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1. Introduction: 

 All engineering designs require an engineering analysis. Cars especially are very 

complicated designs in all aspects. These aspects account for all parts that a vehicle will be made 

of. Also, the following analyses determine the best selected designs to build the current Shell 

Eco-marathon vehicle. The main objective of the Shell Eco-marathon competition is to build an 

economic car that maximizes fuel efficiency. The main considerations for Team14A are the 

fairing design, steering design, and braking design.  

2. Chassis Analysis 

The main focus when analyzing the aerodynamic performance of the vehicle fairing is the overall 

frontal area. The area is largely a function of driver positioning and visibility requirements. Both drivers 

that are going to be going to the competition are measured in a seated position to find the greatest angle 

they could be reclined to and maintain adequate visibility and driver comfort. A vector diagram of the 

proposed driving position is then made and overall height requirements of the fairing are determined. This 

can be seen in Figure 1 below. 

 

Figure 1: Driver Position Diagram 

The frontal area is then calculated as a function of the seatback angle using a uniform width of .6 

meters which allows for the width of the drivers shoulders and a high density foam side bolster. This is 

represented in Figure 2 below. 
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Figure 2: Frontal Area/Seat Angle 

The drag force is calculated over a range of frontal areas in order to see the drag effects over the 

entire range of speeds the vehicle would see. The coefficient of drag (Cd) is initially set to 0.09 which is 

the standard for a streamlined half body.  

Drag Force 
 

(2.1) 

 

 

Figure 3: Force of Aerodynamic Drag 
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Additional fluid mechanics based considerations determine the overall shape. To maintain an 

ideal streamlined body the fairing tail section reduction should not exceed 22 degrees in the YZ or XZ 

plane to ensure flow separation does not occur. Flow separation causes turbulent vortices to form 

increasing the drag force acting on the body. The chassis floor should taper between 3-4 degrees towards 

the rear of the vehicle to reduce turbulence of the merging flow paths coming from above and below the 

vehicle. [1] 

2.1. Chassis Rigidity 

Chassis rigidity is determined by taking a cross section of the shell at the center of mass 

including a 55kg driver seated in the standard position. The polar moment of inertia is taken at 

this point and used to determine overall chassis deflection and its location using the following 

equations. 

Maximum Deflection 

 

(2.1) 

 

Point of Maximum Deflection 

 

(2.3) 

The cross section evaluated at point a is 0.6 meters from the rear wheel. Initial wheelbase 

dimensions are somewhat arbitrary as all components have not been finalized. The elastic 

modulus is determined from a mean value of multiple 3000 weaves from multiple carbon fiber 

manufacturers. 
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Variable Value 

a (Load to nearest support) .6 m 

L (Wheelbase) 2.5 m 

X (Point of maximum deflection) 1.484 m 

E (Elastic Modulus) 141 GPa 

I ( Moment of Inertia) .079 m^4 

 

Load at a Maximum deflection at x 

60 kg 1.19 mm 

90 kg 1.78 mm 

120 kg 2.37 mm 

 

3. Steering 

The Eco-marathon vehicle does not encounter high speeds and is required a minimum 

turning radius of 8 meters. The turning radius will be calculated by using the Ackermann steering 

geometry. Rolling resistance is determined by using the rolling resistance coefficient. This will 

determine the choice of our engine, wheel and tire size. 

3.1. Ackermann Steering Geometry 

The course will have a few turns so we need to calculate the required radius to make the 

turn. To determine the radius, Ackermann steering geometry is used. Ackermann geometry is 
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used to solve the problem of slippage of the tires when following the path of the turn. At low 

speed the wheels primarily roll without slip angle. The Ackermann steering geometry works by 

turning the steering pivot points to the inside, so there is a line drawn from the kingpin to the 

center of the rear tire [2]. The steering pivot point is joined by the tire rods and sometimes 

includes the rack and pinion. To calculate the radius, the wheels will have a common center 

point. The center point is an extended line from the rear axle as shown in Figure 4. It intersects 

with extended lines from the front axles while the wheels are turned inwards. Correct 

Ackermann steering reduces tire wear and is easy on terrain [3]. 

            
 

 
 

δi is the steering angle of the inner wheel. 

δo is the steering angle of the outer wheel. 

w is the distance between the steer axes of the steering wheel (track). 

l is the distance between the front and rear axles (wheelbase). 

The inner and outer steer angles δi and δo can be calculated by: 
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Figure 4: Front-wheel steering and the Ackermann condition 

The mass center of a steered vehicle will turn on a circle with radius R: 

   √  
           

The track also known as the the width(w) was given in the rule book, as shown in Figure 

5. The width of the vehicle must be between 100 cm to 130 cm. The wheelbase also known as 

length(l) is required to be, between 220 cm – 230cm. Delta is these measurements on provided 

on an excel spreadsheet, in Appendix A. 

With delta calculated, R is calculated by the equation above. The center of mass (a) 

equals 120cm. Using an excel spreadsheet, the maximum value of R is l equal to 100cm and w 

equal to 350cm, provided in Appendix B. Radius (r) equal to 11.98m. The minimum requirement 

is 8 m so anything above will work.   
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Figure 5: Steering angles of inner and outer wheels 

3.2. Rolling Resistance 

Rolling resistance is the force resisting the motion when a body (such as a tire, wheel or 

ball) rolls on a surface. Hysteresis is the main cause of rolling resistance. Hysteresis is when the 

energy of deformation is greater than the energy of recovery. The repeated cycle of the tire 

rotating results in loss if hysteresis, this is the main cause of energy loss. To keep the vehicle 

moving and above required speed the rolling resistance coefficient is used [4]. In determining the 

rolling resistance coefficient, the suffice engine size will be selected. Also, the rolling friction 

will be minimized. Factors that affect rolling resistance are tire pressure, tire diameter, tire 

thread. The higher the tire pressure the less deformation so there is less rolling resistance. The 
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smaller diameter of tire the higher rolling resistance. The wider the tire the less rolling resistance. 

The smoother the tire thread, the better rolling resistance.   

The rolling resistance coefficient is determined by: F=CrrN. 

F is the rolling resistance force. 

Crr is the dimensionless rolling resistance coefficient or coefficient of rolling friction. 

The coefficient of rolling friction can be calculate by: Crr=(z/d)
1/2

. 

z is the sinkage depth. 

d is the diameter of the rigid wheel. 

N is the normal force, the force perpendicular to the surface on which the wheel is rolling. 

Tires that have done well in the past competition had diameter of 20 inches. The coefficient of 

rolling friction (Crr) is 0.0055. 

Torque is the amount of force needed to rotate an object about an axis [5]. To determine the 

torque needed we use the equation: T=Fr [6]. 

F is the rolling resistance coefficient. 

r is the radius of the wheel. 

4. Braking Analysis 

The Shell Eco-marathon competition rulebook states that each braking system must hold 

the car and driver in place on a 20% grade slope. A 20% grade slope translates to 11.31˚.This is 

our main constraint for braking. Along with meeting the parking constraint, the weight of the 

braking system needs to be minimized in order to maximize fuel efficiency. The following 

analysis on the braking system is modeled after an article on the physics of braking systems [7]. 

The article was published by a braking design company called StopTech Systems. 

The weight of the driver and car is assumed to be concentrated at a single point load of 

1128 N located 1.2 meters away from the rear edge of the car and 0.27 meters above the bottom 

of the car. Zero slip is assumed to be between the wheels and the road. All mechanical 

components are assumed to be rigid with 100% efficiency.  The free body diagram shown in 

Figure 6 shows the distributed forces on the car.  



11 
 

 

Figure 6: Entire Car Free Body Diagram 

Shell requires at least two independent braking systems for each vehicle. Each braking 

system is required to hold the weight of the car on a 20% grade slope. The rear braking needs to 

provide more force than the front braking system. This is due to a larger distance between the 

car’s center of gravity and the rear braking system than the distance between the center of gravity 

and the front braking system. This results in a larger toque on the rear braking system. The rear 

braking system only consists of one set of calipers rather than two sets on the front braking 

system.  

Summing the moments around point O shows the required parking torque. The parking 

torque required by the rear braking, Tr, is equal to the tangent component of the weight, wsinθ,  

multiplied by the distance between the car’s center of gravity and the rear axle, lr. 

              (4.1) 

From a closer look at the rear rotor, the torque needed to keep the car in place is 

determined by the clamping force of the calipers. The free body diagrams shown in Figure 7 and 

Figure 8 show this information.  
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Figure 7: Rotor FBD 

 

Figure 8: Rotor Profile FBD 

Summing the moments around point P shows that torque on the rotor from the weight of the car, 

Tr, is equal to the friction force provided by the calipers, Ff, multiplied by the effective radius 

between the center of the rotor and the center of the caliper, reff. 

           (4.2) 

The friction force from the caliper, Ff, is equal to the forces of both sides of the caliper 

multiplied by the coefficient of friction between the brake pad of the caliper and the rotor, μbp. 

              (4.3) 

From military standard 1472F, which includes standards for human design, the 5
th
 

percentile grip strength on a lever at 5π/6 degree elbow flexion is 222 Newtons for the left hand, 

as shown in Figure 9 and Table 1 [8]. 

 

Figure 9: Arm, Hand, and Thumb/Finger Strength (5
th

 Male Percentile) 
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Table 1: Hand and Thumb/Finger Strength 

(1) (2) (3) (4) (5) (6) (7) 

Degree of 

elbow 

flexion 

(rad) 

Pull Push Up Down In Out 

L** R** L R L R L R L R L R 

π 222 231 187 222 40 62 53 75 58 89 36 62 

5/6 π 187 249 133 187 57 80 80 89 67 89 36 67 

2/3 π 151 137 116 160 76 107 93 116 89 98 45 67 

1/2 π 142 165 98 160 76 89 93 116 71 80 45 71 

1/3 π 116 107 96 151 67 89 80 89 76 89 53 76 

Hand and thumb-finger strength (N) 

 

The left hand number is used for the analysis because it is typically the weaker hand and 

thus our minimum force exerted on the lever arm. Assuming 100% mechanical efficiency 

between the braking lines and components, the force by one side of caliper onto the rotor, Fcal is 

equal to the left hand lever force, Fl, multiplied by the ratio of the applied force radius, rforce, and 

the radius of the lever arm, rarm. 

       
      
    

 

The mechanical clamping force due to the both sides of the caliper is equal to twice the 

force from one side.  
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The coefficient of friction can be calculated from combining equations (4.1), (4.2), and 

(4.3), while substituting the known values of Fcal, w, lr, θ, reff.  

                           

   (     )(     )  (     )(      )     (      )  

From the previous equation, μbp = .388, which is the minimum coefficient of friction 

needed to hold the car in place. The brake pad friction coefficient for semi-metallic brake pads 

ranges from 0.26 -0.38. Semi-metallic brake pads for bikes are cheaper than organic or carbon 

brake pads. NAU’s previous Shell Eco-marathon car used MX2 brakes made by Hayes. Each 

braking component weighs 340 g, which compares to most high performance brakes and satisfies 

the objective for the current design. Standard sizes for rotors are 160mm, 185mm, and 203mm. 

The size of the rotor depends on weight and the applied forces onto the rotor. Smaller rotor sizes 

are beneficial because they are light weight. The rotors used on the previous car are 160mm in 

diameter and made from aluminum, which is perfect for the current design. 

5. Project Update 

 As shown in Figure 10, the schedule has not changed in the previous three weeks. The 

process of ordering the chassis/fairing materials as well as the steering components has just 

begun. 

 

Figure 10: Gantt chart 
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6. Conclusion 

The chassis will be designed with the driver as far reclined as possible while still 

maintaining adequate visibility and comfort. By minimizing the projected area on the front plane 

the aerodynamic drag at lower speed is negligible.  

The fairing, as designed, exhibits very little deflection under the applied loads. With 

internal structures and seat supports added, the structure would only become more rigid.  

Steering turn radius required by rules and regulation should be a minimum of 8 meters. 

Appendix B shows the calculation of track width (w) divided by wheelbase (l). Anything over 8 

meters is acceptable. The main braking constraint is that each braking system needs to hold the 

car in place on a 20% grade slope. Most mountain bike disc brake systems provide enough force 

to hold the car at the given slope. Semi-metallic brake pads are the most ideal material for the 

braking system due to their relatively low cost, medium ranged friction coefficient, and their 

durability. The rotors from the previous year car will work at 160mm. 
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8. Appendicies 

8.1. Appendix A: Delta values for various widths and lengths:
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8.2. Appendix B: R values for various widths and lengths:

 


