
 
 

University of Cincinnati 
College of Engineering and Applied Science 

 
 
 
 
Course Code  : MECH-3022 
Course Title  : Machine Design  
 
 
 
Date Submitted : August 6, 2016 
 
 
 
Group Number : 12 
Group Members : STANG, Matt 
   : BRAIDICH, Alex 
   : WELLS, Zach 
   : ELLMAKER, Spencer 
 
 
 
Instructor  : Dr. Ahmed Elgafy 
 
 
  



Final Project – Repair Vehicle Design 
Group 12 – Stang, Braidich, Wells, Ellmaker Page 2 
 

Final Project Agreement 

 
  



Final Project – Repair Vehicle Design 
Group 12 – Stang, Braidich, Wells, Ellmaker Page 3 
 

Table of Contents 

Final Project Agreement ....................................................................................................................................................... 2 

Table of Contents ..................................................................................................................................................................... 3 

1. Summary ................................................................................................................................................................................ 4 

2. List of Assumptions ............................................................................................................................................................ 4 

2.1 Belt Length and Tension Assumptions ............................................................................................................... 4 

2.2 Braking Assumptions ................................................................................................................................................. 5 

2.3 Shaft Design Assumptions ....................................................................................................................................... 6 

2.4 Steering Assumptions ................................................................................................................................................ 6 

3. Calculations and Analysis ................................................................................................................................................ 6 

3.1 General Motion Calculations ................................................................................................................................... 6 

3.2 Belt Tension Calculations ......................................................................................................................................... 8 

3.3 Braking Calculations .................................................................................................................................................. 8 

3.4 Drive Shaft Design Calculations............................................................................................................................. 9 

3.5 Reduction Shaft Design Calculations ................................................................................................................. 11 

3.6 Steering Calculations ............................................................................................................................................... 12 

3.7 Frame Consideration ............................................................................................................................................... 13 

4. Layout and Detail Drawings ......................................................................................................................................... 15 

5. Cost Analysis ....................................................................................................................................................................... 18 

5.1 Labor Cost Calculations and Markup ................................................................................................................ 18 

5.2 Purchased Components and Final Sale Pricing ............................................................................................. 19 

APPENDICES ............................................................................................................................................................................ 20 

A – TEXTBOOK EQUATIONS, TABLES, AND FIGURES ....................................................................................... 20 

B – SCANNED WORK SHEETS ...................................................................................................................................... 26 

C – MATLAB CODE ............................................................................................................................................................ 58 

REFERENCES ........................................................................................................................................................................... 59 

 

 



Final Project – Repair Vehicle Design 
Group 12 – Stang, Braidich, Wells, Ellmaker Page 4 
 

1. Summary 

At the conclusion of this design project, a three wheel repair vehicle was successfully designed to 
meet the required performance specifications as given by the customer including the ability to carry 
an operator and a 200 pound load, travel up a 20 degree incline at a minimum speed of 7.6 miles per 
hour, and possess necessary life for all non-maintenance components.  The proposed design has 
absolute dimensions of an 8’ 10” length, 4’ 3” height, a width of 3’ 9”, and an unloaded weight of 550 
pounds.  Powering the vehicle is a 10 horsepower gas Briggs and Stratton 1150 Horizontal OHV 
engine which will be sufficient to meet the speed and slope requirements.  The transmission system 
used supports forward and reverse motion through the tensioning of two separate double V-belt 
pulley systems with a linkage system.  To achieve the appropriate angular velocity in the drive shaft, 
two 4:1 belt reductions were employed.  The design features two 14 inch front wheels that will are 
connected to a rack and pinion steering system.  The 16 inch rear wheel is attached to the drive shaft 
and serves as the primary source of forward and reverse motion for the vehicle.  A mechanically 
activated go cart styled brake disk kit is used in order to stop the repair vehicle from its cruising 
speed of 11.45 miles per hour to rest in ten feet.  In order to accommodate a variety of loading 
applications, a 9 square foot loading bed made of 12 gage sheet metal has been mounted to the rear 
end of the vehicle at a load height of roughly 3 feet.  In addition to standard designing factors of safety, 
miscellaneous safety considerations were accounted for including belt guards around the 
transmission housing in case of belt slippage or failure and an upgraded seat with a seatbelt. 

 

2. List of Assumptions 

Throughout the course of this design project, a number of assumptions were made according to 
the various subsystem applications and design requirements.  These assumptions are outlined below 
by subsystem along with a brief explanation of where uncertainty stemmed from or why the 
assumption was considered to be valid. 

2.1 Belt Length and Tension Assumptions  

 The largest assumption that was made in this portion of the project was that although 
double V-belts were used, the tension in the belts could be accurately modelled using the 
flat belt equations throughout Section 17-2 from the Tenth Edition of Shigley’s 
Mechanical Engineering Design (unless otherwise specified, all table, figure, and equation 
references are taken from Shigley’s Mechanical Engineering Design). 

o Originally the V-belt equations throughout Section 17-3 were attempted in order 
to model the double V-belts used in the transmission system.  The pitch length 
equation was successfully used in order to determine the overall lengths of the 
double V-belts.  Then, the allowable power per belt equation (Ha) yielded 
extremely low allowable horsepower per belt.  This low value then trickled 
through other equations to result in very large Nb (number of belts) and ∆F 
(change in force between the tight and loose sides of the belt) values (for example, 
∆𝐹 = 14,443 lb in a sample calculation between two 12 inch pulleys).  As a 
culmination of the effect of the Ha term, the primary forces (F1and F2) were clearly 
in error through simple logical analysis.  However, it was noted that tension 
equations that were not dependent on Ha such as the centrifugal tension (Fc) did 
result in values that were extremely similar to values obtained from 
corresponding flat belt equations.  In addition, the length equations yielded 
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almost identical results.  Combining these last two observations, it was decided 
that modelling the double V-belts as flat belts would be an acceptably accurate 
representation of their tensions. 

 The geometry for the transmission system belting was modelled off of Figure 17-1(a) and 
Figure 17-2(c).  For the reverse operation system (17-2(c)) the geometric spacing of the 
proposed transmission system resulted in a positive angle off of the driving engine pulley 
as opposed to the negative angle shown in the figure.  This angle direction discrepancy 
was assumed to be acceptable. 

o This assumption stemmed from an uncertainty due to lack of information in the 
text concerning this multi-pulley reverse operation layout.  As neither the angle 
off of the driving pulley nor specific tension equations were listed, it was deemed 
acceptable that this assumption of similarity be made.  

 In order to estimate the length of the reverse operation pulley system, the geometric 
distance was calculated using Inventor. 

o This assumption of similarity between the physical geometric length and the 
calculated lengths was established due to an observed pattern in the flat belt 
equations where this conclusion was seen to be a decent approximation. 

 As seen in Figures 17-12 and 17-14, the tension in both flat and V-belts varies throughout 
the belt.  However, in order to simplify the calculations for the belt tensions, it was 
assumed that other than at the tangent points on the pulleys (tight and loose) the tension 
in the belt was the same.  This assumption was particularly useful in relating the tensions 
at similar tangent points in opposite pulleys, although, if this assumption is incorrect, it 
would have affected the moment diagrams on either the reduction or drive shafts. 

 In order to estimate the tension in the double V-belt on the reverse operation pulley 
system, the system was modelled as a 12” to 12” pulley and a 3” to 6” pulley rather than 
as a 3” to 3” to 3” to 12” system.  This assumption allowed the tensions in representative 
portions of the reverse operation pulley system to be calculated using the standard flat 
belt equations.  

o By modelling the reverse operation pulley system in this manner, the geometric 
lengths as calculated in Inventor were almost identical to the actual distances.  
This confirmed that the model was at least geometrically representative of the 
actual system.  In addition, the calculated tensions from the model were of the 
same magnitude as tension calculations for some of the other double V-belts in 
the transmission system.  This built confidence in the assumption that the model 
was a reasonable estimate of the tensions throughout the reverse operation 
pulley system (and thus of the forces acting on the various pulleys). 

 It was assumed that 100% power transmission was achieved throughout the belt 
systems. 

o This assumption is clearly not an accurate model of a real world application 
although it was accepted in order to simplify the design process.  In a future 
design, a higher horsepower engine would be selected in order to compensate for 
power lost in the belt transmission. 

2.2 Braking Assumptions  

 The largest assumption in the braking portion of the project was the desired distance that 
the vehicle would be able to stop in.  This distance was set assuming constant contact 
throughout the braking process (no skidding) and then back checked for logic against the 
relative acceleration the driver would experience (in g’s). 
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 The added stresses due to heating up of the brakes during operation were assumed to be 
negligible for the scope of this design. 

 The life of the brakes was assumed to be sufficient as the brake pads were considered to 
be replaceable parts. 

2.3 Shaft Design Assumptions  

 When calculating the endurance strength for both the reduction and drive shafts, the 
temperature modification factor and miscellaneous effects factor were assumed to be 
negligible and therefore equal to one.  This assumption was commonly made throughout 
the course material as well as seemed reasonable within the defined application. 

 After determining the first calculated diameter on both the reduction and drive shafts, 
the remaining diameters were calculated using the standard D/d ratio of 1.2 and then 
rounding to a standard size (page 364). 

 As previous mentioned, there were a number of assumptions that went into the 
calculation of the belt tensions within the transmission system.  It was assumed at the 
outset of the shaft design calculations that the belt tensions and forces on each pulley 
were accurate (meaning no additional safety factor was added to account for a previous 
uncertainty). 

 As the reduction and drive shafts were designed before the entire design was completed, 
the weight used for the calculations was assumed to be the max supportable weight of 
the tires (1200 pounds) with an even weight distribution on each tire.  Although the final 
unloaded design was well under this maximum value, this assumption allowed for the 
calculation of a worst case scenario design that was acceptable regardless of loading. 

 When designing each shaft axial loading was considered to be negligible. 

2.4 Steering Assumptions  

 It was assumed that the bearings used to support the steering shaft as well as the steering 
components linking the rack to the tires will have an infinite life due to the small forces 
that they experience during routine operation. 

 In order to simplify design considerations for the front end of the vehicle’s frame it was 
assumed that the channel supporting the rack will be well greased and that the rack and 
pinion gear will be well lubricated and free of environmental contaminations. 

 The torque that was applied to the steering wheel was assumed by considering a 
reasonable turning force to be 30lbf being applied on the 6.5” radius steering wheel.   

 A maximum pinion speed was assumed to be 2 revolutions per second by attempting to 
visualize how quickly an operator could and would practically turn a steering wheel in 
routine operation. 

 

3. Calculations and Analysis 

3.1 General Motion Calculations 

One of the first design features that had to be considered with this project was the required 
power needed to achieve the minimum 7.6 miles per hour motion up a slope of 20 degrees.  This 
process was modelled with two sets of free body diagrams (one with no acceleration and one 
with acceleeration) showing the forces on a block (representing the repair vehicle) sliding up a 
20 degree slope.  The main forces that appeared in each free body diagram were the weight of 
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the block, a normal force from the ground acting on the block, a friction force resisting the motion 
of the block, and an explicitly applied force representing the driving force from the engine.  Each 
free body diagram was evaluated along the direction of the ramp using Newton’s Second Law in 
order to solve for the explicitly applied driving force (in terms of weight and coefficient of 
friction).  The power required was expressed as the function power equals the applied force times 
velocity.  The power relationship combined with the expressions for the engine force were then 
plotted in MATLAB against a varying weight vector in order to provide a framework for the 
required horsepower now as a function solely based on the weight of the repair vehicle (note that 
the coefficient of friction was assumed to be 0.1).  The initial estimate of the weight for the vehicle 
was 1500lbs, indicating a necessary power of between 12 and 17 horsepower.  Reccomendations 
from the instructor of this course during update presentations hinted at a likely power of 
approximately 10 horsepower so the assumption for the expected weight was revised to 1000lbs.  
After completing the proposed design, the unloaded weight of 550lbs is well within the 10 
horsepower engine’s capabilities.  In addition, even at the maximum possible loading of 1200lbs 
the 10 horsepower engine would just be beginning to strain to reach the required performance 
expectations. 

                        
Other general calculations that were completed at the beginning of this design project were 

the anticipated revolution speeds of the various pulleys in the transmission system.  It was known 
that the 10 horsepower gas Briggs and Stratton 1150 Horizontal OHV engine had an output shaft 
that revolved at 3800 revolutions per minute.  Estimating the rear drive wheel to be 14” in 
diameter, it was calculated using the kinematic concept of tangent velocities (𝜔𝑎𝑟𝑎 =  𝜔𝑏𝑟𝑏) that 
the drive shaft would need to rotate at 237.5 revolutions per minute.  In order to reach this 
rotation, two 4:1 belt reductions were laid out (corresponding to revolutions per minute of 
3800rpm  950rpm and 950rpm  237.5rpm).  As the final selected rear wheel was 16” rather 
than 14”, the final velocity of the vehicle was 11.4 miles per hour (slightly faster than calculated). 
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3.2 Belt Tension Calculations 

Calculations were conducted on the various double V-belts within the transmission system 
to determine the overall forces acting on each of the pulleys.  This information was later critical 
in the shaft designs for the transmission system.  For the calculations, the double V-belts were 
modelled as flat belts and analyzed using the equation sets provided in Chapter 17 Section 2.  As 
a general process, each belt tension calculation began by defining the horizontal distance 
between the centers of the pulleys (C), the larger diameter pulley (D), and the smaller diameter 
pulley (d).  These values were then used to calculate the overall length of the belt (L from equation 
17-2) and the angle of contact for the belt on each pulley (𝜃d and 𝜃D from equation 17-1).  When 
modelling the length of the double V-belts as V-belts rather than flat belts, equation 17-16a was 
used rather than equation 17-2 (note that even in these cases the belt tension was still modelled 
as a flat belt). Then, the weight of the belt was determined by multiplying the volume (for the 
double V-belts it was two equal trapezoids) by the specific weight of the manufacturer’s specified 
belt material (typically urethane).  Next, the belt speed (V from page 877) was determined using 
the smaller pulley diameter (d) and the rotational speed of the smaller pulley (n).  Finally, the 
torque was calculated by dividing the power by the rotational speed of the pulley of interest.  At 
this point, all of the defined values were applied into the Fi, Fc, F1, and F2 equations (equations 17-
9, (e), and Figure 17-7 respectively) in order to determine the final tensions in the belts.  The F1 
term always corresponded to the tight side of the belt whereas the F2 represented the tension in 
the loose side of the belt.  To provide a sense of magnitude, the largest calculated tension was 
522.43lbf (occurring on the 3” single pulley on the reduction shaft) and the smallest tension was 
30.95lbf (occurring on the 3” double pulley on the engine output shaft).  When sourcing the belts 
for the transmission system, sizes were overestimated in order to allow the tensioner pulley 
flexibility to engage either the forward or reverse operation systems.  

 

 

3.3 Braking Calculations 

In this application, the preffered method of stoping the vehicle was to use a simple disk brake 
and caliper system. This disk brake was attached to the drive shaft so that its torque would be 
applied direcctly against the rotation of the wheel. To calculate this torque, a general constant 
acceleration equation was used. As seen on (Appendix B DSC Page 2a), the equation only requires 
the initial and final velocities and displacements. A reasonable stopping distance of 10 feet was 
set for when the vehicle was going its maximum speed of 11.4 mph. It was calculated that the car 
would accelerate at about 0.4 g’s so the driver won’t experience too much of a jerk when applying 
the brakes. 

To find the force of friction on the brake disk, Newton’s 2nd Law was utilized. Because the 
acceleration was now known, it could be multiplied by the mass of the vehicle to get a force. This 
force of about 525 pounds was the force of friction the caliper that was applied to the brake disk. 
With this information, the final drive shaft calculation could finally be computed using the friction 
force and the torque it applied. 
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3.4 Drive Shaft Design Calculations 

When designing the drive shaft, the first step was to decide exactly what components were 
going to attach to the shaft. The shaft’s purpose is to attach the back tire to the frame and to 
transfer power received from the reduction shaft to the tire. The vehicle also needs to be able to 
stop so the braking system was decided to be attached to the drive shaft. To attach the sourced 
tire to the shaft, it was concluded that the tire itself couldn’t contact the shaft and would need a 
hub on either side that actually contacted the shaft. With this information, it could be seen that 
the shaft would need a bearing at the ends, two hubs for the tire, a brake disk, and a pulley to 
receive torque. Logically, the shaft was set up to be symetrical starting at the lowest diameter on 
the ends for the bearings. As seen in (Appendix B DSC Page 2), the next larger diameters for the 
pulley and brake disk and, finally, the largest diameter in the center for the tire hubs. 

To transfer torque through the different points, the pulley, hubs, and brake disk needed keys. 
The keys for the pulley and brake disk were placed at the center of each but the hubs had a special 
case. On the hubs, the key grooves only go halfway through and are used to stop them from 
moving towards the center. This makes it so that when the hubs are bolted together through the 
tire rim, they are held in one spot and cannot slide on the shaft. To hold the brake disk and pulley 
in place, spacers were used in between them and the bearings to press them up against the 
shoulder. The overall lengths of the shaft were decided having the tire and center line up with the 
engine. From there, the distance to the pulley could be measured from the final transmission 
setup. To keep symmetry, the brake disk was placed like the pulley and the bearings were placed 
where the shaft would meet the frame. 

When the spacing and goals of the shaft components were all decided, a total list of shaft 
components could be created: 

 Shaft 
 2 Bearings 
 2 Spacers 
 Pulley with Bushing and Key 
 Brake Disk with Key 
 2 Hubs each with a Key 
 Total of 14 Components 

The next step of the drive shaft design was to find the diameters at each section. To 
accomplish this the forces on the shaft had to be calculated and set up in a free body diagram. 
Forces acting on the shaft were pulled from belt tension calculations, braking calculations, weight 
considerations, and were all brought together on (Appendix B DSC Page 3a) along with torques 
(𝑇𝑚). From this point, all forces were split up into two free body diagrams in the xy and xz planes. 
The xy plane was analyzed first on (Appendix B DSC Page 3a) where the shear and moment 
diagrams were set up and the moment was calculated for all points A through K. On (Appendix B 
DSC Page 3b), again the shear and moment diagrams were set up but this time for the xz plane. 
Moments at all points were calculated and then combined with the xy moments to get the true 
alternating moments (𝑀𝑎) on the shaft. 

After all the forces were calculated and brought together on (Appendix B DSC Page 3c), it was 
time to solve material properties of the shaft. To solve for the endurance limit of the shaft, AISI 
1020 CD steel was used as the starting material. Table 6-2 was used to calculate the surface 
dondition modification factor. Equation 6-20 was used to calculate the size modification factor. 
Equation 6-26 was used to calculate the load modificatioin factor. Temperature was assumed to 
be normal room temperature so the temperature modification factor was set to one. A reliability 
was set for the shaft to be 99.99% so the reliability factor was taken from Table 6-5. 
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Miscellaneous effects were assumed to be negligible so the miscellaneous effects modification 
factor was set to 1. 

Initial stress concentration assumptions were taken from Table 7-1 and used to get values at 
the shoulders in bending and torsion. These values were then used in the DE-Goodman criteria to 
solve for the diameter at a few points on the shaft (see Appendix B DSC Page 3c). From the results, 
it could be concluded that, without keyway stresses, the shoulder at the brake disk was the 
weakest point on the shaft with a diameter of 1.5243”. Since the values used were conservative, 
Table A-17 was used to get the next lowest standard size of 1.5”. This value was then used to 
recalculate the endurance limit and to find notch sensitivities from Figures 6-20 and 6-21. Stress 
concentrations were read from Figures A-15-8 and A-15-9 and used with Equation 6-32 to find 
the regular and shear fatigre-stress concentration factor. As seen on (Appendix B DSC Page 4), 
these values were then used in the DE-Goodman criteria again to find the new diameter which 
turned out to be 1.4822”. The first steps of another iteration were taken and the size modification 
factor was found to be about the same as before so the diameter won’t change again. Therefore, 
the closest standard size of 1.5” was used for the diameter the brake disk sits on. 

From Page 364 in the textbook it is stated that a general D/d ratio is 1.2. With this assumption 
the other two diameters for the shaft can be calculated as 1.25” and 1.8”. Using the DE-Goodman 
criteria for fatigue factor of safety and combined loading for static yield, the shoulder at the brake 
disk was found to have 𝑛𝑓 = 2.07 and 𝑛𝑦 = 4.56. 

Looking at Table 7-6, the key under the brake disk and pulley (because of symmetry) was set 
to be 3/8” wide and ¼” tall because of the 1.5” diameter. To solve for the length of the key a saftey 
factor had to be set for the key to meet. The chosen safety factor was 1.5 so that it would be lower 
than the shaft fatigue saftey factor because it is desired that the key would fail before the shaft. A 
key material of UNS G10180 was assumed and used for calculations. Force on the key was the 
only paramater left before the length could be calculated so it was calculated by dividing the 
torque by the radius. As seen on (Appendix B DSC Page 6) the length needed to resist failure by 
shear was 0.454” and the length needed to resist failure by crushing was 0.53”. Thinking about 
safety first, the chosen length was 0.53” so it would be safer. 

For the keys under the hubs, the diameter of 1.8” meant that Table 7-6 set the width and 
height to 0.5”. Again, UNS G10180 and a saftey factor of 1.5 were used and the force was 
calculated on the key. With these values, the shear failure length was 0.28” and the crush failure 
length was 0.33”. As before, the longer length of 0.33” was chosen as the final dimension for safety 
reasons. 

The drive shaft was calculated to run for at least 5.24 ∗ 107 cycles. To calculate the life of the 
shaft, Equation 6-13 was used on (Appendix B DSC Page 5).  In the end, the drive shaft was 
calculated for failure after 7.11 ∗ 107 cycles which means that it meets the final requirement for 
the design. 
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3.5 Reduction Shaft Design Calculations 

The second and only other major shaft in the transmission system is the reduction shaft that 
provides a four to one drop in revolutions per minute from the engine and transfers power to the 
drive shaft. To accomplish this, the shaft needs a 12” pulley receiving power from the engine and 
a 3” pulley driving the drive shaft. Again, this shaft was designed to be symmetrical with three 
different diameters. With this information a list of components making up the reduction shaft 
could be made: 

 Shaft 
 2 Bearings 
 2 Spacers 
 12” Pulley with Bushing and Key 
 3” Pulley with Bushing and Key 
 Total of 11 Components 

Once these components were decided for the reduction shaft, the length of the shaft and the 
distance between pulleys were set. The only distance that had to fit into the overall design was 
the distance from the bearing at point A  and the 12” pulley at point F (see Appendix B RSC Page 
1). This dimension was important because the shaft had to fit onto the frame and reach over far 
enough to attach to the 12” pulley coming from the engine. Other dimensions could be set 
arbitrarily to make the shaft symmetrical. As seen in (Appendix B RSC Page 4), the 12” pulley is 
subject to larger forces when the transmission is set to make the vehicle go forward as opposed 
to the forces in reverse. Therefore, the reduction shaft was completely analyzed with forward 
forces to have the most conservative saftey factors. 

As previously done on the drive shaft, a free body diagram of forces was set up and it was 
analyzed in both xy and xz planes for moments (see Appendix B RSC Page 2). The resulting 
moments were then combined on (Appendix B RSC Page 2a) and used to calculate diameters with 
AISI 1020 CD steel. Table 7-1 initial assumptions and the DE-Goodman criteria were used again 
to get some initial diameter iterations and find the critical point. The critical point of the 
reduction shaft ended up being the shoulder at the 12” pulley (point E). 

When the critical point was identified and an initial diameter estimate was made, more 
iterations of the DE-Goodman criteria could be done and the final diameter under the pulley was 
found to be 1.3283”. Because this diameter was conservative the standard diameter used was 
1.25”. A D/d ratio of 1.2 and rounding to standard sizes were used again to get the final shaft 
diameters of 1” and 1.5”. The calculated saftey factors at this point against fatige were 𝑛𝑓 = 1.79 

and against yield 𝑛𝑦 = 2.46. To match the initial shoulder saftey factors of the drive shaft (𝑛𝑓 =

2.07 and 𝑛𝑦 = 4.56) and anticipate additional stress in the keyways, the material was upgraded 

to AISI 1050 CD steel. The new saftey factors became 𝑛𝑓 = 2.63 and 𝑛𝑦 = 3.63 (see Appendix B 

RSC Page 3). 
After obtaining the saftey factors for the shoulder, the stress concentration due to the key at 

point F was then considered and calculated like the drive shaft keys. Because the diameter was 
1.25”, a ¼” square key made of UNS G10180 was used to calculate the key length when set to a 
1.5 saftey factor (see Appendix B RSC Page 5). The length ended up being 0.24” and this will be 
the same for the 3” pulley because the shaft is symmetrical. Finally, the fatigue factor of saftey at 
the keyway was calculated in (Appendix B RSC Page 3a) to be 𝑛𝑓 = 1.63 which is less than the 

shaft saftey factor so the key is designed to fail before the shaft. 
The last parameter to check on the reduction shaft was the life of the part. Using the same 

methods as the drive shaft, the required cycles for the reduction shaft to last was calculated to be 
2.1375 ∗ 108. As seen on (Appendix B RSC Page 4a) the life of the reduction shaft was calculated 
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to be 2.5016 ∗ 109. This means that the reduction shaft meets the final requirement for the design 
while being generally safe.                        

3.6 Steering Calculations 

The steering system is a critical performance and safety feature of any vehicle. A rack and 
pinion system was chosen over a simple 1:1 go kart system for 2 reasons: 1. The gear reduction 
ofers more steering wheel revolutions from lock to lock. This allows the operator to make fine 
adjustments to the steering wheel without drastically changing the trajectory of the vechicle 
offering more precise vehicle control. 2. The gear reduction reduces the effort required by the 
opperator to turn the wheels. This is critical on a heavy vehicle with no power assisted steering. 
Due to this mechanical advantage, a smaller steering wheel of 13” in diameter was fitted. A 
smaller steering wheel also occupies less space giving the operator more leg room and a more 
comfortable driving position. 

The steering system consists of a shaft supported by 2 bearings with the steering wheel 
bolted at one end of the shaft and the pinon gear welded on the other. The rack floats in a greased 
metal channel welded to the frame and retained by the pinion gear. The rack and pinion are spur 
gears with a ¾ inch face width . Due to the small number of infrequent revolutions (assumed 2 
rev/s) and light loading, the life of the rack and pinion gear were assumed to be infinite; however, 
the calculations did not back up this assumption.  

The size of the pinion gear determined the number of revolutions reqired to turn lock to lock. 
A 16 tooth pinion allows the steering wheel to travel 1.2 revolutions (432 degrees) from lock to 
lock or 0.6 (216 degrees)  revolutions from straight to lock. Lock to lock offers 76 degrees of tire 
travel and straight to lock offers 38 degrees of tire travel. This offered a final turning radius of 9’ 
2”. Cafeful consideration went into sizing the pinion and determining the steering ratio. A small 
pinion gear would result in a large number of steering wheel revolutions from lock to lock; not 
required for the slow operating speed and relatively light vehicle weight. It would also increase 
the time needed to turn the wheels from lock to lock, a common operation for the intended 
vehicle application. A large pinion gear would offer very heavy and tight steering; analogous to 
the simple go kart steering, completely defeating the purpose of the more complicated rack and 
pinion steering system. 

The rack and pinion steering system was calculated using the wear factor of safety (equation 
14-42). This calculated wear factor of safety was 0.32 which seems very low considering the small 
forces involved with relatively few revolutions compared to a normal gear application of several 
hundred revolutions per minute. High strength components were selected for the steering 
system that should have provided an infinite life. The low safety factor originated from the large 
denominator, specifically the 𝜎c term. The dominating factor in the 𝜎c expression is Cp which was 
calculated with a youngs modulus value of 30*106 psi. All other dominating values were sourced 
from specific tables and each had similar ranges that would not have significantly affected the 
overall factor of safety. It was decided to include the incorrect calculations to show the attempted 
effort for overall completeness (sample values for the calculation shown below). 

Given Data (Rack and Pinion): 
Face width = ¾ in / Pressure angle 20 degrees / 16 teeth on pinion / Pitch diameter 1 in 
 
Sample values: 
Sc = 150,000 Nitrided  
Hb = 83.5 HR 15N 
HBP/HBG = 1 Assuming the same material for the gear and rack 
KB = 1 Temperature is less than 250 F / KR = 1 for 99% reliability 
Zn = 106 cycles / Qv = 5 / Ks = 1 / Cmc = 1 / Cpm = 1 
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3.7 Frame Consideration 

Even though the frame was not a critical part of this project, a robust, flexible and well-
designed frame was desired. A lot was taken into account when designing the frame and many 
versions were created. The frame was a “living” design in that it was initially created to be easily 
modified as other components were selected and analyzed. The frame and shafts were very much 
dependent on each other. The shafts needed the weight and dimensions of the frame so they could 
be analyzed, and the frame needed to be able to support the shafts and shaft components. For the 
design process, a layout was created. This layout got the general shape of the frame and the 
general frame was formed. From this, weights were estimated using Autodesk Inventor’s 
material properties to calculate the mass. 

The initial frame was constructed of 1” diameter 12-gauge cold drawn steel tubing. This 
material was chosen because it is strong, light, relatively inexpensive, and had the overall appeal 
of rounded shapes. As the design progressed, it became more apparent that a flat surface would 
be needed for the shaft bearings to be mounted to. The previous frame was redesigned using the 
previous dimensions, but only changing the shape and size of the tube. The new frame was made 
out of 2”x2” 12-gauge cold drawn steel tubing for the long bars that run the entire length of the 
car and 1” x 1” 12-gauge steel for the load framework built up from it. The gauge of the tubing 
might be excessive, so given more time, further analysis could be done to choose a more 
appropriate gauge. The bars would be welded together which would result in a very strong frame. 
Materials other than the cold drawn steel were also considered. These materials were various 
types of aluminum alloys. These alloys were appealing because they were lighter, but they were 
more expensive and weren’t as strong. In addition, aluminum can be harder to weld than carbon 
steels, further increasing the overall costs for labor. 

In addition to the frame changing the tubing shape as the design progressed, it became clear 
that the frame needed to be very open on the inside. Because the transmission system designed 
used belts, cross braces on the inside were limited to at the tops and bottoms. If cross braces were 
included at other points, it could interfere with the belt operation or make it 
impractical/impossible to change the belts for maintenance purposes because a steel tube would 
be permanently the center of the belt. In addition, the transmission and the brake also required 
clearance so the levers and connecting linkages could move freely without interfering with 
anything, but still needed to be supported at the point of rotations at the levers.  The supports 
seen inside of the frame are used to mount the engine, reducing shaft, the brake lever and the 
transmission lever. 

The overall dimensions of the final frame were: 96” long, 25” wide, and 23” tall. These 
dimensions were chosen for many reasons. The height was chosen so the total loading height for 
the bed when the tires were added wouldn’t be too high off the ground to make loading and 
unloading the repair vehicle difficult. Also this height allows the driver to sit at a comfortable 
distance above the ground. The width was chosen to allow the engine to be put in the center of 
the car and have enough clearance on either side for the transmission/braking levers and the 
transmission itself. The overall length was chosen to be 96” long so there would be plenty of room 
to mount a 3’ x 3’ cargo bed on the frame, have the engine easily accessible for everyday tasks 
such as filling up the gas tank and eventual maintenance of the engine, and have comfortable and 
safe space for the driver. This length allows the driver to be a little further away from the spinning 
engine and belts and allows there to be expanded metal guards placed around areas of concern. 

Safety guards needed to be attached to the frame to keep operators and bystanders safe 
during operation. As stated earlier, the guards were chosen to be made from expanded metal. 
Expanded metal was chosen as the material for the guards because it would be able to provide 
large amounts of airflow to the engine, while being ridged enough to keep objects out of 
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unwanted areas. The guards are mounted to the frame using weld nuts which are welded to the 
frame, and bolts and washers so that way they can be taken off for maintenance purposes. 

Another consideration was the driver’s area. This area, as stated earlier had to be as safe and 
comfortable as possible. The floor in the driver’s area is made of diamond plate for traction when 
getting in and out of the vehicle as well as for aesthetic. Part of the driver’s area is where he or 
she is while operating the vehicle. The vehicle comes with a seat that includes a seatbelt. The seat 
can be adjusted for driver’s preferences. Because the driver is somewhat near moving belts for 
the reverse portion of the transmission, expanded metal guards were placed to keep the driver 
from getting injured. 
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4. Layout and Detail Drawings 
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5. Cost Analysis 

After completing the design for the repair vehicle, a basic cost analysis was conducted to 
determine a reasonable selling price for this vehicle.  Factors that were considered included the price 
of purchased components, the labor cost required to design and manufacture the vehicle, and a 
reasonably competitive markup for a final sale price.  

5.1 Labor Cost Calculations 

 
Type of Labor Cost/Hr of 

Labor 
Expected Hours of 

Labor 
Total Cost of 

Labor 
Shipping and Receiving $20.00 1 $20.00 
Initial Inspection $20.00 1.5 $30.00 
Standard Machining $20.00 18 $360.00 
General Assembly $20.00 40 $800.00 
Welding $40.00 3 $120.00 
Welding (via PRI Robotics) $1.87 per weld (2) ($84.15) 
Final Inspection $20.00 2 $40.00 
Shipping $20.00 2 $40.00 

 
 Machining time estimates by part 

 Welding assumptions 
o 1/8” welds; 45 welds; Each weld 4” long (15’ total welding) 

 Reduction Shaft 
o 3” pulley spacer:                                          0.5 hour 

o 3” single reduction pulley bushing:       1.5 hour 

o 12” double reduction pulley bushing:   1.5 hour 

o 12” pulley spacer:                                        0.5 hour 

o (2) reduction shaft keys:                           0.5 hour 

 Drive Shaft 

o 12” single drive pulley bushing:              0.5 hour 

o 12” single pulley and bearing spacer:    1.5 hour 

o Brake rotor spacer:                                      0.5 hour 

o (2) keys (disk and drive):                           0.5 hour 

o (2) hub keys:                                                  0.5 hour 

 Boring of brake disk and re key seating:                 1 hour 

 Cutting of frame pieces:                                                3 hours 

 Press bed into shape:                                                     1 hour 

 Downtime organizational cost (example: bringing part to next machine):   5 hours 
o All standard finishes (finish turn ±0.001”) therefore remain at 100% cost  
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5.2 Purchased Components and Final Sale Pricing 

 
 Total purchased parts material cost: $1,986.50 
 Combined total cost: Material cost + Labor cost = $3,396.50 
 Sale price: 1.5 * Total cost = $5,094.75 (rounded up to $5,099.99 for final sale price) 
 
Throughout the course of this design project, the master purchased parts list seen above was 

used to track purchased components.  At the conclusion of the project, the costs were totaled and a 
reasonable profit margin was applied to the final selling price.  Considering similar styled vehicles, 
this price should provide a competitive edge while not limiting the functionality or quality of the 
design itself. 
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Figure 17-1a 
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B – SCANNED WORK SHEETS 

“Belt Tension Calculations” 
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“Drive Shaft Calculations” 
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“Reduction Shaft Calculations” 
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“Axle Calculations” 
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“Steering Gear Calculations” 
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C – MATLAB CODE 
%Weight vs. Power Theoretical Graph 
clear all; 
clc; 

  
%%Varying Weight Solving for Power 
W = 500:0.1:3000; 
uk = .1; 
v = 7.6*5280*12*(1/3600); 
F1 = W*sind(20) + uk*W*cosd(20); 
P1 = F1*v*(1/12)*(1/550); 
F2 = W*sind(20) + uk*W*cosd(20) + (W/386.4)*(v/2); 
P2 = F2*v*(1/12)*(1/550); 
F3 = W*sind(20) + uk*W*cosd(20) + (W/386.4)*(v/2.5); 
P3 = F3*v*(1/12)*(1/550); 
F4 = W*sind(20) + uk*W*cosd(20) + (W/386.4)*(v/3); 
P4 = F4*v*(1/12)*(1/550); 
F5 = W*sind(20) + uk*W*cosd(20) + (W/386.4)*(v/3.5); 
P5 = F5*v*(1/12)*(1/550); 
F6 = W*sind(20) + uk*W*cosd(20) + (W/386.4)*(v/4); 
P6 = F6*v*(1/12)*(1/550); 
plot(W,P1,W,P2,W,P3,W,P4,W,P5,W,P6) 
xlabel('\bfWeight (lb)','fontsize',14) 
ylabel('\bfPower (HP)','fontsize',14) 
title('\bfWeight vs. Power (u = .1)','fontsize',14) 
legend('no accel','2s to max','2.5s to max','3s to max','3.5s to max','4s to 

max') 
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