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Executive Summary
A Mini-Baja is a small, single passenger off-road vehicle powered by a 10hp engine. The Society of Automotive Engineers (SAE) is interested in a vehicle that excels in the following categories: safety, dynamic performance, ease of use, marketability, and manufacturability.

The design team has designed a vehicle that has the following characteristics.

· A high-strength alloy steel frame and four-point harness ensure driver safety even in the event of upset.

· Dynamic performance is maximized through the use of an efficient and reliable manual gearbox. 

· Driver controls are simple and comfortable, making the vehicle easy and fun to drive.

· Clean, appealing looks and simple maintenance routines make the vehicle easily marketable.

· Overall simplicity and mass-producible subassemblies allow for easy and cost-effective manufacturing.

If a company chose to manufacture the finished design of this vehicle, the product would certainly be profitable.
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1 Introduction
A Mini-Baja is a small, single passenger off-road vehicle. (See Figure 1.)
All Society of Automotive Engineers (SAE) approved Mini-Baja vehicles are required to use a 10 horsepower four-stroke engine. In addition, no modifications can be made to the stock engine operation. Thus, a large part of vehicle performance depends on the drive-train. By improving drive-train efficiency, the vehicle will accelerate faster and achieve a higher top speed. 

Driver safety is an important concern. Primary protection is given by a steel roll-cage, which must meet minimum requirements set by the SAE. In addition, the frame becomes the platform that subsystems of the vehicle must attach to. By placing frame members in key locations, they can give structural stability and allow for easily joined components.

Rough, varied terrain makes suspension behavior an important consideration for off-road vehicles. A well-designed suspension will allow the vehicle to maneuver over or around obstacles. It will also ensure stability when turning, especially at high speeds.

Ease of navigation of off-road terrain is affected by the style and operation of driver controls. It is desirable that the vehicle can be controlled in a comfortable manner with little effort.
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2 Mission Statement

The goal of the 2005-06 Mini-Baja team was to design a safe, capable, easily maintained and operated off-road vehicle for recreational use.

3 Product Design Specifications
The following were identified as the most important of product design specifications
· Low Weight [Dry vehicle weight less than 500 pounds]

· Fast Acceleration [Top speed reached in under 10 seconds]

· High Top Speed [Top speed of over 30 miles per hour]

· High Maneuverability [Turning Radius less than 10 feet]
· Low cost [Retail Cost less than $8000]

· Strong Frame [Frame Factor of Safety greater than 2.0]

· High Ground Clearance [Ground Clearance greater than 8 inches]

· Long Suspension Travel
[Front Travel greater than 12”]
[Rear Travel great than 10”]
4 Top Level Design Decisions

Major design decisions fell into three main categories: power-train, suspension, and steering. Additional in-depth consideration of design decisions are found in Appendix A.
4.1 Power-train

Possible options for the power-train included: a CVT (Continuously Variable Transmission), and a manual gearbox. Also, a LSD (Limited Slip Differential) or solid rear axle could be used.

A belt CVT uses two tapered split pulleys, which change width to increase or decrease their effective diameter and thus change their gear ratio. One pulley changes size due to rotation speed, the other due to torque applied. The maximum efficiency of these is expected to be 92% at an optimum speed, less at other speeds, or if improperly tuned.

A manual gearbox uses sets of different gear ratios, one of which is always selected during normal driving. The manual gearbox allows for more control over vehicle operation, but it takes more effort to drive. The efficiency of a properly driven manual gearbox is expected to be 96%.

A limited slip differential allows two driven wheels to rotate at different speeds. This is helpful during vehicle cornering. If it is not incorporated into the transmission case, a differential can complicate the drive-train because of its size and the orientation of its input shaft, which must be perpendicular to the rear axle.

A solid rear axle may have flexible joints to allow for suspension travel, but it causes both wheels to rotate at the same speed. Using a solid rear axle causes one wheel to slide over the road surface during turns.

Ultimately, a six speed manual gearbox was chosen for its efficiency. Also, a solid rear axle was used to save weight and simplify the drive-train.
4.2 Suspension

Three possible alternatives for the vehicle’s suspension were identified: independent, swing-arm, and articulated.

Fully independent suspension allows each of the four wheels to travel through their entire range of suspension without influencing the other three. This is often modified to a semi-independent suspension through the use of an anti-roll bar that provides some interaction between two wheels on opposite sides.

Swing-arm type suspension allows the rear wheels to travel up and down by pivoting a larger supporting structure that the wheels are rigidly mounted to. It is possible to save space with this design. However, either the entire drive-train must move along with the wheels, or the drive-train must travel through the axis of rotation of the structure and be allowed to pivot as well.

Articulated-type suspension rigidly links the movement of both rear wheels. When one travels up, the other is forced down. Complex geometries must often be accounted for, to ensure proper clearance of all components. This design can also take up significant space that could otherwise be used for the drive-train.

The final design uses four-wheel independent suspension with double a-arms. This allows for simple and reliable operation. The decision to not use an anti-roll bar was based on cost and weight savings. Space exists, though, for the inclusion of an anti-roll bar on possible future models.
4.3 Steering

Two possible steering systems were examined: rack-and-pinion, and pitman arm.

Rack-and-pinion steering uses a gearbox to convert the rotation of the steering column to straight translation of a left and a right rod end. Linkages connect these rod ends to the front spindles that carry the wheels. 

Pitman arm steering uses linkages connected to the steering column itself. A more complicated linkage movement is created, and it may be difficult to achieve the necessary geometry for desired steering behavior.

It was ultimately decided to use a rack-and-pinion, since the pitman arm system would have required the use of intermediate linkages that would have consumed too much space at the driver’s feet.
5 Final Design

5.1 Frame
5.1.1 Skeleton

The frame is composed of 1.25” OD 4130 steel tubing. Because the cockpit is largely open space, most members of the enclosing roll-cage use 0.065” wall thickness. Less critical members are 0.035” wall thickness. Using tubing of thinner wall where possible saves approximately 30 pounds. At the same time, all SAE regulations are met, and parts of the frame most important to driver safety maintain sufficient strength.
For ease of manufacture, all bends use a 3.5” radius. Joints are formed by first coping the ends of one tube. All joints are TIG (Tungsten Inert-Gas arc) welded.

5.1.2 Body Panels

The vehicle uses body panels made of 20-gauge aluminum sheet. These are mounted to steel tabs using rivets. The tabs are welded directly to the frame. The panels are slightly curved when attached, but both sides are identical when cut out.

The bottom of the cockpit has a 16-gauge steel skid-plate attached. Its purpose is to prevent water, dirt, and foreign matter such as rocks from being kicked up into the driver. It also provides some protection when climbing large obstacles such as boulders, and can support the weight of the entire vehicle and rider on an area of one square inch.
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A thicker 11-gauge steel skid-plate is used to cover the main sprocket on the rear drive shaft. Due to its location, it will see more abuse.

5.1.3 Tow hitches

The SAE requires both a front and rear tow hitch. The rear tow hitch is made of 3/16” mild steel plate, welded in a horizontal position. It has a 1.25” hole for attachment to either a hook or chain. The front tow hitch is made of 1” mild steel pipe, and is shown in Figure 2.
5.2 Drive-train

5.2.1 [image: image5.jpg]


Engine
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In order to comply with SAE rules, the vehicle is equipped with a model 20 Intek engine built by Briggs and Stratton. As seen in Figure 3, the engine has been equipped with a spill-pan to prevent gasoline from being accidentally poured over the muffler or other hot engine components. The spill-pan drains through a hose to the bottom of the vehicle.
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The engine is connected to the input shaft of the transmission using two sprockets and #41 chain. The engine uses a 17-tooth sprocket with 1” bore and 1/4” keyway. The transmission input shaft uses a 14-tooth sprocket with 7/8” bore and 3/16” keyway. The engine is bolted to a 0.3125” thick steel plate using four slotted holes. Chain tension is adjusted by sliding the engine along the slotted holes until the correct tension is reached. Then the engine is bolted down. Two jack screws help adjust the engine placement.

Figure 4 shows the initial chain drive that connects the engine to the input of the transmission. Note the chain guard is removed for clarity. Under normal operation, a guard of 16-gauge steel surrounds the chain and is bolted to the face of the engine.

5.2.2 [image: image9.jpg]


Transmission
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The vehicle has been designed to use a six speed sequential transmission originally used on a Yamaha Blaster. All unnecessary original parts have been removed. The transmission case has a flat surface with four original studs protruding. The transmission is bolted from under the mounting plate that the engine sits on. An adaptive shaft transmits power from the engine to the original clutch pinion, and rides on the original crankshaft main bearings.
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Shown in Figure 5, the transmission uses the gear ratios found in Table 1. These provide a top speed of approximately 32 mph at 3600 RPM.

	Table 1: Gear Ratios

	Initial Chain
	0.824:1

	Clutch
	3.227:1

	1st Gear
	3.091:1

	2nd Gear
	2.214:1

	3rd Gear
	1.667:1

	4th Gear
	1.250:1

	5th Gear
	1.056:1

	6th Gear
	0.905:1

	Second Chain
	3.5:1


5.2.3 Drive-axle
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The rear drive-axle has three main sections. The center portion is made of 1.25” 4140 steel and rests on pillow block bearings. The view of Figure 6 shows along the drive-axle. At each end of the shaft, a modified Polaris CV (Constant Velocity) half-shaft is attached. These half-shafts are originally made with an external spline as shown in Figure 7. The modified hub with internal bore and keyway is shown attached in Figure 8.
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By not using a differential, a single brake can be used in the rear. Mounted to the right wheel bearing carrier assembly, it provides enough stopping force for both wheels. The drive-axle will see the most stress during braking, especially if the driver is slow to use the clutch.
The drive-axle is turned by a #520 chain connected to the output of the transmission. The rear sprocket is bolted to a hub made of 4140 which contains a keyway for connection to the center portion of the drive-axle. (See Figure 9.) All keyways on the drive-axle are ¼” and alternate 180° around the shaft. Also, 1/4" – 20 setscrews hold each key and shaft in place.
The drive-axle bearings are bolted through slotted holes in their brackets. These allow the chain tension to be adjusted. As with the motor, two jack screws provide easy adjustment of the chain tension.
5.3 Steering
5.3.1 Steering Wheel and Column
The vehicle uses a Sparco brand aluminum steering wheel to save weight. The wheel mounts to a hub which holds the hand clutch lever, as shown in Figure 10. Note also the quick-release hub shown in yellow. This allows the driver to remove the wheel along with half the steering column, making entry and exit easier.
The steering column is supported approximately halfway along its length by a strut welded to the frame. It uses a split nylon bushing so the steering column can be replaced. The universal joint shown in red in Figure 10 is permanently welded to the column, however, the other end uses a setscrew to attach to the steering rack, making the column replaceable.
5.3.2 Rack and Linkages
The steering system uses a 14” length rack-and-pinion with 2 2/3” lock to lock travel. This allows for 145° of the steering wheel rotation. The driver can keep one hand on the wheel at the clutch position at all times.
As shown in Figure 11: Left Steering Linkage the rack is attached to each spindle with a linkage of 5/8” 1018 CD round stock. Each end of the linkage is drilled and tapped for a ball joint and clevis. The steering linkage joint at the ends of the steering rack is placed in a plane formed by the inboard joints of the suspension. This minimizes bump steer when the vehicle is headed straight.
5.3.3 Spindle Modification

The design uses modified Polaris spindles to achieve the desired steering geometry. They are modified using 6061 aluminum brackets welded and bolted to the original spindle, as shown in Figure 12. The brackets provide a 25° angle between the spindle pivot and knuckle when the wheels are straight. The knuckle length was changed from 3.5” to 2.6”. This created a steering ratio of 1:4, which requires less rotation of the steering wheel, allowing the driver to keep one hand at the clutch lever at all times.
5.4 Suspension

The suspension consists of four-wheel fully independent double a-arm linkages with coil-over shocks. Full part drawings are found in Appendix C.
5.4.1 A-Arm Material
All a-arms are constructed of 1” x 0.084 mild steel tubing. The ends are plugged and welded with mild steel inserts. Some inserts are then drilled and tapped to accept rod ends and clevis joints, as shown in Figure 13. Some legs are slotted at the insert to accept a mild steel plate, which is welded to form a rigid a-arm.
5.4.2 Shocks
	Table 2: Shock Parameters

	
	Spring Rate [lb/in]
	Damping
	Compressed Length [in]
	Extended Length [in]

	Front 
	212
	Adjustable
	16
	23.75

	Rear
	200
	Adjustable
	13
	20.50


Custom Elka brand coil-over shocks were chosen. These are desirable for their adjustability, as well as availability of specific length, travel, and dynamic specifications. The shock parameters are shown in Table 2. Calculations of desirable spring rates are found in Appendix D. 
5.4.3 Front Suspension
The front suspension geometry has been designed to provide 12” of travel. As shown in Figure 14, the shock mounts to the lower a-arm. The upper a-arm allows some minor adjustment through the use of a turnbuckle-style leg. Left-handed threads at the outboard clevis are used. The steering linkages are protected from impact at the rear of the suspension, behind the shock. (See Figure 11.)
5.4.4 Rear Suspension

In order to clear the drive-axle, the rear shocks must mount to the upper a-arm. The upper a-arm contains a larger bracket bolted to the rear bearing carrier. The upper shock mount is connected to rear frame bracing.
5.4.5 Mounting Brackets

Mounting tabs and brackets for all suspension components are intended to be laser-cut, decreasing manufacturing time and cost. These can be seen in Figure 14 and Figure 15. The modular mounting structure used for the rear suspension is intended to be welded as a unit in a jig. This ensures that the suspension will be aligned from side-to-side when mounted. Also, the bearings of the final drive-axle mount on the spacing blocks. This design saves space and weight.
5.5 Additional Design Features

5.5.1 Vehicle Finish

The vehicle frame is weather protected by a series of single-coat primer, dual-coat metal flake paint, and dual-coat clear coat. Foam padding is applied to portions of the roll-cage which may come in contact with the driver.
5.5.2 Seat

The vehicle uses a sparco brand racing seat with lateral support. It is mounted on vibration absorbers for a more comfortable ride. The seat is tilted back at a 3 degree angle.
5.5.3 Brakes

The brake pedal is connected to the hydraulic brake cylinders via a steel cable. The brake system uses two master cylinders, one controlling the front, one controlling the back. In case of one failing, the other will still be capable of stopping two wheels. A biasing unit allows the end user to adjust braking force between the front and rear.
5.5.4 Brake Light

Use of the brakes triggers a warning light at the rear of the vehicle. The light is powered by a 12 volt battery mounted with Velcro under the driver’s seat. This is easily charged while still in the vehicle using a quick-harness charger.

6 Design Validation

6.1 Overview

Validation of the design came largely from testing of the completed prototype, although some criteria did not require dynamic testing. Some criteria were not met. However, all were close. In the case of weight, the design specification was sacrificed for the sake of strength and safety.
	Table 3: Results of Prototype Validation

	Desired
	Actual (Expected)
	Goal Met?

	Dry weight less than 500 lbs
	530 lbs
	NO

	Top speed in under 10 sec
	8.5 sec
	YES

	Top speed over 30mph
	31.5mph
	YES

	Turning radius under 10 ft
	11ft
	NO

	Retail under $8000
	$7500
	YES

	Frame FoS greater than 2.0
	2.2
	YES

	Clearance over 8 inches
	9 inches
	YES

	Front travel greater than 12 in
	12 in
	YES

	Rear Travel great than 10 in
	10 in
	YES


6.2 Theoretical Analyses

6.2.1 Strong Frame [Frame Factor of Safety greater than 2.0]

Analysis of the frame was a 3-step process. The cockpit prototype was first completed according to SAE requirements. An FEA (Finite Element Analysis) model was then created for the prototype, and small loads applied to simulate a gentle roll-over. The FEA model results were compared to a strain gage experiment in which the frame was physically loaded in the same way. Once assured of the accuracy of the cockpit model, the FEA model was expanded to the complete frame. This complete model showed a frame strength factor of safety of 2.2. See Appendix D for complete results of this analysis.
6.2.2 Low cost [Retail Cost less than $8000]

The vehicle prototype cost approximately $7500 in parts and some manufacturing. Much of this involved parts at retail cost, although labor for construction was inexpensive. With automated manufacturing, it is felt that a production run of 4000 vehicles per year could be made and sold for less than $8000.
6.3 Static Testing

6.3.1 Low Weight [Dry vehicle weight less than 500 pounds]
A scale was used to determine that the prototype weighed 530 pounds with fluids, but without driver.
6.3.2 High Ground Clearance [Ground Clearance greater than 8 inches]

A ruler shows that the minimum static ground clearance is 9 inches. The adjustable shocks allow the end user to change the static ground clearance by varying the preload of each shock’s spring.
6.3.3 Long Suspension Travel
[Front Travel greater than 12”]







[Rear Travel great than 10”]
Theoretical testing of the vehicle’s suspension geometry shows 12.0 inches of front travel and 10.0 inches of rear travel. The custom Elka brand shocks are protected from over-compression by rubber bumpers. These must be compressed very tightly for full travel to be reached. However, it is possible, so this metric has been reached.
6.4 Dynamic Testing

6.4.1 Fast Acceleration [Top speed reached in under 10 seconds]
Testing of the prototype with a stopwatch on a level paved surface indicated that the vehicle is capable of reaching its top speed in approximately 8.5 seconds.
6.4.2 High Top Speed [Top speed of over 30 miles per hour]
Testing of the prototype with a stopwatch and marked distances on a level paved surface indicated that the vehicle is capable of speeds of 31.5 miles per hour.
6.4.3 High Maneuverability [Turning Radius less than 10 feet]

At full lock, the inside wheel makes an angle of 33 degrees, and the outside wheel makes an angle of 25 degrees. This is nearly the desired angles of 35 and 23 for a 10ft turning radius. Testing of the prototype showed an 11ft turning radius.
7 Conclusions
The design described above does not meet all product design specifications. However, it is felt to be the best design. Initial testing of the prototype proves it to be a very capable vehicle that is both fun and easy to drive. Maintenance should be fast and simple with the open drive-train design. The driver is both safe and comfortable. The vehicle is good in visual appearance, and should prove to last several thousand hours of use.
8 References

Gillespie, Thomas; “Fundamentals of Vehicle Dynamics”, Society of Automotive Engineers, 1998

Millikan; “Race Car Vehicle Dynamics”, Society of Automotive Engineers, 1995

Beer, Johnston; “Vector Mechanics for Engineers”, McGraw-Hill, 6th Edition, 2000

Shigley & Mischke; “Machine Design”, 5th Edtion, 2002

Beer, Johnston, DeWolf; “Mechanics of Materials”, McGraw-Hill, 3rd Edition, 2001

“Car Suspension Bible”, www.carbibles.com/suspension_bible.html
Adams, Herb; “Chassis Engineering”, HPBooks, 1993
Turcic, Dave; Portland State University Dynamics References, 2005
Figure � SEQ Figure \* ARABIC �5�: 6-speed Transmission





Figure � SEQ Figure \* ARABIC �3�: Model 20 Engine





Figure � SEQ Figure \* ARABIC �4�: Initial Chain Drive





Figure � SEQ Figure \* ARABIC �2�: Front Tow Hitch





Figure � SEQ Figure \* ARABIC �6�: Drive axle





Figure � SEQ Figure \* ARABIC �8�: Modified Half-Shaft Hub





Figure � SEQ Figure \* ARABIC �7�: Original Half-Shaft Hub





Figure � SEQ Figure \* ARABIC �9�: Rear Sprocket





Figure � SEQ Figure \* ARABIC �10�: Steering Assembly





Figure � SEQ Figure \* ARABIC �11�: Left Steering Linkage





Figure � SEQ Figure \* ARABIC �12�: Modified Spindles





Figure � SEQ Figure \* ARABIC �13�: Threaded A-arm Leg





Figure � SEQ Figure \* ARABIC �14�: Front Suspension





Figure � SEQ Figure \* ARABIC �15�: Rear Suspension





Figure � SEQ Figure \* ARABIC �1�: Mini Baja Vehicle Model
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