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ABSTRACT 
 
Several transmission and final drive options were researched.  The main criteria were identified and the alternatives were 
evaluated.  The CVTech PWD 50 and LP2 were chosen as the transmission and the Dana Spicer H-12 independent 
suspension model was chosen as the final drive.  Testing proved that the drivetrain was rugged and preformed well.   
 

INTRODUCTION 
 
The Society of Automotive Engineers (SAE) intercollegiate Mini Baja competition objective is to provide SAE student 
groups with a challenging project that involves the “. . . design and build [of a four or more wheeled,] single-seat, all 
terrain, sporting vehicle whose structure contains the driver.  The vehicle is to be a prototype for a [safe,] reliable, 
maintainable, ergonomic, and economic production vehicle which serves a recreational user market, sized at 
approximately 4000 units per year.” (1)  For this reason, an appropriate drivetrain was designed and a prototype was built 
for testing. 

 
MAIN SECTION 
 
PROBLEM STATEMENT - Design a drive train to connect the 10 hp engine to the rear axle of the Baja SAE vehicle. The 
design must have a good balance of lightness, reliability, efficiency, compactness, and cost-effectiveness.  The last five 
University of Cincinnati Baja teams used a chain drive design.  Of these years, at least two of the teams had chain drive 
problems which prevented them from finishing the endurance race, one being misalignment and the other being the chain 
tension.  As a result, the 2013 team decided to thoroughly explore other alternatives.  The final drive section is a joint 
project as it physically connects to the transmission and the differential of another teammate.  The total Research & 
Development is limited to one year as illustrated in Appendix A. 
 
SAE RESTRICTIONS - The competition has mandated restrictions for safety and a level playing field.  The following is a 
summary of the restrictions regarding the drive train (1):  

1. All vehicles are powered by one of the four Briggs & Stratton OHV Intek Model: 

 205232 0036-F1 

 205432 0536-E9 

 205332 0536-E0 

 205332 0536-B1 
2. The engine must remain 100% stock except for the following exceptions: 

 Any valve clearance setting between the tappet and valve stem may be set. 

 Valves may be lapped but must remain at the original 45 degree angle. 

 Any armature air gap setting is allowed. 

 The air intake may be relocated using the Briggs & Stratton kit with the air hose shortened to a minimum of 
6 inches. 

 The original muffler may be relocated using 1.25 inch ID tubing if it will impinge on part of the vehicle. 

 The recoil starter rope may be extended. 

 Any idle speed is allowed but the governor must be placed in hole #6. 

 If the fuel tank is remote mounted, a shield must be installed over the governor. 
3. The engine may be fitted with an alternator specified for the Briggs & Stratton engine. 
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4. Hybrid electric power systems or any energy storage devices used for propulsion are prohibited.  Hydraulic 
accumulators are the only exception. 

5. All rotating parts must be shielded around the periphery and be mounted to resist vibration.  The material can 
either be 1.5 mm thick AISI 1010 steel or 3 mm thick 6061-T6 aluminum.  Unmodified OEM Polaris CVT covers 
are exempt.  All guards must block small, searching fingers from entering the guarding. 

6. All other restrictions pertaining to the drive train are outlined in 2013 Collegiate Design Series Baja SAE Rules 
including the use of compressed gasses and electrical systems. 
 

TEAM RESTRICTIONS - The power to weight ratio is important, in overall performance, therefore it was decided that the 
goal weight of the vehicle is to be 1690 N (380 lb) or less.  Originally the total drivetrain weight and funding budget was 
divided among two teammates; the transmission was one project with the differential and rear axle being the other project.  
Towards the end of the research phase, it was decided that the final drive section would be a joint project as it physically 
connects to the transmission and the differential.  As a result, the weight and funding budget was combined.  The total 
drivetrain weight was set to 333.6 N (75 lb) as seen in Appendix B, Figure 1B.  The drivetrain monetary budget was set to 
$5500 as seen in Appendix B, Figure 2B.  The distance from the firewall to the rear axle was preliminarily set around 50.8 
cm (20 in) based upon previous geometric limitations with the rear suspension and the turning radius.  The rear tire size 
was preliminarily set to be 55.9 cm (22 in) in diameter and was later changed to 58.4 cm (23 in). 
 
FEATURES - A general list of customer features was created and then was condensed down to thirteen items.  A survey, 
illustrated in Appendix C, was conducted to determine the importance of features for potential customers.  A product 
objectives list, as seen in Appendix D, was created to outline how the potential customer features might be accomplished.  
The survey results was then put into a Quality Function Deployment diagram as seen on Appendix E to narrow down the 
important engineering characteristics in the design.  As a result of the findings and to stay in line with Baja SAE 
competition design goals, the vehicle will be designed with safety, performance, and durability in mind. 
 
RESEARCH - Preliminary research was conducted in order to get a better idea of alternatives for the design, whether 
theoretical or commercially available.  The research was separated into two phases.  The first phases reasonably 
determined a transmission which would function to change the speed ratios.  The second phases determined a secondary 
method to further reduce the speed and to connect the transmission section to the differential.  Notes on each alternative 
where taken in regard to the maximum rated rpm and torque, weight, inertia, cost, efficiency, or any other product 
information available.  Calculations for both phases were preformed, as described in later portions of this report, and 
further research was conducted to narrow down and find feasible alternatives.  A sample of each researched category is 
listed in Appendix F and G for the transmission and final drive respectively. 
 
ENGINE ASSUMPTIONS - The Briggs and Stratton engine torque chart as seen in Appendix H, Figure 1H was used to 
estimate the maximum torque of 19.69 Nm (14.53 lb-ft) at 2800 rpm.  The minimum recommended engine rpm is 1750 
which our team used.  Based upon the Governor setting which limits the engine speed to 3800 rpm, the maximum useful 
engine rpm was determined to be 3600 based upon data provided by Briggs and Stratton as seen in Figure 2H.  Actual 
power at 3800 is unknown without a dynamometer and ranges from 3.75 k W (5 hp) to 746 W (1 hp) from different team’s 
data.  The power was calculated to be 7.095 kW (9.51 hp) at 3600 rpm based on equation one. 

     

  
     

    
    (Eq. 1) 

 
TRANSMISSION ALTERNATIVE ELIMINATIONS - The Van Doore Continuously Variable Transmission or CVT uses two 
diametrically adjustable pulleys and a v-belt as displayed in Appendix F, Figure 1F.  This design has several advantages 
and disadvantages as a transmission.  The CVTs are relatively simple, weigh approximately 89 N (20 lb) or less, have an 
integrated centrifugal clutch, and varying belt lengths allow for mounting flexibility.  The largest advantage is the low price, 
high ratio change that can be achieved as shown in Appendix F, and keeping steady engine power while changing ratios.  
The disadvantages are the 90% maximum efficiency and torque capacity limitations due to belt slippage.  Some of these 
Van Doore CVT brands are Comet, Gaged Engineering CVT, Polaris, and CVTech.  The Comet model CVTs were not 
considered due to the scarcity in parts and infeasibility of producing 4000 vehicles a year with it.  The Gaged Engineering 
CVT was attractive due to its light weight and high ratio change.  It however was ruled out due to the extensive time 
required to properly tune it, especially with having no prior team tuning experience.  The Polaris CVT was ruled out due to 
the slightly heavier weight and smaller ratio change when compared to the CVTech brand. 
 A manual transmission such as used in a motorcycle and all terrain vehicles (ATV) was considered.  A manual 
transmission, as shown in Appendix F2, Figure 2F works by sliding the dog gear to engage and disengage with different 
gears.  The advantages of this design are a high torque capacity and efficiency when compared to a CVT and driver 
control over the ratio selection.  The disadvantages however outweigh the advantages.  The maximum ratio change was 
2.7:1 for over 20 researched models, limiting the maximum speed and torque possible. (2) Two disadvantages with the 
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manual transmission is driver skill in knowing when to shift and the power drops in between shifts.  The Rekluse Z-Start 
Pro is an centrifugal aftermarket clutch which was considered for its ability to reduce the chance of stalling when 
improperly shifted.  The largest disadvantage for commercial transmission is they require heavy modification to remove 
the engine portion and adapt the components to fit the Briggs and Stratton engine shaft as demonstrated in Appendix F, 
Figure 3F and 4F.  With limited data from manufacture, it is very complex to accurately reverse engineer a transmission 
case that will mate with the required engine. A preliminary custom case was created for the internals of a 2004 Husqvarna 
TE250 motorcycle transmission but the design was abandoned due to limited time and money.  A manual motorcycle or 
ATV transmission package costs over $1000 to purchase according to internet searches.  After modification and prototype 
costs, it is likely too expensive to be a practical alternative.  Designing and building a transmission from scratch would not 
be feasible in the one year time frame.  The main two reasons the manual transmission was not further explored is the 
high risk of prototype failure and the general trend away from geared transmissions in the Baja SAE community.   
 The non fluid valve automatic transmissions were considered for the design.  The first consideration was Honda’s 
Automatic ESP 5-speed Transmission, as seen in Appendix F, Figure 5F.  It uses similar internals as a conventional 
manual transmission but it has two clutches (see Figure 4F) instead of one and an electronic shifting mechanism.  The 
advantage of this transmission is that it is automatic, allowing the driver to focus on the terrain.  The disadvantages are 
similar to that of the manual transmission with the small ratio change, complexity of modification to work with the Briggs 
and Stratton engine and the cost.  The integrated electric reverse motor cannot be used according to the SAE rules on 
propulsion.  The second automatic consideration was a planetary gear transmission similar to the four speed VW Golf 
transmission as shown in Appendix F4, Figure 5F.  The advantages are the electronic shift and compactness through 
locking of gears to allow for a three forward and one reverse ratio.  The disadvantage is that the transmission is currently 
only produced for automobiles, which tend to make them oversized and heavy or in electric hand drills.  The four speed 
design requires two planetary gear sets, two clutches, and two brakes making a custom design unlikely capable of being 
light weight or inexpensive.   
 A hydrostatic transmission works by a hydraulic pump and motor working in series as depicted in Appendix F5, 
Figure 6F.  This was not originally considered due to the weight and speed limitations.  However, the new 2012 Honda 
Four Trax Foreman Rubicon uses Honda’s Hondamatic hydrostatic transmission (see Figure 7F) which seemed 
promising, especially with the $300 price tag. (3)  After further investigation, it was determined that the competition engine 
has insufficient power to effectively operate the hydrostatic transmission with 38% less power.  The Hondamatic 
specifications are shown in Appendix F, A5. 
 A toroidal CVT, such as one shown in Appendix F, Figure 10F was researched for use as the transmission.  It is 
comprised of two conical shaped discs and rollers that transmit power between the discs. The rollers tilt to different 
diameters on each conical disk, varying the ratio.  The advantages to this design are that the efficiency is up to 92% 
through direct shear stress frictional contact. (4)  The disadvantages are that each unit has a small ratio change of 1.76:1 
with multiple units needing to be incorporated for a higher ratio change, increasing the weight and cost.  The toroidal CVT 
is currently not commercially available and is only in research stages. 
 The final transmission considered was the Nuvinci by Fallbrook Technologies Inc, catgorized as an Infinitely 
Variable Transmission (IVT) as seen in Appendix F, Figure 11F.  The design works in a similar way as the toroidal CVTs 
but a fluid transmits the force instead of direct shear stress.  The advantage is that it is small, compact, and light weight.  
The disadvantage however is the company currently only makes models which are sized for bicycles and the torque and 
rpm limit is also to low to work for the design according to an email correspondence. 
 
SPEED REDUCTION REQUIREMENT CALCULATION - The theoretical maximum speed of any Baja SAE vehicle is 
around 64.37 km/h (40 mph) with the restricted engine according to a thread on the forums.bajasae.net website. (5)  The 
theoretical maximum speed for the 2013 car was calculated based on assumptions found through research and 
SolidWorks dimensions of the car’s frontal area.  
 
Assumptions: 

• 23 in diameter tire 
• CVT ratio of 0.5:1 at 3600 rpm 
• 10:1 gearbox 
• Rolling Resistance (wet) = 0.061 (5) 
• Rolling Resistance (dry) = 0.048 (5) 
• 550 lbf vehicle weight 
• 180 lbf driver 
• maximum power = 6.997 kW (9.51 HP) 
• 98% efficiency of the gears 
• 99% efficiency of the bearings  
 
 
 

 
• 97% efficiency of the constant velocity joints 
• 76% minimum to 84% maximum efficiency of 
  the Van Doore type CVT (6) 
• Air Density = 0.07489 lbm/ft

3
 (7) 

• Cd firewall= 1.28 (8) 
• Cd wheel= 0.58 (9) 
• Cd suspension= 0.9 (7) 
• Area firewall= 1.03 m

2
 (11.1 ft

2
)  

• Area wheel= 0.22 m
2
 (2.3 ft

2
) 

• Area suspension= 0.08 m
2
 (0.9 ft

2
) 
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Variables: 
• P=power 
• T=torque 
• C=wheel circumference 

• η =efficiency 
• N=ratio 
• vaero=velocity limit with aerodynamic drag 

• p=air density 
• A=front area 
• Cd=aerodynamic drag coefficient 
• Fd=rolling drag force 
• Rr=rolling resistance 
• W=vehicle weight 
• vmax = theoretical maximum velocity 

Governing Equations: 
Cwheel = π * d            (Eq. 2) 
 

69.1 in = π * 22 in 
 

Vareo =  
                                            

                                                                    

 
    (Eq. 3) 

 

40.2 mph =  
                                                       

       
   

   
                                      

 
* 
      

       
 

 
Fd=(Rr1 + Rr2)/2*W*v            (Eq. 4) 
 

1794           (0.048+0.061)/2 * 560 lbf * 40.2 mph * (3600 s/5280 ft) 

 

Vmax   
                                               

                                                                    

 
    (Eq. 5) 

 

34.6 mph =  
                                                                     

       
   

   
                                      

 
* 
      

       
 

 
The top theoretical speed for the vehicle was calculated to be 34.6 mph.  The CVTech PWD 50 and LP3 were selected 
based on the maximum and maximum ratio, among other qualities.  An Excel spreadsheet was created to determine the 
optimum speed reduction ratio to achieve 56.33 km/h (35 mph).  Research on the forums.bajasae.net concluded that 
CVTech minimum (overdrive) ratio was in reality close to 0.5:1 with proper tuning, in contrast to the manufacture's claim of 
0.43:1. (10) 
 
Assumptions: 

 155.2 cm (61.1 in) wheel circumference 

 The CVT reduction ratio would be 3:1 at 2800 rpm 

 The CVT reduction ratio would be 0.5:1 at 3550 rpm 

 98% efficiency of the gears 

 99% efficiency of the bearings  

 97% efficiency of the constant velocity joints 

 76% minimum to 84% maximum efficiency of the Van Doore type CVT 
 

Governing Equations: 
 

             =  
                 

               
          (Eq. 6) 

 

13.1 =  
                    

            
 *
    

     
*
      

       
*
      

   
 

 

Twheel =Tengine * NCVT * Nfinal drive * η CVT *η gears* η bearings*η cv joints     (Eq. 7) 
 

404 ftlb = 14.5 ft-lb * 3 * 13.1 *  0.76 * 0.98
2
 * 0.99

7
 * 0.97 
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 Based upon the calculations and with the assumption that the CVT ratio will be 0.5:1 at 3600 rpm of the engine, 
the reduction ratio should be 13.1:1 to achieve 56.33 km/h (35 mph).  This reduction ratio results in 547.8 Nm (404 ft-lb) of 
wheel torque at 2800 rpm of the engine with 76% CVT efficiency. 
 
FINAL DRIVE ALTERNATIVE ELIMINATIONS - Synchronous belt reductions, such as shown in Appendix G, Figure 1G 
have some advantages in that they are a simple design and the belts are quite with no lubrication required.  The 
disadvantages out weight the advantages in that the center distance limitations make a compact design more difficult.  
The pulley width required to transmit the torque make them too heavy and result in a high inertia value which affects 
acceleration.  Examples of the relatively high weight and inertia can be seen on Appendix I, Table 1I for the Dodge HT 
8M-85 90T, Dodge QD HTD 8M-85 90T, and GT2 8M-50 90T. 
 Chain driven reduction options were calculated based on the guidelines in Mott’s book and an illustration is shown 
In Appendix G, Figure 2G.  Chain drives are relatively simple and are cost effective but require lubrication and have 
similar disadvantages as synchronous belts.  Chain speed is limited to 3000 ft/min due to centrifugal chain tension limit, 
limiting the transmission low ratio to 1.055:1 and chain input speed to 4515 rpm.  A double reduction using 3 strains of 
#40 chain with 21 and 50 tooth sprockets followed by #80 chain with 18 and 50 tooth sprockets where selected to reach 
35.3 mph based on calculations from Chapter Seven of Robert Mott’s book. (11)  The weight and inertia of the system is 
not ideal. 
 Industrial gearboxes and transaxles are typically overbuilt resulting in heavy designs for the required speed and 
torque rating; examples are shown in Appendix G, Figure 3G.  They are hard to find around the 13.1:1 ideal ratio.  It is 
also difficult to find one that is rated for over 7200 rpm and 547.8 Nm (404 ft-lb) of torque.  The gearboxes found that were 
between 12:1 and 15:1 ratio and met the torque requirement were 222 N (50 lb) or more.  Various lawn mower, snow 
blower, and John Deere Gator type transaxles where researched.  The peerless 1310 transaxle was a promising choice 
with a 12:1 ratio, 542.3 Nm (400 ft-lb) torque rating, and 133 N (30 lb) weight which could be lightened through post 
machining based upon the picture but the 3600 rpm maximum input limit would not work. (12)  A standard and double 
enveloping worm gear system was not considered due to its low efficiency. 
 A custom double reduction gearbox was researched and calculated to see if any weight could be reduced by 
using a small safety factor of 1.2 and aluminum for the case.  Spur gears where selected from the Quality Transmission 
Components company for the larger bore size when compared to other off the shelf brands.  Calculations were preformed 
from the equations in the manufacture's catalog as seen in Appendix I, Table 2I. and the MSGB1.5-25, MSGB2.5-100, 
MSGB2.5-20, and MSGB1.5-70 spur gears where selected.  The catalog weight for the four gears totaled 63.47 N (14.27 
lb). (13)  The bearing and shaft sizes were calculated from Chapter Eight and Chapter Nine of Robert Mott’s book and a 
sample of the calculation can be seen in Appendix I, Table 3I and Table 4I.   Estimated weight for the three shafts based 
on Solid Works models are approximately 5.92 N (1.33 lb) each.  Ball bearings weights were calculated to be 0.138 kg 
(0.304 lb) for two 20 x 42 x 12 mm bearings and 3.13 N (.704 lb) for four 25 x 47 x 12 bearings.  The combined weight of 
the six bearings are 4.81 N (1.08 lb). (14)  The combined weight of the gearbox excluding the housing and lubricant would 
total to be 86.02 N (19.34 lb).  Therefore, it is unlikely that an aluminum housing would be light enough to justify the 
design or expense to build when compared to the weight of other alternatives. 
 A custom helical gearbox was explored using the gears from QTC.  Though helical gears have a higher load 
capacity of equivalent spur gear width and tooth size, the rated allowable bending are 64% less and Hertz stresses are 
70% less than the MSGB spur gears because of the limited material section for the helical gears. (13)  Therefore, the size 
was not able to be reduced in order to save weight.  Furthermore, sliding contact and thrust loads decrease efficiency 
slightly and the helix angle causes the gears to be more expensive to machine. 
 Custom gears were calculated in order to have more freedom over geometry and material choice.  The 
calculations used equations from Chapter 12 and 14 of Robert Mott’s book. (11) as seen in Appendix I, Table 3I but little 
weight savings was possible.  The proposed gear sizes were discussed with Cincinnati Gear Systems and they said that 
the calculations were far to conservative, even with a 1.2 factor of safety.  They recommended another textbook but it was 
the end of November at that point and too late in the schedule to rework calculations.  
 Planetary gear reduction is attractive due to the lightness and the most compact gear reduction option.  However 
typical planetary reduction range jumps from 12:1 to 15:1.  Combining two units in series with the available ranges result 
in 12.5:1 reduction or 14:1 reduction, which is close to the 13.1:1 ideal ratio.  It was difficult to find models that were rated 
for both the maximum rpm and torque available with a CVT transmission.  The non-hollow bore input and output shafts o 
most planetary gears do not allow for the drive axle to be mounted through and so a right angle gearbox is required.  The 
exception is the Matex Products Inc. planetary gears; an example is shown in Appendix B, Figure 5G.  The 3600 rpm limit 
for the Matex 120, 146, and 200 models prevents them from being used as the primary reduction with a CVT overdrive. 
(15)  The inertia was found to be at least double a spur gear equivalent resulting in less acceleration. 
 The combination of a synchronous belt and planetary reduction was explored.  GT2 8M-50 T22 and GT2 8M-50 
T60 pulleys followed by the Matex LGU 146-M 5:1 combination was found to have comparable weight with the custom 
gearbox but the rated inertia was roughly double the all gear alternative as shown in Appendix I, Table 1I. (16) 
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 The Parker PE4 Planetary Gearhead 5:1 ratio was selected as a possible primary reduction due to the speed and 
torque ratings. (17)  However, a secondary reduction is required to achieve the 13.1:1 ratio and also to connect the 
planetary output shaft to the drive axle.  Two synchronous belt pulleys would be required to transmit the torque but the 
weight and inertia would not be advantageous as previous explained.  Right angle gearboxes rated for 542 Nm (400 ft-lb) 
weighed 200 N (45 lb) or more and so was ruled out by the teams preliminary weight restriction. 
 Finally, a combination of MSGB1.5-20 and MSGB1.5-55 QTC gears followed by the Matex LGU 146-M 5:1 
resulted in an estimated weight of 76.77 N (17.26 lb) for the gearbox but the center distance from the CVT driven and 
drive axle is too short and the maximum tooth count of 100 limited the center distance to be 16.223 mm (0.639 in) too 
short. (13) (16)  Using 2.5 module gears allowed for the center distance to be over the required 11.875 cm (4.675 in) 
distance but the weight was estimated to be 108.22 N (24.33 lb). 
 
PROPOSAL - After reviewing the alternatives, the CVTech PWD 50, LP2, and BD52-2179-S belt was selected for the 
transmission.  The Dana Spicer H-12 independent suspension model was selected for the final drive. 
 
Major Component Design Details - The CVTech PWD 50 and LP2 was selected based on the maximum speed and 
maximum torque calculations with the 6.97 ratio change.  The BD52-2179-S belt was selected for the maximum 
compactness in the drive train layout as seen in Figure 2.  The PWD 50 is rated to weigh 42.3 N (9.5 lb) and the LP2 is 
rated weigh 22.2 N (5.0 lb). (18)  The CVTech was the second lightest brand of the CVTs examined and the price was 
lower than all of the non CVT options.  . 
 The Dana Spicer H-12 independent suspension model was selected as the final drive based upon several factors.  
It met reduction ratio and torque requirements as displayed in Appendix B, Figure 18.  An email from Howard Reaser, an 
engineer with the manufacture, stated that “. . . the weight should be around 21 lbs with lube”. (19)  While other 
alternatives where calculated to weigh close to 9.5 kgf (21 lb), the differential and reverse with the Dana H-12 tipped the 
scales in its favor.  Several other Baja SAE teams found the transaxle to be robust and the Gravely Trecker also used the 
Dana Spicer H-12 inpendent suspension model, confirming it as a viable final drive.  Three available drive ratios of 10.15, 
12.58, or 13.25 allow flexibility in the design especially with the CVT efficiency and overdrive ratio assumptions. (20)  The 
internal shaves, gears, and open differential were modeled in SolidWorks as seen in Appendix I, Figure 1I and the 
resulting mass moment of inertia was 138.07 kg-cm

2
.  When comparing to Table 1I, the transaxle has the second lowest 

mass moment of inertia analyzed, resulting in greater acceleration potential. 
 The CVT driven bore is 1.905 cm (0.75 in) and the Dana H-12 input shaft is 22.225 mm (0.875 in). (18) (20)  
Therefore, one of them have to be machined down to fit.  The Dana Spicer H-12 shaft does not have enough material to 
be turned down to the 1.905 cm (0.75 in) and have a 4.763 mm (0.188 in) square keyway due to the internal threading on 
the shaft.  The CVTech driven pulley has sufficient material to bore the 1045 steel to 2.2225 cm (0.875 in) and cut a new 
keyway.  FEA was run to confirm the strength with the 3.275 mm (0.125 in) wider bore and 4.763 mm (0.188) keyway slot.   
 

TCVT =                  η CVT          (Eq. 8) 

TCVT= 14.5 lb-ft * (12 in/ 1 ft) * (3/1) * 0.83  = 433 in-lb 
 
At maximum torque, the factor of safety is 17.1 
 

 
 

FIGURE 1 - SHAFT FEA 
 

 The CVTech CVT is $600 approximate retail value and the Dana Spicer H-12 independent suspension model was 
quoted around $1400. (18)  These two major components are $2000 less than the budgeted amount, leaving the 



7 
 

remainder for the subsystems like the rear axle, guarding, support structure, and shifting mechanism.  The combined 
weight for these two components was 157.9 N (35.5 lb), leaving 175.7 (39.5 lb) for the subsystems. 
 
Packaging - The engine was positioned with the piston cylinder towards the rear for maximum compactness.  The Dana 
Spicer orientation was determined to be horizontal as see in Figure 2 to prevent gears from being submerged and causing 
aggregation.  Due to the 50.8 cm (20 in) axle to firewall distance restriction, the engine was lowered as much as possible 
without causing interference.  The Dana H-12 was centered to the vehicle as seen in Figure 4. 
 

    
 

 FIGURE 2 - HORIZONTAL ORIENTATION,   FIGURE 3 - HORIZONTAL ORIENTATION,  
  SOLIDWORKS SIDE VIEW    ACTUAL SIDE VIEW 
 

    
   

 FIGURE 4 - HORIZONTAL ORIENTATION,    FIGURE 5 - HORIZONTAL ORIENTATION,  
  SOLIDWORKS REAR VIEW      ACTUAL REAR VIEW 

 
 An alternate orientation was considered by placing the Dana Spicer vertically but it would limit the amount of 
lubrication to the top gears and bearings, leading to an eventual failure.    The vertical gearbox orientation would require a 
longer center distance belt to prevent interference with the valve cover.  The maximum belt center distance from CVTech 
is to short at 29.9 cm and so the alternate orientation was no longer considered. 

 
Subsystem Design Details - Forward/neutral/reverse on the transaxle is shifted from a lever in the cockpit through a 0.91 
m (3 ft) flexible push/pull cables to a lever on the Dana Spicer.  The shifter lever has three gates to keep it from vibrating 
out of position.  The shifting mechanisms can be seen in Appendix J, Figure 2J and 3J.  Manufacturing drawings are 
displayed in Appendix M. 
 The CVT guarding is cut with a CNC plasma cutter, bent to shape, and riveted together for mass production.  The 
top portion of the guarding has two components due to frame member obstruction, with four bolts holding it into place for 
belt access.  The bottom portion will bolt to the engine.  The CVT guarding will be constructed out of one 3.175 mm (0.125 
in) thick 6061-T6 aluminum around the periphery of belt in accordance with the rules.  The other surfaces will be made 
from 1.588 mm (0.0625 in) thick 6061-T6 and 0.635 mm (0.0625 in) thick 3003 aluminum for lightness.  The assembly can 
been seen in Appendix K, Figure 1K and 2K.  The manufacturing drawings are displayed in Appendix M. 
 
CVT TUNING - Initial testing was done by placing the car on jack stands.  The engine rpm was determined through a 
meter that records the spark plug ignition intervals. The throttle was manually moved and the CVT behavior was recorded.  
The 275 gram weight was used.  The 1101 driving spring caused the clutch to engage shortly after 1800rpm.  In order to 
have more torque, the 1100 spring was switched, causing the clutch to engage near 2400 rpm.  Two CVT pullers where 
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created to compress and recompress the driven and driving spring as seen in Appendix L, Figure 1L and 2L.  Tuning the 
CVT by selecting the best weight and spring combinations is required in order to set the clutch engagement point and also 
the shift performance.  The vehicle data acquisition system developed by another teammate for measuring the CVT 
driving and driven speeds unfortunately did not work and so a Go Pro video camera was mounted on the rear frame to 
record the rpm meter and CVT shift positions.  The video camera distance, then glare, and finally lack of sufficient light 
near dusk prevented useful data collection.   
 The 1011 driven spring was used and the performance in terms of acceleration and available torque seemed to 
feel ideal according to the drivers.  The vehicle's acceleration time was 4.3s on average for 30.48 m (100 ft) and 3.9s at 
the fastest.  The spring position was 1/3-2/4 according to the numbers stamped into the driven pulley as seen in Appendix 
L, Figure 3L.  According to the rules, this is the only part of the CVT that be adjusted between events.  The spring torsion 
was adjusted one position lower to the 1/3-1/4 by rotating it a quarter turn.  The driver said that it felt like "the clutch 
engaged and shifted to quickly" but "power and torque felt more constant".  The vehicle's acceleration time was 4.7s on 
average, 0.3 seconds slower than the original setting.  The spring position was then changed to 1/3-3/4, one position 
higher than the original.  The driver said that it felt like "the clutch engaged to late and it shifted to slow", "had more low 
end torque", but "engaged at peak torque and then dropped off".  The vehicle's acceleration time was 4.8s on average, 
0.4 seconds slower than the original setting.  For the sake of acceleration, the spring pretension was switched to the 
original 1/3-2/4 hole position.  While in neutral, the shift point starting approximately at 2800 rpm for each test.  The CVT 
ended shifting around 3750 rpm.  A dynamometer is required to collect more useful data. 
 The observed CVT shift behavior was used to estimate the vehicles speed and torque at any given engine rpm.  
Excel calculations where used to predicted the vehicle performance using the 10.15 final reduction ratio, as well as the 
13.25 reduction ratio which is elaborated on in the next section.  Figure 6 demonstrates two shift profiles for the 13.25 final 
reduction ratio.  The blue curve has the CVT fully shifted by around 3700 rpm and the green curve has the CVT fully 
shifted 100 rpm sooner.  The green horsepower shift curve is flatter and stays near peak horsepower for longer in Figure 
7 when compared to the blue curve.  This is the ideal scenario according to Olav Aaren's Clutch Tuning Handbook. (21)  
The blue curve is approximately the vehicles performance during the 2013 Baja SAE Tennessee Tech Competition.  The 
green curve is the goal for the upcoming competition in Rochester, NY. 
  

       
 FIGURE 6 - CVT SHIFT CURVE    FIGURE 7 - CVT POWER CURVE 
 
PROOF OF DESIGN- A Sharpie was used to mark lines on the inside CVT driving clutch from the center outward.  The 
car was then tested for the maximum speed with the 13.25 final ratio.  The lines this were not rubbed off were measured 
to be 7.144 mm (9/32 in) length.  The CVT driving radius of 93 mm (3.661 in) was subtracted from the measured length to 
find the 95.9 mm (3.380 in) overdrive radius.  A ratio was created using the rated manufacture overdrive of 0.43:1 to find 
the actual overdrive of 0.466 to 1 reduction.  Speed was determined from a GPS tracker.  Using the 13.25 ratio, the 
vehicle reached 32.7 mph on flat asphalt.  The vehicle was switched to 10.15 ratio for comparison and it reached 35.0 
mph on flat asphalt and 40 mph downhill.  It was decided that having more torque was worth losing 2.3 mph and so it was 
switched back to the 13.25 ratio.  The calculated theoretical top speed of 34.6 mph was in good accordance with the 35.0 
mph vehicle speed.  The 40 mph also matched the calculated theoretical top speed of 40.1 mph with no rolling resistance.  
When back calculating the 32.7 mph speed and 0.466:1 overdrive at 3700 rpm, it was determined that the belt and tire 
must slip 22% in order for the calculations to work out.  Coefficient of friction for rubber and asphalt is 0.9 according to 
Engineering Toolbox. (22) Coefficient of friction for rubber and aluminum could not be easily found.  Therefore, an 
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experiment was set up to find the torque aluminum started to slip and the torque to keep it slipping at a constant speed.  A 
socket was placed on the CVT driven nut and the belt was held stationary.  A spring scale was placed on the end of the 
socket and the experiment was conducted five times.  Dividing the static and dynamic slip torque, 0.933 was found to be 
the mean value.  Multiplying 0.933 twice for the two CVT sheave and the 0.9 coefficient of tire friction equals 0.78 which 
accounts for the 22% slip calculated.  In a similar manor, when back calculating the 35.0 mph speed at 3700 rpm, the 
overdrive should we 0.57:1 at 22% slip.  The sharpie test was not preformed for the 10.15 ratio but the overdrive radius 
looked to be about a half inch. 
 Calculated wheel torque was expressed by the degree of hill the vehicle should be capable of climbing. 
Assumptions and most variables are the same as used in equation one and two.  In the calculation, it is assumed that the 
wheel does not slip more than factored for with the Rolling Resistance. 
 
Variables: 

 Rwheel = wheel radius 

 Fa = Aerodynamic Drag Force 
 
Governing Equation: 
 

S = sin
-1

*  
                      

 
           (Eq. 9) 

 

44.3° = sin
-1

*  
 
         
       

       
    

                        

       
   

 Hill steepness (S) was determined by placing a long 2x4 on the hill and using an angle finder to determine the 
angle.  Under testing, a 26 degree mostly dirt hill was easily climbed from a dead stop.  With further testing, a 37 degree 
hill with vegetation was climbed mostly due to momentum.  The condition of the hill as far as rocky, loose dirty, or muddy 
greatly effects the amount of slip the tires have when climbing the hill and is difficult to predict the amount of wheel grip as 
a result. 
 The 2013 Baja SAE Tennessee Tech Competition had a sled pull for the torque event on concrete.  The sled was 
mounted by chain to the tow point.  Before leaving to the competition the team debated if the tow point should be on the 
higher rear member as depicted in Figure 8 but it was decided to mount it lower to be in line with the center of gravity. The 
sled mounting point was higher than expected and instead of having the chain horizontal; it was at an angle producing a 
downward vector.  As a result, some of the force was applied to the ground instead of pulling the sled which caused us to 
do poorly. 
 

 
 

FIGURE 8 - SLUD PULL TWO POINT POSITION 

CONCLUSION 
 
 Several transmission and speed reducer options were researched and evaluated.  The CVTech PWD 50 and LP2 
were chosen as the transmission and the Dana Spicer H-12 independent suspension model was chosen as the final drive.  
After weighing the Dana Spicer H-12 when it arrived from the manufacture, it was 62 N (14 lb) heavier than quoted which 
is less than ideal but due to time constraints, it had to work.  Dynamometer testing is required tofurther confirm the 
performance assumptions made with the CVT.  
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RECOMMENDATIONS - The team debated whether having reverse was worth the extra weight.  During the Tennessee 
competition, it proved to be useful in the Endurance Race and especially in the Suspension and Traction event.  After 
talking with several teams at the competition, the conscience was that a high/low gear would not be needed.  I 
recommend research on a custom double planetary reducer such as seen in Appendix N.  A planetary drive seems to be 
the most compact and lightest weight design possible based on preliminary Matex Products Inc. online catalog.  Gear 
calculations for a custom planetary drive from the QTC gear catalog, especially with the "free off the shelf" offer they gave 
our 2013 team is a good place to start.  I unfortunately stumbled upon Matex Products Inc  to late in the game.   
 

ACKNOWLEDGMENTS 
 
My fellow Baja team members past and present, the generosity of our sponsors, Dean Arthur, the UC faculty, and my family. 

 

REFERENCES 

 
1. SAE International. 2013 Collegiate Design Series Baja SAE Rules. Warrendale : SAE Publications, 2010. 
2. 12oClockLabs. 12oClockLabs Speed and Gearing Calculator. 12oClockLabs. [Online] 12oClockLabs, 2009. [Cited: 
August 8, 2012.] http://www.12oclocklabs.com/gearcalc.htm. 
3. American Honda Motor Co., Inc. ATV Utility. Honda Powersports. [Online] American Honda Motor Co., Inc., 2012. 
[Cited: October 7, 2012.] http://powersports.honda.com/atv/atv-utility.aspx#/overview. 
4. Development of the Inner Spherical CVT for a Motorcycle. Park, N G, et al. 3, Busan : Inernation Journal of Automotive 
Technology, 2009, Vol. 10. 
5. Reedy, Chris. Absolute Top Speed of Competition Ready Car. [Online Forum] Marysville : www.forums.bajasae.net, 
2012. 
6. Britton, Cusack, Forti, Goodrich, Lagadinos, Lessard, Partington, Wyman. 2008-2009 Design and Fabrication of a 
SAE Baja Race Vehicle. Worchester : Worchester Polytechnic Institute, 2009. 
7. Turner, Cengel, Cimbala. Fundamentals of Thermal-Fluid Sciences. New York : McGraw Hill, 2008. 
8. NASA. Shape Effects of Drag. National Aeronautics and Space Administration. [Online] [Cited: April 28, 2013.] 
http://exploration.grc.nasa.gov/education/rocket/shaped.html. 
9. s400. blogspot.com. [Online] [Cited: April 28, 2013.] 
http://3.bp.blogspot.com/_OMeM9zFwbWY/SbolJqmo2ZI/AAAAAAAAAH0/7NDobr4vQRg/s400/drag+coefficient.jpg. 
10. Lefebvre, Nicholos. CVT. [Online Forum] Quebec City : www.forums.bajasae.net, 2012. 
11. Mott, Robert L. Machine Elements in Mechanical Design 4th Ed. Upper Saddle River : Pearson Prentice Hall, 2004. 
12. Peerless Transmissions. 1300 Series Hydrostatice Final Drive. [PDF] Salem : Peerless Transmissions. 
13. Qaulity Transmission Components. Handbook of Metric Gears. New York : Qaulity Transmission Components, 
2007. 
14. The Bearing Shop. 6000 SERIES SINGLE ROW DEEP GROOVE BALL BEARINGS - P. 1. The Bearing Shop. 
[Online] The Bearing Shop. [Cited: November 23, 2012.] http://www.thebearingshop.com/B1.htm. 
15. Hala, James Van. RE: INQUIRY. [Email] Cleveland : Matex Products Inc., 2012. 
16. Matex Products Inc. Planetary Gears - Torque Range 301-11, 478 in.-lbs. Matex Products Inc. [Online] [Cited: 
October 12, 2012.] http://products.matexgears.com/viewitems/all-categories/planetary-gears-torque-range-301-11-478-in--
lbs-?forward=1. 
17. Parker. PE Series Economical Planetary Gearheads. [PDF] Cleveland : Parker. 
18. CVTech-IBC. Mini-Baja Sponsorship Program. [PDF] Drummondville : CVTech-IBC, 2012. 
19. Reaser, Howard. RE: H-12 F/N/R axle. [Email] Fredericktown : Schafer Driveline, LLC, 2012. 
20. Dana Corportation. Splicer Off-Highway Systems. [PDF] Fredricktown : Dana Corportation, 2009. 
21. Aaen, Olav. Clutch Tuning Handbook. Racine : AAEN Performance, 2011. 
22. Friction and Coefficients of Friction. Engineering Toolbox. [Online] [Cited: April 20, 2013.] 
http://www.engineeringtoolbox.com/friction-coefficients-d_778.html. 
23. Polaris Industries. SAE Parts List. [PDF] Spirit Lake : Polaris Industries, 2011. 
24. Gaged Engineering. Gaged Engineering. [Online] Gaged Engineering, 2009. [Cited: August 26, 2012.] 
http://www.gagedengineering.com/. 
25. Briggs and Stratton. Briggs and Stratton 2002 Technical Update Seminar. Warrendale : Briggs and Stratton, 2002. 
26. Gates Corporation. PowerGrip GT2 Drive Belts. [PDF] Denver : Gates Corporation, 2006. 17195. 
 

CONTACT 
Benjamin Steele, Transmission Lead 

bsteele85@gmail.com 

(419) 544-1787 



11 
 

APPENDIX A: TIMELINE 
 
 

TABLE 1 - PROJECT SCHEDULE 

 

Milestones Aug Sept Oct Nov Dec Jan Feb March April 

Concept Development 
                  

                  

Research 
    

 
            

      
 

          

Major Component Design 
      

 
          

                  

Order Parts 
                  

                  

Minor Component Design 
        

 
        

                  

Fabrication 
                  

              
 

  

Testing 
                  

                  

Estimate 
         

Actual 
         

 



12 
 

APPENDIX B: BUDGETS 
 

 
FIGURE 1B: WEIGHT DISTRIBUTION 

 

 
FIGURE 2B: BUDGET DISTRIBUTION 
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APPENDIX C: CUSTOMER SURVEY 
 

BAJA SAE TRANSMISSION 

CUSTOMER SURVEY 

 

Using All Terrain Vehicles (ATV) or Quads is a popular off-road recreation.  In order to 

design the best ATV type vehicle, we would like your input as a potential customer.  The 

purpose of this survey is to indentify key features for the transmission of an ATV type 

vehicle. 

 

How important is each feature to you for the design of an ATV Transmission?  

Please circle the appropriate answer.     1 = low importance         5 = high importance 

 

 Safety 1 2 3 4 5 N/A 

 Reliability 1 2 3 4 5 N/A 

 Performance 1 2 3 4 5 N/A 

 Fuel Economy 1 2 3 4 5 N/A 

 Low Noise  1 2 3 4 5 N/A 

 Low Maintenance 1 2 3 4 5 N/A 

 Automatic Transmission  1 2 3 4 5 N/A 

 Reverse 1 2 3 4 5 N/A 

 Light Weight 1 2 3 4 5 N/A 

 Compact 1 2 3 4 5 N/A 

 

Rank in order by placing a 1, 2, 3, or 4 in front of each actively you would you rather do in 

your off-road vehicle: 

 

 Climb a hill Rock crawl Drag race Drive Around 

 

On average, how often do you recreationally off-road? (Circle One) 

 

 Every 1-3 Months Every 6-12 Months Every 2-5 Years Have Never Gone 

 

How much would you be willing to pay for a performance ATV transmission? (Circle One) 

 

 $300-$600 $600-$900 $900-$1200 $1200-$1500  

 

Thank you for your time.  
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APPENDIX D: OBJECTIVES 

 

Product/Prototype Objectives 

 

1. Price 

a. Cost less than $5500 

b. Ease of Manufacturing 

i. Machined parts are designed in a way for ease of mass production 

c. Use common materials or parts if possible 

 

2. Safety 

a. No unexposed rotating parts 

b. Covers of rotating parts are designed with impact strength 

 

3. Durability 

a. Resistant to Elements (heat, cold, salt water, mud, dirt, sand, . . .) 

b. Reasonable design factors 

 

4. Performance 

a. Speed of Shifting (Acceleration) 

b. Shifting Range (Top speed vs. low end torque) 

 

5. Fuel Economy 

a. Efficient drive system 

 

6. Low Noise 

a. Minimize vibrations 

 

7. Low Maintenance 

a. Can use for several weekends without need for maintenance 

b. Tightening something or changing oil should be the bulk of maintenance  

 

8. Automatic Transmission 

a. Ease of Use 

b. Does not significantly hinder the other 10 customer requirements 

 

9. Light Weight 

a. Reduce none structural material 

b. Use Aluminum if applicable 

 

10. Compact 

a. Reduce drive system footprint 

b. Reduce center distances 

 

11. Maximum Speed 

a. Up to 35 mph 

 

12. Maximum Torque 

a. Climb a 30 degree hill or steeper  
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APPENDIX E: QAULITY FUNCTION DEPLOYMENT 
 

 
 

TABLE 1E - QFD 
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APPENDIX F: TRANSMISSIONS 
 
A1 Van Doore Type CVT 

 
 

FIGURE 1F - CVT GENERAL LAYOUT 
 
CVTech - sponsorship value of $260 with commercial value of $600 (18) 
PWD50/LP2 

- 3:1 to 0.43 ratio change 
PWD50/TS99 

- 3.6:1 to 0.69 ratio change 
 
Polaris - sponsorship price of approximately $186 (23) 
250 CVT 

- 3.85 to 0.69 ratio change 
P90 CVT 

- 3.83 to 0.76 ratio change 
 

Gaged Engineering - approximate commercial value of $825 to $875 (24) 
GX6, GX6, GX8 CVT 

-  4.0 - 0.65 ratio change 
 
 
A2 Manual Motorcycle or AVT Transmission 
 

 
 

FIGURE 2F - MANUAL TRANSMISSION 
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FIGURE 3F - 2004 HUSQVARNA TE250 ENGINE CASE 
 

 
 

FIGURE 4F - NEW TRANSMISSION CASE 
 
A3 Automatic ATV Transmission 

 

 
 

FIGURE 5F - HONDA’S AUTOMATIC ESP 5-SPEED TRANSMISSION (3) 



18 
 

 

 
FIGURE 6F - DOUBLE CLUTCH 6 SPEED 

 
 
A4 Planetary Gear Transmission 
 

 
 

FIGURE 7F - 4 SPEED VW GOLF ENGINE 
 
A5 Hydrostatic Transmission 

 
 

FIGURE 8F - HYDROSTATIC TRANSMISSION SCHEMATIC  
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FIGURE 9F - HONDAMATIC TRANSMISSION 
 

2012 Honda Four Trax Foreman Rubicon Specifications: (3) 
Engine Horsepower: 19.9KW/6500rmp 

Torque: 37.8Nm/5000rmp 
Hondamatic Working Pressure: 35.6MPa (max 60MPa)] 

 
A6 Toroidal CVT 

 
 

FIGURE 10F - ARTAMONOFF TECHNOLOGIES PROTOTYPE 
 
A7 Infinitely Variable Transmission (IVT) 

 
 

FIGURE 11F - NUVINCI BY FALLBROOK TECHNOLOGIES INC. 
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APPENDIX G: SPEED REDUCERS 
 
B1 Synchronous Belt Reduction 

 
FIGURE 1G - SYNCHRONOUS PULLEYS AND BELT 

 

 
FIGURE 2G - CHAIN DRIVE 

 
 
 

B2 Commercial Gear Reduction 
 
 B2.1 Industrial Gearboxes 

 
 

FIGURE 3G - INDUSTRIAL GEARBOX EXAMPLES 
 

 B2.2 Transaxles 
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FIGURE 4G - DANA SPICER (20) 
 

 
B4 Planetary Gear 

 
 

FIGURE 5G - MATEX PRODUCTS INC. PLANETARY GEAR (16) 
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APPENDIX H: BRIGGS AND STRATTON CHARTS 
 

ORIGIONAL CURVE 
 

 
 

FIGURE 1H - BRIGGS AND STRATTON HP AND TORQUE CHART (25) 
 

 
 

 FIGURE 2H - BRIGGS AND STRATTON GOVERNOR CHART (25)  
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APPENDIX I: CALCULATIONS 
 

 
 

TABLE 1I - INERTIA COMPARISON CALCULATIONS (26) (13) (16) 
 

 
 

FIGURE 1I - DANA SPICER H-12 INTERNALS MODEL 
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TABLE 2I - QTC SPUR GEAR CALCULATION 
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TABLE 2I - QTC SPUR GEAR CALCULATION CONTINUED 
 
 

 

   
 

   
 

   
 

TABLE 3I -  SHAFT CALCULATIONS 
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TABLE 4I -  BEARING CALCULATIONS 
 
 

 
 

TABLE 5I - CUSTOM SPUR GEAR CALCULATIONS 
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APPENDIX J: FORWARD / NEUTRAL / REVERSE SHIFTING MECHANISM 
 

  
 
  FIGURE 1J - DRIVER SHIFTER  FIGURE 2J - DRIVER SHIFTER MODEL 
 

 
 

FIGURE 3J - TRANSAXLE SHIFTER 

APPENDIX K: CVT GUARDING 
 

    
 

FIGURE 1K - GUARDING EXPLODED VIEW  FIGURE 2K - GUARDING ACTUAL 
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APPENDIX L: CVT PULLERS 
 

  
 

   FIGURE 1L - DRIVING    FIGURE 2L - DRIVEN 
 

 
 

FIGURE 3L - SPRING HOLE POSITIONS 
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APPENDIX M: MANUFACTURE DRAWINGS 
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APPENDIX N: PROPOSED DRIVETRAIN LAYOUT 
 

 
 

FIGURE 1N - PLANETARY AND CVT DRIVE 
 

 
 

FIGURE 1N - PLANETARY AND CVT DRIVE SECTION VIEW 
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