension and rack & pinion setup and gives us the most 

accurate mounting point for the tie rods. That point is very crucial in achieving the right 

Ackerman geometry and it also goes into the design of the knuckle.   

As for the steering wheel set up, our plan is to purchase a quick release steering wheel 

hub and a steering wheel with a 10-inch diameter within hopefully two weeks. The steering 

column mounting point will have a bearing that we plan on purchasing off the shelf. The 

location of the steering wheel is important for our vehicle design and to accommodate the 

driver ergonomics.   

  

Rear Motor Mounts  

  

This assembly is intended to locate the engine, reduction shaft, and the spool shaft in 

space while also providing a means for chain tensioning.  This assembly is intended to be 

attached to the motor before instillation on the vehicle to allow for easier assembly.  The 



chain tensioners need to be accessible without removing the motor.  Similarly, we intended 

for this design to require no more than minimal changes to the frame.  To reduce the cost of 

the assembly, we decided to design around material we already had on hand or that was 

found in the hub building as opposed to specifying material for purchase.  This assembly is 

shown in figure 30.    

  

  

Figure 30: Motor mount and chain tensioner assembly shown with the motor  

 

Motor Mount Plates  

Before we could begin designing the assembly, we needed to determine the center 

distance of the sprockets.  According to The Chain Doctor (figure 31), the rule of thumb with 

chain drives is to design around an even number of chain pitches.  When an odd number is 



used, an offset link is required resulting in a 25-30% reduction in chain tensile 

strength.  Chain length,  

ClCl 

, (in pitches,  

PP 

) was calculated according to equation 1 [1].  

  

Cl=2CdP+12A+TPCd                                                               1.)Cl=2CdP+12A+TPCd                             

                                  1.) 

  

  

A=Z1+Z2                                                                      1.a)A=Z1+Z2                                                                

      1.a) 

  

  

S=Z2−Z1                                                                       1.b)S=Z2−Z1                                                                

       1.b) 

  

  

CdCd 

 is the center distance,  

ZiZi 

 is the number of teeth in a sprocket, and  



TT 

 is found in table 1.  Both stages of the drive reduction require 50 pitches of #40 chain.  

  

  

Figure 31: The Chain Doctor®  

  

The mount plates were then designed using Topology Optimization in Fusion 

360.  While completely unnecessary, we took this approach mainly for style points and 

because we could.  To begin, we started with a slab of 6061-T6 aluminum that contained 

the necessary features needed to locate all vital components on the vehicle (bearing bores, 

mounting holes, and various steps) was modeled and simulated in Fusion 360 to obtain a 

baseline measure of the stresses.  Three studies were conducted with an increasing mesh 

resolution to verify that simulation results had converged.  All three studies provided results 



of approximately 40 MPa and a safety factor greater than 8.  All four mounting holes were 

constrained radially and axially to approximate bolts and parabolic bearing loads were 

applied to the bearing bores.  The magnitude of these loads was equal to that of the reaction 

forces on the bearings and in the opposite direction.   

A topology optimization study was then conducted with the goals of maximizing 

stiffness and reducing part mass by 70%.  The results of this study were then used as an 

outline to create a new solid model of a reduced mass motor mount plate.  A simulation was 

conducted to confirm the results and the assembly was modeled in its entirety.  Finally, one 

last study was performed to ensure that the addition of other features did not adversely 

affect the performance of the part.  The final part experiences a maximum stress of 

approximately 35 MPa and has a minimum safety factor of 7.8.  All simulations used identical 

loads and constraints.   Appendix A lists the simulation setups and results in 

detail.  Figure 32 displays the evolution of the part.  

  



  

 

Figure 32: Evolution of the motor mount plates.  Original plate is shown top-left and the final 

revision is shown bottom-right.  

 

Chain Tensioner  

The chain tensioner (figure 33) consists of Nylon rollers which are tensioned from 

the rear of the vehicle via a push/pull rod.  Initially, we attempted to design an 



assembly like that seen in the timing chain in a car.  After researching the subject, we learned 

that having a rigid tensioner will result in the assembly gradually working its way loose due 

to vibration.  Some teams have reported that this happens quite quickly requiring re-

tensioning in between competition events.  Not pictured in the model is the jam nuts on both 

sided of the adjustment block required to prevent the loosening of the tensioner assembly.    

  

  

Figure 33: Chain tensioner assembly.  The passenger side mounting plate is not shown for 

clarity.  

The nylon rollers are 3d printed from Taulman bridge 645 nylon having a yield 

strength of 5200 psi and a Young’s modulus of 30.8 ksi when 3d printed [2].  This material 

was chosen because of its relative abrasion resistance, higher melting and glass 

transition temperature, and lower cost.  Research into the ideal polymer for a chain 



tensioner yield little results, however we were able to determine that auto manufacturers 

use nylon 46[citation needed], however, this material is not available in a filament and is 

prohibitively expensive in billet form.  

To get an idea of the loads the tensioner will be subjected to, we explored McMaster-

Carr and determined that the “heavy duty” chain tensioners apply approximately 

40 lbf.  Using this value as a maximum load case, we then conducted a brief analysis on the 

locations of greatest concern, ¼-28 threaded rod subjected to an axially compressive load, 

and the shoulder bolts.  The geometry of the threaded rod dictates that the most likely failure 

mode is  Euler buckling.  The maximum load we can subject this rod to,  

PcrPcr 

, was found with equation 2 and is 4,400 lbf.  

  

Pcr=π2EI(kL)2          2.⎞⎠⎟Pcr=𝜋2EI(kL)2          2.) 

  

  

EE 

 is the elastic modulus and is 29,000 ksi,  

II 

 is the moment of inertia and is  

88.74×10−6 in488.74×10−6 in4 

,  

LL 

 is the length of the rod and is 3 in, and  



kk 

 is the load factor and is 0.8 (fixed on one end, pin on the other).  The yield stress for the 

shoulder bolts was calculated for all bolts in single shear and is a maximum for the #10-24 

threads subjected to a 100 lbf load (40 lbf applied at 2.5”), this maximum value is 6,000 psi.  

  

Manufacture  

Currently, all the parts that can be made in-house have been made except for the 

passenger side motor mount.  Most of the machining has been completed on the driver 

side mount; however, we still need to bring the bearing bores to size (.002” press fit) and 

drill and ream the holes for the tension adjustment blocks.  Ideally, all of this would have 

been done on the TM-2, but we a.) ran out of tools for drilling and reaming and b.) decided 

to finish the bearing bore manually on the Bridgeport.    

While machining the driver side mount, the intermediate shaft bearing retainer step 

was accidentally removed due to operator error.  (The wrong feature was selected in Fusion 

360.)  Normally, this would result in a scrapped part, however, we believe that we can make 

a bolt-on retainer plate from 6061 Al and 6 #8-32 counter sunk bolts.  Re-running the 

simulations with the modified plate (figure 5) shows a marginal increase in maximum stress 

to 70 MPa, still well under the yield strength of 6061-T6 aluminum.  

  



  

Figure 34: Proposed repair to the driver side motor mount.  

  

 

Power Transmission Update 

 

Finalized Shaft Designs  

In previous versions, the internal splines that would mate with the half axles were to 

be made on the wire EDM. This would require the splines to go throughout the entire length 

of the shaft which is unnecessary and weakens the component. A change was made in the 

manufacturing process to use the sinker EDM instead to only form the splines into the ends 

of the shaft to the length necessary to fully engage the splined section of the half axles. This 

change adds more material in two critical sections. The first section is shoulder that the face 



of the inner bearing race will press up against to maintain accurate spacing of the bearings. 

A small shoulder fillet is necessary here because there must be clearance between the 

chamfered edge of the bearing race and the radius in the corner of the shaft shoulder. The 

smaller fillet increases the stress concentration at that point on the shaft, but a thicker shaft 

and a solid core make for lower stresses when compared to the numbers in the analysis of 

the previous design. The second area of the shaft that benefits from a solid core is the center 

point on which the sprocket teeth will be aligned. This point experiences the highest bending 

moment and features a keyway that will be milled into the shaft. The stress concentration 

factors for end-milled keyseats cut by standard milling-machine cutters are taken 

from Shigley’s Mechanical Engineering Design, which specifies a Kt value of 2.14 for bending 

and 3.0 for torsion with the key in place transmitting torque.  

Table 1 shows the stresses in the spool shaft at the points referenced from figure 1. As 

before, these values are calculated using a design horsepower 1.7 times the maximum rated 

nominal engine horsepower as recommended in The Standard Handbook of Chains for drive 

applications expecting heavy shock loading as a conservative design choice.  



  

Figure 35: Spool shaft model  

 

Point  σ𝜎 

 [ksi]  

τ𝜏 

 [ksi]  

A  0  15.3  

B  2.7  12.0  

C  8.2  14.0  

  

Table 1: Stresses on spool  

 

Dimensions of the part are shown in figure 2. This drawing represents the shaft after all 

machining processes have been completed except the cutting of the internal splines.  



  

Figure 36: Spool shaft dimensions  

 

The machining process will require turning on a lathe, milling, cutting an electrode on the 

wire EDM, and using that electrode with the sinker EDM to form the internal splines.  

The design uses two ball bearings made for a 40 mm shaft and have a radial load 

capacity of 5,550 lbs. and a maximum speed of 8,300 rpm. A stock sprocket with the required 

bore size could not be purchased so a sprocket with a machinable bore will be used. The bore 

of the sprocket can be machined out to a maximum diameter of 2.25 in. which allows room 

for the shaft clearance and the keyway. The hub of the sprocket will also be tapped for a set 

screw to prevent axial motion. Both the bearings and the sprocket can be purchased on 

McMaster. A completed model of the shaft assembly is shown in figure 37.  



 

Figure 37: Spool shaft assembly 

 

The reduction shaft has similar design features with shoulders on the shaft to space 

the bearings properly and increase strength where the greatest bending moment occurs. 

Keyways will be milled into the shaft to transmit torque from the sprockets. Loading 

conditions have not changed since the previous analysis, but the shaft diameter was made 

smaller on the ends. The stresses calculated at key points on the shaft for the new design 

referenced in figure 4, are listed in table 2.  



 

Figure 38: Reduction shaft model 

 

Point  σ𝜎 

 [ksi]  

τ𝜏 

 [ksi]  

A  0  37.5  

B  25.7  22.5  

C  29.2  19.2  

D  8.0  22.5  

  

Table 2: Stresses on reduction shaft 

 

Point C, where the sprocket teeth will align, remains the section with the highest bending 

stress. The shaft diameter at this point has not changed from the previous analysis and thus 

the stresses remain the same. The torsional stress has increased at point A due to the 



stepdown in diameter, but since the torque is not applied cyclically as the shaft turns, it will 

not affect the fatigue life.  

The machining process will require turning a 1.25 in. diameter shaft on a lathe and 

milling the two keyways. Dimensions for the shaft are shown in figure 5.  

  

 

Figure 39: Reduction shaft dimensions 

 

Two ball bearings will be mounted on the shaft with a radial load capacity of 2,950 

lbs. and a maximum speed of 5,000 rpm. The two sprockets used are available from 

McMaster with finished bores made to fit the given shaft diameter and will not require any 

additional machining. A completed model of the reduction shaft assembly is shown 

in figure 40.  



 

Figure 40: Reduction shaft assembly 
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Appendices 

 

Appendix A  

Natural and essential boundary conditions  

• All simulations had identical boundary conditions.  

• Essential boundary conditions  

o Pin constraint prescribing rotation and axial displacement at 0 [mm]  

o Represented by a blue triangle  

• Natural Boundary Conditions  

o Intermediate shaft – Red Arrow  

▪ 1650 lbf bearing load (parabolic distribution)  

▪ Oriented  

30°30° 

 clockwise from horizontal  

o Output shaft – black arrow  

▪ 2560 lbf bearing load  

▪ Oriented 5 

°° 

 counter-clockwise from vertical  

  



  

 

Topology Optimization Settings  

• 70% mass reduction  

• Maximize stiffness  

  

Mesh Settings  

• Parabolic elements with curvature  

• Model-based side ranging from 3% of model size (coarse) to 1% (fine)  

  

Material Properties  

• 6061-T6 Aluminum  

o E=72.7E=72.7 



 GPa  

o [Equation]  

o [Equation] MPa   

  

Figure A-1: Initial Simulation Results  

  



  

Figure A-2: Topology Optimization Results  

  

Figure A-3: Final Simulation Results  



  

Figure A-4: Simulation results confirming the viability of a bolt-on bearing retainer plate.  

  

Appendix B 

 

Link to Gant chart in Microsoft Teams 

https://olucdenver.sharepoint.com/sites/CUDenverBaja/Shared%20Documents/General/Spring

%20Midterm/SpringMidtermBudget.xlsx 

Appendix C 

Link to Budget in Microsoft Teams 

https://olucdenver.sharepoint.com/sites/CUDenverBaja/Shared%20Documents/General/Spring

%20Midterm/SpringMidtermBudget.xlsx 

Link%20to%20Gant%20Chart%20on%20Microsoft%20Teams
Link%20to%20Gant%20Chart%20on%20Microsoft%20Teams
https://olucdenver.sharepoint.com/sites/CUDenverBaja/Shared%20Documents/General/Spring%20Midterm/SpringMidtermBudget.xlsx
https://olucdenver.sharepoint.com/sites/CUDenverBaja/Shared%20Documents/General/Spring%20Midterm/SpringMidtermBudget.xlsx


Calculations  

 

Mass:  600  lbs          

CGHeight:  31  inches    Acaliper Front  1.407274  in^2  

Wheel Base:  64  inches    Acaliper Rear  1.095628  in^2  

Static front 

weight:  
240  lbs          

Static Rear 

weight:  
360  lbs    

Dynamic weight 

transfer  
290.625  lbs  

dTires:  26  inches    
Dynamic front axle 

weight  
530.625  lbs  

Max Decel:  1.5  g    
Dynamic Rear axle 

weight  
69.375  lbs  

rRotor  4  inches          

dFront piston:  1.33858  inches    Front Brake torque  5173.594  
in-

lbs  

dRear piston:  1.1811  inches    Rear Brake Torque  676.4063  
in-

lbs  

mu:  0.4            

        Front Brake Pressure  1148.851  psi  

Driver input force  120  lbs    Rear Brake Pressure  192.9276  psi  

Brake Bias  6:4            



Pedal ratio  6.00      Front Brake Force  432  lbs  

        Rear Brake Force  288  lbs  

              

        Front MC Piston Area  0.376028  in^2  

        Rear MC PistonArea  1.492788  in^2  

              

        dFront piston   0.345967  in  

        dRear piston   0.689325  in  

  

 

 


